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Executive Summary 
The Nature Conservancy and a team of 14 academic partners (the project team) received funding 
from the Bureau of Reclamation’s WaterSMART program and the Desert Landscape Conservation 
Cooperative in 2012 to conduct this Gila River Flow Needs Assessment. The assessment describes 
the existing condition of the Gila River in the Cliff-Gila Valley and examines the potential impacts of 
CUFA diversion and climate change on the riparian and aquatic ecosystem. The project team was 
assisted by 35 academic, agency and consulting scientists who have expertise in some aspect of the 
Gila River’s hydrology and ecology. This larger team of scientists provided input on a review draft of 
this assessment at a workshop in January 2014.  

This assessment report includes 12 chapters written by project team scientists. Two chapters 
summarize workshop findings, including input of the larger team of scientists on how flows shape 
the ecosystem and how these interactions may be affected by flow alterations due to CUFA diversion 
and climate change.   

The Arizona Water Settlements Act (the Act) of 2004 provides New Mexico with terms and funding 
to develop an additional 14,000 acre-feet per year of water from the upper Gila River in exchange for 
Central Arizona Project water. The New Mexico Consumptive Use and Forbearance Agreement 
(CUFA), ratified by the Act, sets forth specific Terms of Diversion under which New Mexico may 
divert surface water from the Gila River. The diversion of water from the Gila River allowable under 
the Act is referred to in this assessment as the “CUFA diversion.” 

Flow Variability is the Defining Feature of the Gila River 

Flow variability is the defining feature of the Gila River in the Cliff-Gila Valley—creating a multi-
aged riparian forest, floodplain wetlands and an array of aquatic habitats that support rich bird 
diversity, provide habitat for numerous mammals, and support one of the few intact assemblages of 
native fish that still persists in the lower Colorado River Basin.  

River flows fluctuate from one year to another and within a year. Flows during each season have 
specific ecological functions. In the late winter-spring snowmelt runoff period, February, March and 
April historically have the longest duration of high flows. The start of summer brings the lowest level 
of stream flows found all year. In late summer after the start of the monsoon season, flow levels in 
August and September are elevated and fluctuate considerably depending on the intensity and 
duration of storm events. In the fall, it is typical to see streamflows still responding to summer 
monsoon and dissipating tropical storms. As winter approaches, a transition occurs as winter frontal 
storms dominate the weather pattern and occasional very large floods occur. Winter temperatures 
control how long snowpack is stored in the upper watershed.     

Flow Variability Creates Habitat Diversity and Supports Biodiversity 
Variability in the natural flow regime creates and maintains diverse habitats that support a wide array 
of plants, birds, mammals, fish, reptiles, amphibians and insects. Notable examples of the 
relationships between river flows and biodiversity are summarized below, with greater detail 
provided in the chapters of this assessment report. 

Numerous federally listed endangered species are found in the Cliff-Gila Valley. These include one 
bird, southwestern willow flycatcher, and two fish, spikedace and loach minnow. Three more species 
have recently been proposed for federal listing as threatened, the yellow-billed cuckoo, northern 
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Mexican garter snake and narrow-headed garter snake. The Endangered Species Act in Section 7(a) 2 
requires that actions authorized, funded, or carried out by federal agencies should not jeopardize the 
continued existence of any endangered or threatened species, or result in the destruction or adverse 
modification of habitat of these species.   

Cottonwood Gallery Forest: 
 Groundwater levels in the floodplain rise and fall with fluctuating river flows. Floods 

recharge groundwater and the amount of recharge depends on the size and duration of flows. 
Extended dry periods draw groundwater levels to their lowest point. Riparian trees, like 
cottonwood and willow, need to keep their roots wet, so mortality results when groundwater 
levels drop too low or fluctuate too greatly. 

 Regeneration of cottonwood takes a perfect set of circumstances: a large flood to prepare a 
seedbed of fine sediment and a gentle recession of flows during the snowmelt runoff period 
to keep the sediment wet as the seeds germinate and take root. The roots of seedlings can 
grow 4 cm per day. Seedlings are likely to survive as long as the groundwater level declines 
slowly.  

Birds: 
 Large floods cause river channel movement, scour out secondary channels and create off-

channel pools and wetlands. Frequent mid-size flows inundate these secondary channels, 
rehydrate wetlands, and wet floodplain forests and dense thickets of vegetation that are 
critical habitat for the Southwest willow flycatcher and yellow-billed cuckoo.  

 Two river flow processes are principally responsible for the high diversity of nesting and 
migrating birds known to occur in the Cliff-Gila Valley:  

1. Mid-size flows (400-4,000 cfs) in the snowmelt-runoff and summer monsoon 
periods that periodically inundate the floodplain and recharge groundwater, are 
necessary for growth and survival of woody and herbaceous riparian vegetation that 
provide food and shelter; and 

2. Infrequent but high magnitude flows (>11,000 cfs) are needed to reconfigure the 
floodplain periodically and remove woody riparian vegetation, maintaining the 
compositional and structural diversity of riparian vegetation in the floodplain 

 The southwestern willow flycatcher needs moist or saturated soils during the summer 
months to sustain conditions necessary for successful reproduction – specifically 
thermoregulation of their eggs and nestlings. 

 Many of the birds found in the Valley are migratory, and existing flows result in ample food 
availability when birds most need it. For example, land birds migrating through and breeding 
in the Cliff-Gila Valley are primarily foraging on invertebrate prey that require slow 
recession rates of surface water and groundwater in the spring, as well as availability of 
surface and ground water in the hot, dry summer months.  

Mammals: 
 Mid-size and larger flows stimulate germination and growth of herbaceous plants and 

maintain herbaceous riparian habitats including wetlands. Most mammal species that are 
strongly associated with riparian habitats (95%) use herbaceous riparian habitats.      

Fish: 
 Mid-size flows in the winter and snowmelt-runoff period sort gravel and cobble, restructuring 

aquatic habitats in the main-channel that native fish use for spawning and as larvae, juveniles 
and adults.  Receding flows in the spring remove fine sediments from gravel and cobble bars. 
This process prepares the stream bed for spike dace and loach minnow spawning, and 
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provides habitat for tiny aquatic insects that fish eat. In addition, when daily discharge is 
greater in the spring, reproductive success for spikedace, loach minnow and desert sucker is 
greater.  

 Snowmelt flows in early to mid-April, when midday water temperature is about 15°C, 
provide conditions for spawning of spikedace. Spawning occurs in shallow, moderate 
velocity flows. Larvae emerge in about 5 days. As the young fish grow, the velocity of 
snowmelt flows is decreasing, and the young gradually make their way into the current and 
towards deeper water. 

 The lowest flows occur in June and July. Both endangered fish, loach minnow and spike 
dace, are threatened by nonnative fish, such as catfish and small-mouth bass, that compete for 
food and prey on natives as both become concentrated in the dwindling river. 

 Monsoon rains restore flows to the river and fish benefit from access to additional habitat, 
and increased food sources as aquatic insects hatch. 

Reptiles: 
 Flows that sustain native fish also benefit narrow-headed gartersnakes because the species 

feeds exclusively on native fish. Receding flows in the spring after peak snowmelt remove 
fine sediments from the interstices between and beneath cobbles and boulders that narrow-
headed gartersnakes use for hunting and to escape predators. 

 Mid-size flows in the snowmelt-runoff and monsoon periods inundate and rehydrate 
permanent wetlands, transport nutrients that maintain their productivity, and maintain 
groundwater and surface water conditions that wetland herbaceous plants, like cattail and 
bulrush, need for growth and survival. These wetlands provide habitat and food for northern 
Mexican gartersnakes and Sonoran mud turtles. 

 Mid-size flows during the monsoon inundate ephemeral floodplain wetlands where Great 
Plains toad and Woodhouse’s toad breed and their tadpoles grow and develop into terrestrial 
juveniles.   

Potential Impact of River Diversion 

This assessment evaluates the potential impact of accessing the 14,000 acre-feet per year of water 
allowed under the Arizona Water Settlements Act and the CUFA diversion terms. The evaluation of 
this “scenario,” where at least 150 cubic feet per second of water is allowed to bypass the diversion 
to meet downstream obligations, is included in Chapter 15 and summarized as follows: 

The most significant effect of CUFA diversion with a 150 cubic feet per second (cfs) minimum 
bypass is to reduce the number and magnitude of mid-size flows in the 400-4,000 cfs. If the 
frequency of these flows is reduced, the floodplain would receive less water (be inundated less 
often), with decreases in the alluvial aquifer recharge, faster declines in surface water and 
groundwater and increased surface water temperatures.  

Fewer floods in the mid-size range would have direct negative effects on many ecological processes, 
including: 

 Recruitment and maintenance of the riparian forest; 
 River-floodplain connection and nutrient cycling; 
 Fish habitat maintenance and reproductive success; 
 Abundance of aquatic invertebrates and timing of their emergence; and 
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 Extent and quality of aquatic and riparian habitats, including wetlands, and their productivity 
in terms of the food resources they provide to amphibians, birds and mammals that are higher 
on the food chain.  

Reduced floodplain inundation and abrupt changes in streamflow would lead to rapid declines in 
groundwater that would decrease the survivorship and vigor of seedlings, saplings, and mature 
riparian trees. Impacts to groundwater would be greatest when diversion occurs during small flow 
events that interrupt extended periods of extreme low flows when groundwater levels are at their 
lowest. Our riparian recruitment model estimates a median decrease of up to 9.5% in the probability 
of cottonwood-willow recruitment, with some areas of the floodplain (e.g., secondary channels) 
showing a greater than 15% decrease in the probability of recruitment. The reduction in recruitment, 
together with impacts to survivorship and vigor, would lead to an overall reduction in the areal 
extent, structural diversity and canopy cover of the riparian forest. Species that depend on the forest 
mosaic for breeding, cover, and food would likely be impacted, including riparian-obligate birds like 
southwestern willow flycatcher and yellow-billed cuckoo. 

Reduced floodplain inundation and sediment-nutrient transport would reduce the size, productivity 
and length of time that off-channel perennial and ephemeral wetlands stay wet. This would decrease 
plant life in and around these wetlands, and reduce aquatic invertebrate populations that emerge from 
these wet habitats. Species that depend on these wetlands for habitat or food would likely be 
negatively impacted such as northern Mexican gartersnake, amphibians and riparian-obligate birds.   

Reduced floodplain inundation and connectivity diminishes exchange of organic and inorganic 
material between the river and its floodplain which in turn would alter nutrient cycles in aquatic and 
riparian habitats. In years when diversion reduces flows by > 20% during the snowmelt runoff 
period, this would likely affect sediment mobilization and transport and diminish the habitat and food 
available to invertebrates, native fish and other aquatic species.  

Reduced flows and abrupt changes in flow (by up to 350 cfs) as snowmelt recedes would reduce the 
cleaning of fine sediments from gravel and cobbles, and limit the re-sorting of these substrates to 
create suitable spawning habitat for native fish. This would reduce spawning success and diminish 
aquatic invertebrate production, also reducing food sources for narrow-headed gartersnakes. Abrupt 
flow changes could strand young fish and increase stream temperatures leading to earlier and reduced 
emergence of aquatic invertebrates. These invertebrates are an important food source for fish, birds, 
amphibians, reptiles and mammals. 

Reduced flows in spring due to diversion would result in demonstrable reductions in reproductive 
success of spikedace, loach minnow and desert sucker in 7 out of 25 years (28%) based on long-term 
monitoring data (1988-2012); it would also convert exceptionally good years for spikedace and loach 
minnow recruitment into bad years, a potentially major impact to these fish which typically live 2-3 
years and where 4 years without good reproductive success could decimate the population.  

Finally, a diversion structure would prevent or inhibit movement of native fish upstream and reduce 
population connectivity. Dispersal and gene flow from core populations in the Cliff-Gila Valley is 
necessary to sustain the genetic diversity of spikedace and loach minnow populations in the Gila 
Forks Area. A diversion structure would impede movement, and increase the likelihood of stochastic 
extinction of these upstream populations due to broad-scale disturbances (e.g. wildfires and drought), 
loss of genetic variability, and inbreeding depression. Loss of genetically unique populations of 
protected species in the upper Gila River would be a major impediment to their recovery.  
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Potential Impact of Climate Change 

Climate models used in this assessment project an earlier timing of peak snowmelt runoff and lower 
overall annual stream flow due to slight decreases in average precipitation and increases in 
evapotranspiration (loss of moisture to the atmosphere through the leaves and needles of trees and 
shrubs). In addition, future low flows are projected to decrease and the magnitude of very high flows 
to increase. Changes in precipitation patterns and increases in temperature result in smaller projected 
peak flows in the spring, a more rapid decrease in flows during snowmelt runoff, lower flows during 
the summer, and higher magnitude monsoon flow events. In addition, the summer low flow period is 
projected to begin earlier and last considerably longer compared to the historic (modeled) 
hydrograph. This period is often a time of significant stress for both aquatic and terrestrial organisms, 
and alterations in its timing and duration would likely have direct impacts on the Gila River 
ecosystem. Mid-size flows in the 400-4,000 cfs range are projected to be less frequent, resulting in 
less floodplain inundation and alluvial aquifer recharge and reduced sediment and nutrient transport 
between the river and its floodplain. 

Reduced floodplain inundation and alluvial aquifer recharge, increased evapotranspiration, more 
rapid declines in groundwater and deeper groundwater depths would likely reduce the extent, 
structural diversity and vigor of the riparian forest. The extent of wetlands and their associated plants 
would also likely decrease as the floodplain dries, while the abundance of plants that thrive in drier 
habitats is expected to increase. As groundwater levels decline, conditions would become favorable 
for establishment and spread of nonnative saltcedar. Both drought and increased fire frequency, along 
with higher temperatures, could facilitate this spread and result in habitat conversion from 
cottonwood-willow forest to monotypic saltcedar shrublands. Saltcedar is unsuitable for nesting by 
some riparian bird species such as yellow-billed cuckoo.  

Changes in the structure and vigor of the riparian forest coupled with increased air temperature and 
evapotranspiration would increase the stress on many riparian-obligate birds while they are breeding 
and raising young. For example, higher temperatures may stress fledgling birds and lower humidity 
could reduce the abundance of insects that birds eat. This, in turn, would likely result in increased 
mortality and reduced reproductive success for yellow-billed cuckoo and southwestern willow 
flycatcher.   

Smaller peak flows and a greater rate of flow decline during spring snowmelt runoff would likely 
result in increased stranding of aquatic invertebrates, native fish larvae, and amphibians as main 
channel and floodplain aquatic habitats dry up. A reduction in spring flows > 3,000 cfs would mean 
that fine sediment stays embedded in the gravel and cobble substrates longer; the impacts of fine 
sediment accumulation on aquatic invertebrates, native fish, and narrow-headed gartersnakes are 
discussed above.  

Truncation of the snowmelt recession period and lower flows overall would extend and exacerbate 
the summer low flow period, leading to an increase in water temperatures, a reduction in the extent of 
some aquatic habitats (shoals, backwaters, secondary channel) and reduced water depth and velocity 
in the remaining wet areas. Aquatic habitats would likely shrink down to pools interspersed and 
connected by shallow water habitats that may or may not be useable by native fish. Nonnative 
species (fish and crayfish) would be concentrated in the pools with native fish and narrow-headed 
gartersnakes, increasing competition and predation on native species. Decreased flows would also 
decrease connectivity, reducing the ability of native fish to recolonize sites following large floods 
and droughts, and diminishing genetic exchange between populations. Altered flows and thermal 
regimes would likely provide greater opportunities for establishment of additional nonnative species 
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(e.g. blue tilapia) while increasing the abundance of northern crayfish which become common in the 
Cliff-Gila Valley during low flow years with elevated water temperatures.   

In addition, increased water temperatures would likely lead to changes in the composition of aquatic 
invertebrate communities and a reduced and earlier emergence of invertebrates. Earlier emergence 
could cause a temporal asynchrony between peak invertebrate abundances and the time when riparian 
birds are feeding their young (a period of peak energetic demand). This mismatch would likely 
reduce the breeding success of riparian birds. 

Other Scenarios Considered 

Two other scenarios were considered by the project team, but were not discussed in any detail at the 
workshop with the larger team, nor summarized in this Executive Summary. One of these additional 
scenarios considers the impact of CUFA diversion with no minimum bypass flow of 150 cfs. The 
other scenario is a combination of impacts from CUFA diversion with 150 cfs minimum bypass and 
climate change together. Some of the chapters address the hydrologic and ecological impacts of these 
two scenarios.  

Conclusion 

The high biodiversity of the Gila River in the Cliff-Gila Valley is a function of the natural flow 
regime that still persists in the upper watershed. This assessment concludes that the proposed 
diversion and climate change would have significant effects on native biodiversity. The most 
pronounced impacts would occur in spring with snowmelt and receding flows, in summer with low 
flows, and in late summer with monsoon floods.  
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Chapter 1. Introduction 
Martha S. Cooper, David Gori, Dale Lyons, and Laura McCarthy, The Nature 
Conservancy 

The Gila River is widely recognized for the habitat it creates for people and wildlife. Visit the Box 
Canyon campground any sunny summer weekend and you may hear radios blaring and the screams 
of happy children floating down the river in inner tubes. The cool shade beneath cottonwoods is a 
respite for people and animals in this otherwise hot and dry desert. Elf owls nest in mature sycamores 
overhead and small yellow warblers flit about in the willows along the river.  

The river’s ecosystem is composed of numerous rare and native birds, mammals, amphibians, 
reptiles, fish, and insects. The river’s broad and lush riparian corridor may draw over 300 species of 
birds during the course of the year, some of them from as far away as South America and northern 
Canada. Some stay to breed during the summer; some just stop for a rest en route north and south. 
The Cliff-Gila Valley supports one of the two largest populations of southwestern willow flycatcher 
and western yellow-billed cuckoos. While other sites see large fluctuations in numbers of these two 
species, populations in the Valley have held relatively steady over time. The same yellow-billed 
cuckoo was banded on The Nature Conservancy’s Gila River Farm in 2010 and 2011. In the interim, 
it spent the winter in South America.  

The multi-aged riparian forest and floodplain that supports such rich bird diversity also provides 
habitat for numerous mammals. Above the main channel and wetland areas, bats forage for bugs late 
into the evening. Grooved teeth marks on snipped-off willows and felled cottonwood trees reveal 
beavers at work. Coatimundi can be seen scaling tall trees, scrambling to safety.  

Native fish populations benefit from the natural flows of the Gila River. Water and natural flows 
have become scarce in the lower Colorado River watershed, along with native fishes. Yet they persist 
in the Gila watershed in New Mexico. All Gila River native fishes are imperiled to some extent, but 
of the basin’s warm water species, spikedace and loach minnow are undoubtedly the most threatened 
and only persist in unregulated stream reaches.  

Flow variability is the defining feature of this place. The river fluctuates between high and low flows 
within a year, and over the course of years it fluctuates between extreme high and low flows. Native 
flora and fauna have evolved to exist with these conditions. Flows during each season have 
ecological roles that sustain the diversity of the aquatic and riparian ecosystem. Variable flow 
patterns create spatial complexity; the floodplain is a mosaic of multi-aged riparian forests dominated 
by numerous native species, wetlands, floodplain grasslands, and dry terraces with xeric shrubs and 
trees. Interactions between surface water, groundwater, and riparian systems support the Valley’s 
biodiversity. Specifically, riparian vegetation patterns are closely linked to groundwater levels, and 
the mosaic of vegetation itself shapes the floodplain topography and supports the habitat needs of a 
diverse assemblage of animals. Periodic large floods rework the floodplain and support nutrient 
cycling, both of which are important to life stages of plants and animals. By all these metrics, the 
Gila is a rare example in the Southwest of a river that maintains its natural flow patterns that sustain 
its exceptionally high biodiversity.  

Beyond the habitat values it provides, the Gila River has been supplying abundant water to people in 
New Mexico for thousands of years. The livelihoods of Mogollon people, Apaches, Spanish, 
Mexicans, and Anglo homesteaders were inextricably linked to the river. Irrigation ditches in the 
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Cliff-Gila Valley date back to the 1800s; ancestors of some of these original settlers still live in the 
Valley.  

The Arizona Water Settlement Act of 2004 (AWSA, the “Act”) provided an opportunity to augment 
water supply needs in the Southwest New Mexico Water Planning Region (Catron, Grant, Hildalgo, 
and Luna Counties), authorizing diversion of an additional 14,000 acre-feet annually (on average) 
from the Gila River. The Act was accompanied by an appropriation to New Mexico of $66 million 
that may be used either for “other water utilization alternatives to meet the water supply demands” of 
the region as determined by the New Mexico Interstate Stream Commission (ISC) or for a permanent 
river diversion and other associated costs. The ISC’s proposed diversion site sits at the head of the 
Cliff-Gila Valley. As the decision by the ISC of whether to pursue a permanent diversion looms, 
required by the Act by the end of 2014, the state agency and numerous stakeholders are actively 
weighing the benefits and costs of the two options.  

The Nature Conservancy, a science-based conservation organization working in the Cliff-Gila Valley 
for over 25 years, is a stakeholder in the long public process attendant to the Act. The Nature 
Conservancy is particularly interested in understanding the ecological costs and benefits of a 
permanent diversion in the Cliff-Gila Valley, which would likely export diverted water from the 
watershed via a pipeline. To formally study the ecological impacts of a permanent diversion, The 
Nature Conservancy and a team of academic partners (the project team) requested funding from the 
Bureau of Reclamation’s WaterSMART Program and the Desert Landscape Conservation 
Cooperative, which was awarded in 2011. The study, referred to as the Gila River Flow Needs 
Assessment, is intended to help water and natural resource managers effectively weigh the costs of a 
permanent diversion and adapt to climate change. In the simplest terms, the Gila River Flow Needs 
Assessment examines the impacts of additional diversion and climate change on the existing riparian 
and aquatic ecosystem. Because a diversion project has yet to be formally described as part of the 
AWSA process, the conditions under which Gila River water would be diverted, stored, and used are 
not known. For this reason, the Gila River Flow Needs Assessment focuses on analyzing the impacts 
of diversion under the terms of the AWSA Consumptive Use Forbearance Agreement (CUFA) and 
additional terms suggested by the Interstate Stream Commission.  

An important early step in the Gila River Flow Needs Assessment was to estimate potential impacts 
to flows caused by water withdrawal and climate change. Using the historical flow record (1936 
through 2012), we first modeled future flow regimes without an explicit consideration of climate 
change. The terms of diversion are described in the CUFA and we applied them to the historic 
hydrograph. Similarly, we used climate models to project future river flows. We analyzed these 
projections to understand parameters like overall flow reductions and changes to seasonal patterns in 
flows that could potentially occur by mid-century.  

As part of the Gila River Flow Needs Assessment, project team authors reviewed and compiled 
relevant literature and analyzed new data in a draft report that served to guide a two-day workshop 
held in Silver City in January 2014. The workshop convened the project team and 35 other scientists 
representing numerous disciplines. Scientists gathered to discuss the complex relationships between 
flows and plants, insects, and animals. The second-day sessions centered on how CUFA diversion 
and climate change might impact the ecosystem. Following the workshop, authors revised their 
chapters to incorporate peer reviews and new analyses. The ecological scientists attending this 
workshop were not asked to discuss the river’s numerous recreational, agricultural, and cultural 
values.  
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Describing the existing condition of the riparian and aquatic ecosystem is the foundation of this 
report. The river’s flow pattern (frequency, duration, timing, and magnitude) determines important 
geomorphic and hydrologic processes, and is therefore the most important factor influencing the 
Valley’s ecology. The annual hydrograph was delineated into four seasonal blocks in order to 
describe existing conditions and define flow-ecology relationships for each season: snowmelt runoff 
and recession period, late spring and early summer low flow period, monsoon period, and fall and 
winter period. Flow patterns within each seasonal block were then further characterized with respect 
to flow-ecology relationships for specific plant, insect, and animal species.  

An important theme emerged through the project team’s work and the valuable input from workshop 
participants: a departure from the natural flow regime creates risk of significant ecological impact, 
whether through diversion or due to climate change. Based on ongoing assessments of proposed 
diversion from the Gila River and modeled climate change scenarios for the region, the snowmelt 
runoff and recession period is predicted to be the most strongly affected by these stressors. This is a 
critical period of time in the life cycle of multiple species and communities in the Cliff-Gila Valley. 
Moreover, the flows that will be diverted most frequently fall between 400 and 4,000 cubic feet per 
second, a critical flow range for groundwater recharge and riparian plants and for maintaining the 
quality and diversity of aquatic habitats. Because reducing these elevated frequent flows could have a 
cascading effect on the aquatic and riparian ecosystem, alterations to the natural flow regime require 
careful consideration by water and natural resource managers.  

This report is intended to contribute to the planning and decision-making process, which is led by the 
New Mexico Interstate Stream Commission. The U.S. Bureau of Reclamation, U.S. Fish and Wildlife 
Service, and New Mexico Department of Game and Fish are other key agencies who are participating 
or will at some point participate in this process.  

Scientists from numerous agencies and universities have contributed to this report. We have done our 
best to accurately reflect their input and we appreciate the considerable contributions many 
individuals have made.  
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Chapter 2. Ecohydrology and Recent Climatology of the Gila 
River 
Mark Horner and Clifford N. Dahm, Department of Biology, University of New Mexico 

Summary 

Ecohydrology merges the fields of hydrology and ecology to examine interactions between 
biological communities and the water cycle. Human alteration of flow regimes of rivers is an 
excellent example of where ecohydrology is applied in helping understand the implications of these 
changes on rivers and their floodplains. This paper considers the ecohydrology of the upper Gila 
River, where limited human alteration of the natural hydrograph has occurred historically, and 
examines potential impacts of flow diversions and climate change. The long-term hydrograph (86-
years) allows analyses of: 1) seasonal, annual, interannual, and decadal variability in hydrology and 
climate, 2) the timing and magnitude of major floods and high flow events, 3) the periodicity and 
timing of droughts and low-flow conditions, and 4) possible effects from human diversions and 
climate change on the ecohydrology of the river and floodplain. The long-term hydrograph for the 
Gila near Gila stream gage was analyzed for the pattern of long-term daily mean average flows and 
median flows. Median flows above a proposed minimum bypass flow of 150 cubic feet per second 
(cfs) currently occur only during a small window of about 45 days in late winter and early spring. 
The annual hydrograph was blocked into four blocks for further analyses (snowmelt runoff and 
recession period, late spring and early summer low flow period, monsoon period, and fall and winter 
base flow with occasional storms period). Factors affecting the interannual variability of precipitation 
and river flow are the El Niño Southern Oscillation (ENSO) phenomenon and the North American 
Monsoon (NAM). Major flood events that structure river and floodplain geomorphology, however, 
are often not associated with either the spring snowmelt runoff period or the summer monsoon 
period. The ten highest flows for the Gila near Gila stream gage have occurred from September 
through February and are associated with dissipating tropical storms or subtropical atmospheric 
rivers. Low flow periods for the Gila River are highly predictable and occur in June and early July. 
Decadal analyses of low flow periods show periods of lowest flows in the 1950s and 2000s, with a 
marked increase in very low flow conditions (< 20 cfs) after 2000. There has been a growing 
understanding that low flow criteria alone are not adequate for protecting rivers and their floodplains. 
Flow conditions for all blocks within an annual hydrograph require assessment and determination of 
critical flow characteristics needed to protect river and floodplain biological communities, and a 
growing body of science has developed to assist in these evaluations. Based on ongoing assessments 
of proposed diversions from the Gila River and modeled climate change scenarios for the region, the 
snowmelt runoff and recession is predicted to be the period of time that will be most strongly 
affected by these stressors. This is a critical period of time in the life histories of multiple biological 
species and communities in the Gila River and river floodplain. Implications of modifying spring 
snowmelt runoff and the pattern of the snowmelt recession curve require careful consideration and 
detailed study. 

Introduction 

Ecohydrology attempts to understand how hydrologic processes affect the distribution, structure, 
function, and dynamics of biological communities and explores how feedbacks from biological 
communities influence the water cycle (Newman et al. 2006). Ecohydrology, therefore, seeks a 
merging of ecology and hydrology and is inherently an interdisciplinary scientific discipline. 
Research into ecohydrology (sometimes referred to as hydroecology) has grown exponentially over 
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the last decade and a half, and much of this research has focused upon water-limited environments 
(Newman et al. 2006). An important outcome of the ecohydrology perspective is the synergistic 
growth and development of ecological and hydrological understanding of a place to generate better 
approaches to solving challenging environmental problems. We hope that this will be the case for the 
application of ecohydrology approaches as future scenarios of water use and allocation are 
considered for the upper Gila River Basin. 

Gutzler (2013) has recently summarized key components of the current and future climatology of the 
borderlands (United States/Mexico border) region that includes the Gila River Basin. The Gila River 
Basin is located in a semi-arid region far from precipitation sources from the evaporation of ocean 
water. There are very pronounced decadal variations in precipitation with shorter-term interannual 
variability in precipitation linked to the El Niño-Southern Oscillation (ENSO) phenomenon (Gutzler 
2013; Molles and Dahm 1990). A strong regional warming trend in recent temperature data exists 
that is > 1°C over the past half century. Projected century-scale climate change for the upcoming 
century in the basin is about 3.1°C in winter and 3.8°C in summer (Gutzler 2013). As climate warms, 
the energy available for generating intense storms increases; intense rainfall events are likely to 
increase in the future. Projected future spring flood pulses are likely to be both weaker and earlier. A 
future trend to increased aridity results from both decreasing precipitation (especially in winter) and 
increasing evapotranspiration associated with warmer temperatures. The climatology of the Gila 
River Basin is one of strong seasonal and interannual variability with projected changes in the future 
that are likely to generate diminished streamflow and drier surface conditions in the catchment 
(Gutzler 2013). 

The goal of this paper is to explore some of the key attributes of the ecohydrology and climatology of 
the Gila River Basin. Specifically, we will: 1) examine the long-term hydrograph of the Gila near 
Gila stream gage, 2) consider the variability of the hydrology of the Gila River at seasonal, annual, 
interannual, and decadal time scales, 3) document major floods and high flow events, and 4) look at 
periods of drought and low flow conditions. These climatological and hydrological conditions and 
trends will then be discussed from the perspective of important ecohydrology relationships that 
potentially affect the biota of the Gila River floodplain currently and into the future. Future 
relationships that may derive from human extraction of water from the catchment and future climatic 
conditions also will be discussed and considered. 

Blocking and the Natural Flow Regime 

The alteration of natural flow regimes is regarded by many to be the single greatest and persistent 
threat to the ecological integrity of freshwater ecosystems (Sparks 1995; Poff et al. 1997; Lundqvist 
1998; Ward et al. 1999; Naiman et al. 2002; Bunn and Arthington 2002; Carlisle et al. 2010). Dams 
and other flood control practices, groundwater pumping, and surface water diversions can 
dramatically alter the flow regime (e.g., Poff et al. 2007) and thus transform the structure and 
function of aquatic and riparian ecosystems (Gregory et al. 1991; Molles et al. 1995; Poff et al. 1997; 
Molles et al. 1998; Bunn and Arthington 2002; Tockner and Stanford 2002; Poff and Zimmerman 
2010). Important aspects of flow alteration include impacts on the attributes of magnitude, duration, 
frequency, timing, and rate of change (Richter et al. 1996). 

Implicitly, this also suggests that there should not be a single minimum flow as it summarily fails to 
satisfy the complex ecological requirements of the system. For example, if a single, minimum flow 
value is prescribed it may limit or indeed preclude a river’s ability to inundate the floodplain. This, in 
turn, limits nutrient availability to the aquatic components of the ecosystem (Molles et al. 1995), and 
fosters the process of floodplain isolation (conversion to more upland conditions), sharp declines in 
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biodiversity, and invasion of exotic species (Tockner and Stanford 2002). While establishing a single 
flow requirement has set the stage for more holistic recommendations, it was largely intended to 
satisfy the needs of a single species or guilds of species, typically fishes (Petts 2009). Again, such an 
approach fails to recognize the inherent and dynamic nature of lotic (flowing water) systems and that 
biological diversity must be accompanied by hydrologic diversity if the ecosystem as a whole is to 
endure. Indeed, many aquatic organisms depend on flow diversity for the completion of their life 
cycle, and alterations to the hydrology can negatively affect such species. In addition, it is important 
to acknowledge that hydraulics (the forces exerted by flowing water) also play a role in the temporal 
and spatial biodiversity of lotic systems (Statzner et al. 1988) and are directly related to, but not 
described by, the hydrology. 

The concept of multiple flow regimes has been adopted and successfully implemented by the 
Southwest Florida Water Management District (SWFWMD). The SWFWMD (Kelly et al. 2005) 
cites Hill et al. (1991), who stated that “multiple flow regimes are needed to maintain biotic and 
abiotic resources within a river ecosystem” and suggests four key attributes that should be retained 
when considering alterations to a flow regime: 

1. Flood flows that determine the boundaries of and shape floodplain and valley features; 
2. Overbank flows that maintain riparian habitats; 
3. In-channel flows that keep immediate stream banks and channels functioning; and  
4. Instream flows that meet critical fish requirements. 

Kelly et al. (2005) also summarize valuable insight by South African researchers, as cited by Postel 
and Richter (2003), by listing eight additional guiding principles for managing flows: 

1. A modified flow regime should mimic the natural one, so that the natural timing of different 
kinds of flows is preserved; 

2. A river’s natural perenniality or non-perenniality should be retained; 
3. Most water should be harvested from a river during wet months, little should be taken during 

the dry months; 
4. The seasonal pattern of higher base flows in the wet season should be retained; 
5. Floods should be present during the natural wet season; 
6. The duration of floods could be shortened, but within limits; 
7. It is better to retain certain floods at full magnitude and to eliminate others entirely than to 

preserve all or most floods at diminished levels; and  
8. The first flood (or one of the first) of the wet season should be fully retained. 

Central to these principles and those suggested by Hill et al. (1991) is that the temporal variability of 
flows should be maintained and patterned to emulate the natural flow regime to the greatest extent 
possible. In this way, the hydrologic (and hydraulic) forces that shaped the ecosystem are largely 
preserved and will tend to support the evolutionary history of the biota.  

It is often the case that social or political motivations to conserve freshwater ecosystems occur only 
after significant flow alterations have occurred (Poff et al. 1997). By this time, the task becomes a 
more daunting one of restoration and sustainability at multiple scales (Biggs et al. 2005) as opposed 
to one of existing ecosystem protection. Fortunately, where present, long-term stream gage records 
allow for a comprehensive evaluation of pre- and post-anthropogenic effects to the flow regime and 
can help identify many salient attributes of the hydrograph as metrics for restoration or protection. 
The SWFWMD (Gore et al. 2002; Kelly et al. 2005) offers a “building block” methodology that is 
based on fundamental ecological principles where aquatic organisms have adapted their lifestyles to 
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reflect the conditions imparted by the flow regime. The building block approach therefore identifies 
seasonal flow patterns and characteristics by dividing the annual hydrograph into discrete functional 
units (blocks) that, by construction, have biological and ecological relevance to the structure and 
function of the system. We have applied the building block approach to stream gage data from the 
Gila near Gila gage (USGS 09430500) in order to address some fundamental questions on the 
seasonal patterns of flow from an ecohydrology perspective (Figure 1). That is, with limited 
knowledge of the flow-ecology relationships and when considering flow alterations, a logical 
approach is to preserve the characteristics of the natural flow regime. 

 
Figure 1. Daily mean and median discharge at the USGS Gila near Gila stream gage (USGS 09430500) and 
seasonal blocks (1-4) for the Gila River unaltered hydrograph. Period of record is 12/2/1927 to 10/22/2013. 
Average monsoonal duration (1961-2010) was estimated by dew point temperature, a key diagnostic parameter of 
atmospheric moisture influx (see text for further explanation). 

We base the four building blocks shown in Figure 1 on the median daily discharge for the period of 
record, which limits the influence of outlying events. The mean daily discharge is also shown to 
illustrate, to some degree, the flashy nature of the Gila River and as a contrast to the median 
discharge values. The highest sustained flow occurs in Block 1, the snowmelt runoff period. It 
extends for a 122-day period from January 27 through May 28 and contains some of the highest 
mean daily flows. The latter portion of Block 1 (the recession limb of the runoff period) is an 
ecologically important period that is discussed later. Block 2 is a 59-day period of summer low flows 
that extends from May 29 through July 26. Block 3 is a 41-day monsoonal period and Block 4 is a 
143-day period of fall-winter base flows. Interestingly, Block 4 also shows many high mean daily 
discharge values, which can be generally attributed to dissipating tropical storms, rain-on-snow 
events, and atmospheric rivers from the subtropical Pacific. The sustained higher flows from Block 1 
and large spates during Block 4 are important periods that also require additional scrutiny from an 
ecohydrology perspective. 

While agricultural withdrawals do occur from the mainstem Gila River, the Gila near Gila stream 
gage is located upstream of these diversions and is therefore a good representation of the natural flow 
regime (period of record 1928-2013). The blocking approach we have applied thus demonstrates 
some important patterns of timing, duration, and rates of change as well as the typical range of flow 
magnitudes within each of the blocks. Collectively, the blocks represent essentially unaltered, 
functional components of the gross hydrology but cannot capture the interannual variability or the 
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extreme events and conditions present in a given year. Combinations of methodologies could 
therefore be used to address these questions where interannual, block-wise comparisons are made. 
For example, Indicators of Hydrologic Alteration (IHA; Richter et al. 1996), or a subset of IHA 
statistical parameters, can be used to assess the variation in the natural flow regime and thus some 
plausible bounds on the tolerances of the biota. In addition, the natural variation of seasonal 
streamflow (blocks) may also provide clues to the population dynamics of nonnative species (by 
examining which conditions tend to foster nonnative population increases) and thus diversion 
schedules to potentially avoid. In any case, a fundamental understanding of the natural flow regime, 
with the guiding principles discussed above in mind, is essential particularly when a paucity of data 
about flow-ecology relationships exist. 

Interannual Variability of Streamflow 

The El Niño-Southern Oscillation 

Thus far, we have focused our attention on seasonal variations of the flow regime, but larger-scale 
sources of variability also play an important role in stream and river dynamics. The El Niño-Southern 
Oscillation (ENSO) is generally considered the most influential source of regional interannual 
climate variability (Ropelewski and Halpert 1986; Mo 2010; Feldl and Roe 2010). ENSO 
teleconnections promote periods of drought (Mo et al. 2009) and enhanced precipitation (Mo 2010) 
in the southwestern United States, and thus exert a strong effect on streamflow and ecology of the 
Gila River. Both floods (from periods of enhanced precipitation) and channel drying (from drought) 
are fundamental organizing forces that have major effects on stream invertebrate and fish 
communities, nutrient cycling, decomposition, and productivity (Molles and Dahm 1990). 

The ENSO Phenomenon 
ENSO is a natural phenomenon that changes about every 2-7 years and involves the oscillation of 
barometric pressure and variations of sea surface temperatures across the equatorial Pacific. The term 
El Niño (meaning “the boy” and also known as the Christ child) originates from the timing of the 
periodic warm current that arises off the coast of Peru during the Christmas season. To fully 
appreciate ENSO and its influence on the region’s climate, we first need to briefly describe the 
different phases of ENSO.  

ENSO fluctuates between two extreme phases: El Niño and La Niña (“the girl,” opposite of “the 
boy”). To understand these extremes, it is important to distinguish the normal conditions from which 
ENSO derives. In a medial, or ENSO-neutral phase (i.e., not an El Niño or La Niña condition), there 
is higher barometric pressure in the eastern equatorial Pacific and lower barometric pressure in the 
western equatorial Pacific. This pressure differential causes the trade winds (easterlies) to blow from 
east to west. The trade winds carry with them the warm, moist air of the tropical Pacific, which then 
rises and results in heavy precipitation over the Indonesian-western Pacific; the air aloft then travels 
back in an easterly direction and results in the Walker Circulation. The easterly trade winds also 
drive warm equatorial waters to the west, which also favors storm formation in the western Pacific. 
The displacement of warm water to the west allows nutrient-rich, cold water upwelling along the 
west coast of South America and greatly supports ocean and coastal food web dynamics. During an 
El Niño phase, the pressure differential reverses (higher barometric pressure in the west), therefore 
changing the direction of the trade winds and driving the warm surface waters of the western Pacific 
eastward. El Niño is therefore characterized by warm surface water temperatures and low barometric 
pressure over the eastern Pacific—conditions that ultimately alter the Pacific storm track (Feldl and 
Roe 2010) and favor storm formation for tropical and subtropical areas of North and South America. 
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In the southwestern United States, El Niño often results in enhanced winter snowpack and thus 
increased spring runoff (Shubert et al. 2007). La Niña is essentially an extreme state of the normal 
Walker Circulation (i.e., the normal, or medial, pressure differentials are greater and the easterlies 
stronger). Characterized by high barometric pressure and cold sea surface temperatures in the eastern 
Pacific, La Niña inhibits storm formation and is associated with drought in the southwestern United 
States, the Great Plains, and the lower Colorado River Basin (Mo et al. 2009). 

ENSO and the Gila River 
Molles and Dahm (1990) examined the teleconnections between ENSO and the spring snowmelt 
runoff for the Gila and Pecos Rivers in New Mexico. The key objectives of this study were: 1) to 
determine whether the El Niño and La Niña phases of the Southern Oscillation correspond with 
variations in spring runoff discharge and 2) to bring these findings to the attention of stream 
ecologists as a predictive tool in areas where ENSO exerts an influence.  

Historic El Niño phases in Molles and Dahm (1990) were characterized by Quinn et al. (1987), who 
reconstructed a long history of El Niño events off the coast of Peru. Molles and Dahm (1990) limited 
their analysis to El Niños ranked as strong to very strong and those that carried from one year to the 
next. Since these events typically arise during the Christmas season, the designation of an El Niño 
year assumes that the principal effects manifest in New Mexico (as increased snowpack) during the 
following winter and spring snowmelt runoff. For example, the El Niño of 1972-73, which began 
forming in late 1972, renders 1973 an El Niño year for the southwestern United States. Molles and 
Dahm (1990) characterized La Niña through barometric pressure differences between Tahiti and 
Darwin, Australia, provided by Quinn et al. (1978) and the Climate Diagnostics Bulletin published 
by the National Weather Service. Here also, the authors assumed a similar lag in La Niña effects as 
described above for El Niño. Effects for La Niña include a reduced snowpack and therefore lower 
runoff for the following winter and spring. The Gila near Gila stream gage (USGS 09430500) was 
used because of the long period of record and the overall lack of anthropogenic impacts to the 
catchment, which drains 4,828 km2 (1,864 mi2). In short, Molles and Dahm (1990) found a more 
reliable relationship between ENSO and spring discharge for the Gila River than for the Pecos River; 
high flows were more consistently associated with El Niños and low flow years were more 
consistently associated with La Niñas. For the Gila River, mean spring discharge was 3.2x higher for 
El Niño than during medial years and 6.0x greater for El Niño versus La Niña years. This translates 
into about 16 million m3 (~13,000 acre-feet), 30 million m3 (~24,000 acre-feet), and 96 million m3 
(~78,000 acre-feet) of water for El Niño, Medial, and La Niña years, respectively. Mean spring flow 
differences between El Niño, Medial, and La Niña in both rivers were significant (p < 0.001). 

Here, we seek to briefly revisit this analysis and supplement the period of record of Molles and 
Dahm (1990) with data from the intervening years. For the designation of El Niño, Medial, and La 
Niña years, we draw upon the Oceanic Niño Index (ONI) maintained by the NOAA National 
Weather Service Climate Prediction Center (2013). The ONI has a period of record from 1950 to the 
present and is essentially a three-month running average of sea surface temperature (SST) anomalies 
as compared to the same three-month period from 1971-2000. In other words, the average SST is 
calculated for each month in an area of the central, equatorial Pacific (the Niño 3.4 region), then 
averaged with values from the previous and following months, and then compared to average SST 
during the entire 1971-2000 reference period. El Niño conditions are declared when ONI is at least 
+0.5°C. That is, El Niño exists when the three-month running SST average is at least 0.5°C warmer 
than the average over the 1971-2000 period of record. Likewise, La Niña exists when the three-
month running SST average is at least 0.5°C cooler than the average (ONI is less than -0.5°C). 
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Medial (ENSO-neutral) conditions exist when ONI is between -0.5°C and +0.5°C. We also use data 
from the Gila near Gila stream gage (USGS 09430500). 

Again, Molles and Dahm (1990) restricted their analysis to the strong and very strong El Niño years 
as characterized by Quinn et al. (1987). By using ONI here, we are including all years in the period 
of record. It must also be noted that, because ONI values are a running average, the more recent 
values (up to two months) should be considered an estimate and subject to change. When designating 
the phase of the Southern Oscillation, we take the same approach as Molles and Dahm (1990); the 
phase tends to manifest in the following winter and spring runoff. Figure 2 shows ONI distribution of 
ENSO phases and volume of spring runoff (January 27-May 28) from 1951-2013 

 
Figure 2. Total annual volume of snowmelt runoff period from January 27-May 28 at the Gila near Gila 
stream gage (USGS 09430500). Color-coding indicates the annual Oceanic Niño Index (ONI) for El Niño (red), 
medial (grey), or La Niña (blue); period of record is 1951-2013. 

Because the teleconnections of ENSO can be modulated by other coupled ocean-atmosphere 
phenomena (e.g., Mo et al. 2009), using the entire ONI period of record appears to dampen the 
relationship between ENSO and the magnitude of spring runoff on the Gila River over that of Molles 
and Dahm (1990). This is due ostensibly to the inclusion of lesser El Niño phases (likely modulated 
by other processes) and several cases where La Niña years still resulted in substantial winter 
precipitation. Further, to account for and reconcile with the later runoff period of the Pecos River, 
Molles and Dahm (1990) considered the spring runoff period to be from April-June. Here, we extend 
the spring runoff period to reflect the observed interval shown in Block 1 (Figure 1) and thereby a) 
increase the total volume characterized by the spring runoff by redefining the runoff interval and b) 
include the earliest part of the observed runoff hydrograph (February-March). Despite these 
operational dissimilarities, Figure 3 shows significant differences in the mean annual runoff volume 
for the El Niño, Medial, and La Niña phases of the Southern Oscillation (p < 0.008; single factor 
ANOVA). Whereas Molles and Dahm (1990) showed a 3.2x increase in spring runoff volume for El 
Niño over medial phases and a 6.0x increase for El Niño over La Niña, our results show a somewhat 
reduced 1.2x and 2.4x increase, respectively. Nonetheless, these are significant differences and an 
important source of interannual streamflow variability. 
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Figure 3. Mean annual volume of snowmelt runoff period from January 27-May 28 at the Gila near Gila 
stream gage (USGS 09430500) for El Niño, Medial, and La Niña classes. El Niño = 75.1 thousand acre-feet (92.6 
million m3), medial = 61.4 thousand acre-feet (75.7 million m3), and La Niña = 31.6 thousand acre-feet (39.0 million 
m3). ANOVA single factor p < 0.008, n = 22, 19, and 22, respectively; period of record is 1951-2013. 

In conjunction with Molles and Dahm (1990), Figures 2 and 3 aptly demonstrate the significant 
influence that ENSO has on the Gila River. The strong or very strong El Niño phases identified in 
Molles and Dahm (1990) that coincide with the ONI period of record were 1958, 1973, and 1983. 
These rank as the 12th, 1st, and 7th largest runoff volumes, respectively, in the period of record (1928-
2013). Further, El Niño years account for 10 of the top 20 runoff years, whereas five are medial 
years, and four occur before the ONI period of record (prior to 1950). Of the years before 1950, 
Molles and Dahm (1990) also identify 1941 as a strong El Niño, which is the 5th largest runoff year 
on record. El Niños thus account for 11 of the top 20 runoff years, medial years account for five, 
three occur before the ONI, and, interestingly, the 4th highest runoff volume was during a La Niña 
phase (1985). Figure 2 also shows a number of low runoff years during an El Niño phase. This may 
indicate that the relative strength of an El Niño event could be an additional facet to the overall 
predictability of its impact because the Gila catchment may be less likely to be influenced by 
moderate or weak El Niño events that have weaker teleconnections into the southwestern United 
States (Ropelewski and Halpert 1986; Cayan and Peterson 1987; Molles and Dahm 1990). 

The extended analysis we present here reaffirms the considerable teleconnections between the ENSO 
phenomenon and the spring runoff flows of the Gila River for both El Niño and La Niña years. The 
degree of interannual variability this represents has strong implications for stream ecology, including 
effects to water chemistry, riparian zone plant recruitment, and the extent of floodplain inundation. 
This extended analysis also reiterates the conclusions of Molles and Dahm (1990) and others “that a 
solid basis for the study of stream ecosystems often lies in the development of a long-term 
perspective.” 

Flood Frequency 

The frequency of certain flow events is an important perspective on flow variability. Within most 
lotic systems, numerous habitat features are created, maintained, and modified by a range of flows 
that occur over a variety of time scales (seasonal, interannual, decadal, etc.). For example, bankfull 
discharges, when frequent enough (e.g., every 2-3 years) produce and maintain river bars and riffle-
pool sequences (Poff et al. 2007) through their ability to mobilize and sort bed substrates. These are 
key habitat features and processes for many aquatic, riparian, and terrestrial organisms, providing a 
dynamic and diverse mosaic of habitat types. Along the Gila River, for instance, riffle habitat is 
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particularly important to the ecology of the spikedace (Meda fulgida) and loach minnow (Tiaroga 
cobitis), two federally endangered fishes (USFWS 2012). Frequent flows maintain the active river 
channel and can inundate adjacent secondary channels and lower-elevation floodplain areas, 
sustaining habitat. Less-frequent, higher-magnitude flood flows create and modify high-flow 
channels and more elevated floodplain terraces and can cause avulsive channel migration. Hence, we 
return to the idea of multiple flow regimes and temporal scales, and the recognition that aquatic and 
riparian ecosystems require a variety of flows to maintain their ecological structure and function. 

It has been estimated that 77% of the total discharge of large rivers in the northern third of the world 
is strongly to moderately affected from fragmentation by dams and regulation by storage reservoirs 
(Dynesius and Nilsson 1994). Revenga et al. (2000) also estimate that 60% of the world’s rivers are 
similarly impacted. The ecological implications of such extensive flow regulation is becoming more 
and more apparent (e.g., Poff et al. 2007; Poff and Zimmerman 2010) and efforts to assess and 
mitigate these effects through mimicking the natural flow regime are gaining momentum throughout 
the world (Tharme 2003; Petts 2009). Given the ecological effects an altered hydrology represents, it 
is therefore imperative to understand the theoretical frequency of a wide range of streamflows under 
a natural flow regime. This unifies the notions of the natural flow regime per se and attributes of flow 
diversity, interannual variability, and timing under the natural flow regime. 

Since any certainty in future events is impossible, this involves constructing a probability distribution 
that a given flow will occur based on historical stream gage records. The probability of a flood flow 
equaling or exceeding a given magnitude can be approximated by a flood frequency analysis (Figure 
4; Gila near Gila stream gage, USGS 09430500), which provides a useful empirical relationship. 
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Figure 4. Flood frequency analysis for the Gila near Gila stream gage (USGS 09430500). Period of record for 
annual maximum discharge is 1928-2011. Note that the high and low tails of the log transformation do not fit a 
linear model. 

Through this relationship, return intervals and flow magnitudes can be estimated. For example, the 
magnitude of the 5-year flood (or the flow expected to occur every 5 years) is 8,348 cfs and the 10-
year flood is 13,204 cfs. To understand where (the aerial extent) a given flow resides within the 
channel and/or floodplain typically involves the use of a given hydraulic model. The 2-,5-, and 10-
year floods are responsible for creating and modifying habitat in the lower-elevation floodplain and, 
to some degree, migration of the active channel to new locations. Note that in Figure 4 the extrema 
do not conform well to the linear relationship and thus cannot reliably be used to predict the 
magnitude of the largest flood events. This indicates at these infrequent return intervals (e.g., 50- and 
100-year) that a different probability distribution, such as a Log-Pearson type III, is more appropriate 
(Hornberger et al. 1998). The advantages of the statistical approach applied in the Log-Pearson type 
III is that extrapolation of flows and return intervals can be made well beyond the observed gage 
record and flood events (although the confidence intervals significantly broaden as these limits are 
exceeded). In addition, Log-Pearson type III is the standard technique used by federal agencies 
throughout the United States (Interagency Advisory Committee on Water Data 1982). Figure 5 
shows the Log-Pearson type III, flood frequency analysis for the Gila near Gila stream gage (USGS 
09430500). 



 

14 
 

 
Figure 5. Log-Pearson flood frequency analysis for Gila near Gila stream gage (USGS 09430500). Period of 
record for annual maximum discharge is 1928-2011. This method allows for a more reliable prediction of return 
intervals and flows greater than values contained in the period of record estimated by a linear model. 

Here we see that the magnitude of the 5- and 10-year floods generally agree with the linear 
transformation derived from Figure 4; however, the 50- and 100-year values are quite different. If the 
linear relationship is used to calculate these flood events we have 19,056 cfs and 19,950 cfs, whereas 
the Log-Pearson type III shows a 35,000 cfs and 50,000 cfs flow, respectively. The values derived in 
the Log-Pearson type III make more sense when the actual stream gage data are studied. Table 1 lists 
the top 10 instantaneous peak flood events for an 86-year record, the largest two of which are 
comparable to the 50-year flood and occurred in 1978 and 1984. How should we begin to interpret 
these data if we are trying to understand the natural flow regime, and how best to mimic these flows? 

Table 1. Top 10 high flow events from the Gila near Gila stream gage (USGS 09430500). Note the period-of-
record differences for annual instantaneous and daily mean values. Mean daily flow is the average discharge over a 
24-hour period, while the annual instantaneous discharge is the highest discharge reached during a 15-minute 
sampling interval. 

*Date Annual Instantaneous QMax  (cfs) †Date Daily MeanQMax  (cfs) 
12/28/1984 35,200 12/28/84 23,400 
12/18/1978 32,400 12/19/78 19,600 
9/29/1941 25,400 2/12/05 15,500 
1/28/2008 20,500 9/29/41 13,000 
2/12/2005 19,900 9/16/13 12,400 
9/22/1997 18,200 9/15/13 12,200 
11/12/1994 16,700 9/22/97 11,200 
10/2/1983 15,000 11/12/94 9,910 
1/13/1949 15,000 10/20/72 9,030 
9/21/1988 14,400 12/29/84 8,740 
*Period of record = water years (Oct. 1-Sept. 30) 1928-2012. Available peak streamflow data from the USGS does 
not yet include the large flows experienced in mid-September 2013, the largest of which was 28,800 cfs recorded on 
September 15. 

†Period of record = 12/1/1927-11/6/2013. 

First, we must acknowledge that large floods do occur and often have what one might term as 
detrimental effects. Floods of this magnitude will invariably scour and can radically alter the 
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structure and function of large portions of a river, but this is a natural, regenerative process, and one 
in which native biota are keenly adapted (Bunn and Arthington 2002; Kelly et al. 2005). Next, we 
need to recognize that our prediction of a 50-year event is probabilistic. That means it is a construct 
of periodicity informed only by its relative occurrence in the historical record and the variability of 
other flood flows therein. Therefore, when we say a “50-year flood event” what we are really saying 
is that a flood of this magnitude has a 1/50 chance of occurring in any given year and it is expected to 
occur, on average, once every 50 years. As we have seen, however, the Gila River experienced an 
approximately 50-year flood (see Table 1 and Figure 5) twice in 85 years and these events were 
separated by a mere six years. 

A Log-Pearson frequency analysis of the Gila near Gila stream gage (USGS 09430500) also provides 
an apt foundation to standardize a set of discharge intervals we later employ to characterize a number 
of flow-ecology relationships. Table 2 provides the magnitude, return interval, and categorical 
description (e.g., small floods, large floods, etc.) for each interval; these are applied over the seasonal 
blocks developed earlier. These discharge intervals were derived through a qualitative, yet 
comprehensive, thought process that considered the return intervals that tend to be collectively 
important to a wide array of organisms and processes. For example, a small flood (2-5 yr. return 
interval) is an important regenerative process for near-channel riparian vegetation, maintenance of 
native fish populations, and flow through secondary channels in the floodplain. Larger flows (with 
less frequent return intervals) create new, high quality habitat. Although periods of intermittency and 
low flows are a relevant and often defining characteristic of arid systems, summer low flows (May 29 
to July 25, 58 days) are not categorically included here as they lack the variability necessary to parse 
their differential impacts – summer is simply a low-flow season. Being intervals, there is obviously a 
continuum of effects on the abiotic and biotic elements of the system and these dynamics are 
explored in detail in the chapters that follow. 

Table 2.  Log-Pearson Frequency Analysis.  Period of record = 1928-2013, Gila near Gila stream gage (USGS 
09430500); all values in cfs. 

Description *Snowmelt Runoff †Monsoon ‡Fall-Winter 
Low Flows (< 1.25 yr.) < 138 < 130 < 178 
Base Flows (1.25-2 yr.) 138-445 130-293  178-593 
Small Floods (2-5 yr.) 445-1,560 293-723 593-2,360 
Moderate Floods (5-10 yr.) 1,560-3,120 723-1,210 2,360-5,210 
Large Floods (10-25 yr.) 3,120-6,710 1,210-2,150 5,210-12,800 
Extreme Floods (>25 yr.) > 6,710 > 2,150 > 12,800 

*Snowmelt Runoff = January 27 to May 28; 122 days (123 with leap years); n = 86. 
† Monsoon = July 26 to September 5; 42 days; n = 86. 
‡ Fall-Winter = September 6 to January 26; 143 days; n = 86. 

We again emphasize the seminal importance of the full range of flows to the ecosystem, including 
large flood events, channel drying/intermittency, and all flows in between—the variability and 
frequency of which are central to the ecohydrology of the system. A flood frequency analysis is 
another useful tool that provides a framework for understanding both the natural and an altered flow 
regime. Not only can this analysis provide necessary design criteria for things such as flood control 
structures, but the analysis can also be used to help guide water and ecosystem management 
decisions that reflect the natural flow regime and the guiding principles discussed earlier (Hill et al. 
1991; Bunn and Arthington 2002; Postel and Richter 2003; Kelly et al. 2005). In doing so, we take a 
more holistic, proactive, and thoughtful approach to resource management and ecosystem 
sustainability. 
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Onset and Effects of Summer Monsoons 

The North American Monsoon 
What is a monsoon? This is a more complex question than one might think and the details are well 
beyond the scope of this discussion but, like the ENSO phenomenon, it is important to understand the 
basic process of the monsoon and how it influences streamflow variability in the southwestern 
United States. 

The word monsoon comes from the Arabic term mawsim, meaning “season.” Monsoons are regional 
wind patterns that result from significant temperature differences over the land surface versus the 
ocean (Barry and Chorley 2003). These temperature differences happen because oceans have a far 
greater heat capacity than land and are therefore more thermally stable. During summer months, land 
surface is heated more rapidly, causing air above it to expand and rise. The expanding air mass leads 
to an area of low pressure and induces a flow of moist air from the oceans inland. As the moist ocean 
air continues to move inland, orographic lifting causes it to cool and decreases its ability to hold 
water. This results in precipitation, especially when coupled with localized convective processes. 

The North American monsoonal pattern develops in late May or early June over southwest Mexico 
and typically arrives in early July in the southwestern United States (Gutzler and Preston 1997; 
Gutzler 2000). It is characterized by largely discontinuous periods of increased rainfall that can be 
locally intense. Since the southwestern United States is at the northern fringe of the monsoon, 
precipitation is generally more variable than in the core areas to the south and can be influenced or 
modulated by a number of complex atmospheric interactions. Nonetheless, the North American 
monsoon accounts for a considerable portion of the annual precipitation in the southwestern United 
States, and Adams and Comrie (1997) further conclude that New Mexico is the state (not including 
Mexico) most affected by the North American monsoon. 

Figure 1 shows the mean and median daily hydrograph for the Gila near Gila stream gage (USGS 
09430500) for the period of record 1928-2013. Based on these flow records, Figure 1 also shows our 
interpretation of timing and duration of the North American monsoon, and the effect that the 
monsoon has with respect to its influence on streamflow (see Block 3). Here, mean and median tell a 
somewhat different story. If one considers only the median flow record, the effects the North 
American monsoon has on streamflow appear almost trivial. If, on the other hand, mean daily 
discharge is considered, one can readily see the substantial influence the monsoon has on streamflow 
as the mean is influenced by occasional extreme values. What does this tell us about the role of the 
monsoons on the hydrology of the Gila River? First, the mean and median daily discharges both 
show an increase in base flow during the monsoonal block. This is an important aspect, as the 
preceding summer low flows are a period of extremes that can be a particularly stressful time for 
aquatic and riparian biota. In addition, it indicates that monsoons are a period of spates with 
considerable spatial variability. Lastly, the monsoons are generally predictable in terms of their 
timing and duration but less so with regard to their intensity and spatial distribution. Interestingly, as 
it turns out, the Fall-Winter Base Flow period (Block 4 in Figure 1) is also an extremely flashy period 
atypical of most semi-arid systems. This is discussed further in sections that follow. 

Lastly, we want to point out the disparity between the onset of the monsoonal period and the 
observed responses in streamflow. Among other measures, the onset of the monsoonal period can be 
approximated by dew point temperatures (measured in Albuquerque, New Mexico; NOAA National 
Weather Service Forecast Center, n.d.) being greater than or equal to 8.3°C (47°F). Essentially, this 
is simply a measure of how much water vapor is present in the atmosphere. By this metric, on 
average, the monsoonal period typically begins in early July; however, streamflows do not show an 
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appreciable monsoonal influence until mid to late July (Figure 1). To examine this further, we drew 
upon Next Generation Radar (NEXRAD) data and compared 24-hour precipitation totals of a large 
sub-basin of 2,584 km2 (998 mi2) with the commensurate stream gage records (Gila near Gila, USGS 
09430500) for the summer of 2006 (Horner and Dahm, unpublished data). Although there are 
confounding issues regarding the use of NEXRAD data in mountainous areas, this analysis clearly 
demonstrated a lag in streamflow responses as compared to the onset of monsoonal-driven 
precipitation events (Figure 6). Here, we estimate that streamflow responses to monsoonal storms 
were delayed to around July 28, which generally agrees with the hydrograph(s) shown in Figure 1. In 
fact, we note that large precipitation events early in the monsoon period had virtually no impact on 
streamflow and this strongly suggests that watershed-level processes do indeed modulate the 
influence of monsoonal precipitation on streamflow for a considerable period of time. Other factors 
such as drought and drought recovery (e.g., soil and groundwater recharge and prolonged lag times) 
and fire can strongly influence both the timing and interannual variability of monsoonal streamflow 
effects. 

 
Figure 6. Next Generation Radar (NEXRAD) monsoonal precipitation amounts and stream discharge (Gila 
near Gila stream gage; USGS 09430500). Analysis was carried out for the 2006 monsoon in a total of nine sub-
basins within the Gila River catchment, all showing similar lag times of monsoon-induced streamflow responses. 
Shown above are the results for one of the largest sub-basins with a drainage area of 2,584 km2 (998 mi2). 

Average Monthly Discharge 

Average monthly discharge can provide valuable insight into broader-scale, annual patterns of 
hydrology. It can readily identify the predictable and recurring periods of both high and low flows as 
well as the month-to-month rates leading up to these extremes. Considering these types of attributes 
(e.g., Richter et al. 1996) at different scales can lead to additional insights at yet other informative 
scales (e.g., decadal). These different perspectives on what amounts to be the same hydrologic record 
often reveal underlying trends germane to the overall ecohydrology of any given system. 

Figure 7 shows the long-term monthly averages for the Gila near Gila stream gage (USGS 09430500; 
period of record 1927-2012). Here, we can clearly see that, on average, the wettest month is March, 
with an average discharge of 303 cfs, and the driest month is June, with an average discharge of 56 
cfs. We also see an aggregate representation of the rates at which these extremes are reached and the 
influence of monsoons and spates throughout the fall-winter period. In this way, we can quickly 
summarize differences between altered and unaltered states and set some broadly defined 
characteristics for how the natural flow regime should look and behave (magnitudes, rates of change, 
etc.). Again, this also allows us to identify periods of extremes (as well as other important attributes) 
to examine more closely, which we address in the following sections. 
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Figure 7. Long-term monthly average discharge at the Gila near Gila stream gage (USGS 09430500). March 
shows the highest average discharge of 303 cfs while June shows the lowest average discharge of 56 cfs. The period 
of record is 1927-2012. 

Floods and High Flow Periods 

Timing of Historic High Flows from the Gila River 

The month with the predictably highest mean discharge for the Gila River is March (Figure 7), with a 
mean monthly discharge of 303 cfs. February and April are the second- and third-ranked months, 
respectively, for mean monthly discharge. Late winter and early spring are periods of time before the 
leaf out of deciduous plants but with warm enough temperatures to melt high-elevation snowpack in 
the Gila River Basin. Periods of time during these three months (especially mid-February through 
April) predictably have flows that exceed 150 cfs, a value that has been proposed as a minimum 
bypass flow for the Gila near Gila gage. Other dates in the late summer, fall, and winter occasionally 
have long-term daily average flows that exceed 150 cfs, but daily average flows during these times of 
the year are strongly influenced by rare storm events during the period of record (Figure 1). A major 
storm with daily flows above 9,000 cfs on a given day during the 86-year period of record can inflate 
the long-term average significantly. Long-term daily median flows provide a better indication of 
long-term daily average conditions (Figure 1), and predictable Gila River flows that exceed median 
values of 150 cfs only occur in March and April. 
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Figure 8. Index of high flows for the month of March (highest monthly average) by decade at the Gila near 
Gila stream gage (USGS 09430500). In this box and whisker plot, the bottom of the boxes represents the 25th 
percentile and the top of the boxes represents the 75th percentile. The line through the box represents the median 
value and the colored dot indicates the mean. Error bars above and below the boxes represent the 90 th and 10th 
percentiles, respectively. Sample size (in years) is shown in parentheses. 

Decadal variability in mean discharge for March, the month with the highest predictable mean 
discharge, is shown in Figure 8. For decades with a complete record, the highest median March flows 
occurred in the 1980s. The second highest median March flows occurred in the 1990s. These are the 
two wettest decades in the past two millennia in the Southwest, and March flows from the Gila River 
reflect these unusually wet conditions. The decade during the period of record with the lowest March 
flows from the Gila River is the 1950s. Average median March flows from the Gila River during this 
decade are much below the proposed minimum bypass flow of 150 cfs. Similarly, average median 
March flows for the 1970s and for 2010 through 2013 are below the proposed minimum bypass flow. 
Longer-term climatic variability at the decadal scale can produce extended periods of time when 
flows during the predicted highest flow month of the year for the Gila River are below the proposed 
threshold value to allow water abstraction from the river. 

Mechanisms Creating Flood Flows on the Gila River 

Flood flows are critical elements in the structure and function of river ecosystems. Producing channel 
structure, determining substrate distribution and type, and influencing the riparian zone through 
impacting plant community establishment and spatial structure are a few examples of the crucial 
roles that high flow events have on river channels and riparian zones. These rare episodic events are 
the templates upon which much of the dynamics of rivers and floodplains depends. 

When do these high flow events occur along the mainstem of the Gila River? Many streams and 
rivers in the southern part of the Rocky Mountains display a snowmelt-dominated hydrograph with 
peak flows in the late spring. Peak precipitation in southern New Mexico is linked to the North 
American Monsoon, with greatest precipitation in July and August (Gutzler and Preston 1997; 
Gutzler 2000). Initial expectations would be that the spring snowmelt period or the summer 
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monsoonal period would be the timing for the highest flow events on the mainstem of the Gila River. 
This, however, is not the case. 

The highest flows of record from the Gila River occur between September and February. Table 1 
shows the 10 highest annual instantaneous flows and the 10 highest daily flows from the Gila near 
Gila gage for the period of record from water years 1928 through 2012 for annual instantaneous flow 
and from 1928 through 2013 for daily mean flow. The highest instantaneous flow in the period of 
record occurred on December 28, 1984, with flow peaking at ≈ 35,200 cfs. The top 10 instantaneous 
flows during the period of record all are equal to or exceed 14,400 cfs, with three events in 
September, two events in December and January, and one event each in October, November, and 
February. Similarly, the top 10 daily mean flow events range from ≈ 8,740 to 23,400 cfs. Including 
the large daily flow events that occurred in September of 2013, the 10 peak daily mean flows have 
occurred in September (4), December (3), and October, November, and February (1 each). Peak 
channel-modifying flows on the mainstem of the Gila River are a fall and winter phenomenon. 

What are the causes of these occasional large floods on the Gila River during fall and winter? Three 
possible mechanisms to produce major floods in the fall and winter in the Gila River have been 
postulated. The first mechanism is the role of dissipating tropical storms from either the Gulf of 
Mexico or the Pacific Ocean. These tropical storms are prevalent in the September-through-
November time period and may be causal for some of the big fall storms in the period of record. A 
second mechanism is rain-on-snow events when snowpack is adequate to generate large flood events. 
This mechanism is more likely to be associated with floods from December through February. The 
third mechanism is the transport and deposition of large volumes of subtropical moisture from the 
Pacific Ocean through atmospheric rivers. The timing of atmospheric rivers on the western coast of 
North America is commonly from October through March. 

The potential role of atmospheric rivers in generating large flow events in the Gila River is an 
intriguing and recent hypothesis (Dettinger et al. 2011). Atmospheric rivers are narrow filaments of 
the lower atmosphere very rich in water vapor that are transported by low-level subtropical jets of 
wind. These long narrow jets of wind convey large quantities of subtropical moisture into the 
temperate zone. Some of these storms from the subtropical central Pacific make landfall on the west 
coast, and these storms can convey three-day storm totals comparable to the hurricane belt of the 
southeastern United States. Dettinger et al. (2011) have shown the importance of these atmospheric 
rivers to the water resources of California and the west coasts of Mexico, United States, and Canada. 
A few large precipitation events (ranging from 5-15 days per year) generate much of the precipitation 
and flooding within California. Atmospheric rivers are now thought to produce 20-50% of total 
precipitation for California along with most of the large flood events. Similar recent research in 
Europe has shown that atmospheric rivers are responsible for many annual maxima in daily 
precipitation that generate floods in Western Europe with inland effects reaching Germany and 
Poland (Lavers and Villarini 2013). Rutz and Steenburgh (2012) and Neiman et al. (2013) have 
recently shown that the impacts of atmospheric rivers extend into the interior western U.S. The role 
of atmospheric rivers in generating fall and winter flood flows on the Gila River is an area of 
research well worth considering in greater depth, as these rare but influential storms can lead to 
major floods and structural changes to the river floodplain and riparian zone. 

Droughts and Low Flow Periods 

The periods of lowest flow conditions for the Gila River are quite predictable. June (sometimes 
extending into July) is the month when lowest flows are commonly measured for the Gila River at 
the Gila near Gila stream gage (Figures 1 and 6). The extended dry period that follows winter and 
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early spring precipitation produces a gradual recession of flow in the Gila River that predictably 
reaches minimum flow levels in late June or early July. This is seen in both the plots of long-term 
mean and median flows for the Gila near Gila stream gage (Figure 1). Increased flows associated 
with the summer monsoons are muted in July and stronger in August. Life history strategies for biota 
living in the river and floodplain of the Gila River have evolved with this strong predictability of 
when low flow conditions occur and with a gradual and predictable recession pattern in the 
hydrograph from winter into spring and early summer. 

Long-term average flow in June for the Gila River is 56 cfs, based on an 86-year period of record for 
the Gila near Gila gage (Figure 7). There are clear decadal differences in the mean discharge of the 
Gila River in the low-flow month of June (Figure 9). The two driest decades for the month of June 
for the Gila River where complete decadal data are available during the period of record (1928-2013) 
are the 1950s and 2000s. The four years of June flows from 2010 through 2013 have a mean June 
flow lower than the 1950s and 2000s. The wettest decades for mean June flows are the 1930s, 1990s, 
and 1980s, with the wettest decadal time period for June mean flows in the 1980s. These flow data 
for low flows on the Gila River are in agreement with paleoecological studies noting the period in the 
1980s and 1990s as being the wettest period of record in the Southwest in the past two thousand 
years (Grissino-Mayer 1996; Woodhouse and Overpeck 1998). 

 
Figure 9. Index of low flows for the month of June (lowest monthly average) by decade at the Gila near Gila 
stream gage (USGS 09430500). See Figure 8 for explanation of box and whisker diagram. Sample size (in years) is 
again shown in parentheses. 

Another way to examine low-flow conditions for the Gila River is to look at the number of days 
when flows fall below some designated threshold. Figure 10 shows the number of days in which 
flows are below 50 cfs and below 20 cfs. These very low flow days generally occur in late June and 
early July. A 10-year moving average shows two periods in which flows below 50 cfs are most 
common in the period of record for the Gila near Gila stream gage (Figure 10, panel A). These peaks 
are during the extended drought of the 1950s and in the millennial dry period since 2000. The period 
with the least number of days with flows below 50 cfs was during the wet period for the southwest in 
the 1980s and 1990s. A somewhat different pattern is seen when the very lowest of flows (< 20 cfs) 
are graphed (Figure 10, panel B). Low flows below this threshold occurred rarely in the period of 
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record up until after 2001. There has been, however, a marked increase in the number of these very 
low flow conditions for the Gila River starting in 2002. Water year 2013 has the greatest number of 
these very low flow days in the period of record. Twenty-one days in water year 2013 had flows < 20 
cfs, surpassing the previous high of 19 days in 2002. Mechanisms producing the increased number of 
very low flow days in the recent gage record deserve further investigation, but warming basin 
temperatures coupled with drought is a mechanism worth considering. The majority of very low flow 
days for the Gila River have occurred from 2002 to the present in an 86-year gage record. 

 
Figure 10. Number of days per year of average flows for (a) less than 50 cfs and (b) less than 20 cfs at the Gila 
near Gila stream gage (USGS 09430500). Black lines indicate a 10-year moving average. Year 2013 has the 
largest total over the period of record of 21 days for less than 20 cfs flows. Period of record is 1927-2012. 

Discussion: Ecohydrology and Climatology of the Gila River 

Principles of Ecohydrology 

Much has been written about natural flow regimes and the health of streams, rivers, and floodplains. 
Early concepts such as requiring a minimum flow threshold have proven inadequate to protect the 
well-being of these ecosystems. Stalnaker (1990) argued that simply applying a minimal flow 
threshold does not afford adequate protection and that multiple flow regimes are needed to sustain 
biotic and abiotic resources and structure and function of stream and river ecosystems. Hill et al. 
(1991) put forward the concept that maintenance of river and stream ecosystems is dependent on 
management practices that protect physical processes, which in turn strongly influence biological 
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systems. Four types of river flows that require protection are: 1) flood flows that determine river 
boundaries and shape floodplains, 2) overbank flows that maintain riparian habitats, 3) in-channel 
flows important for stream banks and channel functions, and 4) instream flows that meet critical fish 
(and other floodplain biota) needs. A range of flows is required, and alteration to any of these types 
of flows can be deleterious to organisms found in rivers and floodplains. 

Two seminal papers that considered the importance of the natural flow regime for streams and rivers 
are Richter et al. (1996) and Poff et al. (1997). Richter et al. (1996) pointed out that the hydrologic 
regime plays a major role in determining the biological composition, structure, and function of 
aquatic ecosystems. The authors then presented a tool for assessing the degree of hydrological 
alteration (Indicators of Hydrologic Alteration—IHA) that is attributable to human impacts for a 
given stream or river ecosystem. IHA can be used to assess changes in hydrology due to flow 
diversions, groundwater pumping, dam operations, and/or land-use conversion. IHA has been a 
valuable method for quantifying the degree of hydrological alteration of streams and rivers that can 
be used in conjunction with biological studies to discern the role of these hydrological impacts on 
biota and ecosystem processes. Poff et al. (1997) concluded that the ecological integrity of river 
ecosystems depends upon their natural dynamic character. Humans have altered rivers for water 
supply, flood control, agriculture, power generation, and transportation. Sources of alteration to the 
natural flow regime include diversions, dams, levees, channelizing rivers, groundwater pumping, 
urbanization, and agricultural return flows. The flow regime (magnitude, frequency, duration, timing, 
and rate of change) impacts water quality, aquatic food resources, physical habitat, and biotic 
interactions, all of which determine the overall ecological integrity of rivers and their floodplains. 
Therefore, the natural flow regime organizes and defines river ecosystems. Virtually the entire native 
fish fauna of the southwestern U.S. is listed as threatened or endangered because of water 
withdrawal, flow stabilization, and exotic species proliferation (Poff et al. 1997). The last remaining 
strongholds of native fishes within river ecosystems are in free-flowing rivers of the southwestern 
U.S. 

Bunn and Arthington (2002) expanded on the role of the flow regime for aquatic biodiversity. They 
posed four guiding principles concerning the influence of flow regimes on aquatic biodiversity and 
examined the consequences of altered flow regimes. The first principle states that flow is the major 
determinant of physical habitat in streams and rivers, which in turn is a major determinant of biotic 
composition. They postulate that close association with physical habitat can be found in a range of 
aquatic biota from algae, plants, invertebrates, to fish. The second principle is that aquatic species 
have evolved life history strategies that are primarily in direct response to natural flow regimes. 
Examples of the influence of natural flow regimes include: 1) the recruitment and growth of riparian 
and aquatic plants, 2) the phenology of reproduction, spawning behavior, larval survival, and growth 
patterns of fish, and 3) the emergence of many aquatic species from the cue of rising water levels and 
inundation. The third principle is the importance of natural patterns of connectivity (both lateral and 
longitudinal) to the viability of populations of many river species. Examples of critical roles for 
lateral connectivity include spawning, foraging, and nursery areas for fish and other vertebrates and 
the maintenance of healthy floodplain vegetation. Examples of critical roles of longitudinal 
connectivity include the ability of many species of aquatic organisms to move freely throughout a 
stream network and negative impacts of migratory barriers on mobile organisms. The fourth principle 
is that invasion and success of nonnative species in rivers is facilitated by alteration of flow regimes. 
Examples include invasion facilitation through: 1) loss of wet and dry cycles due to increased 
stability of flows, 2) reduced seasonal flow variability, 3) conversion of flowing water habitat to 
standing water habitat, and 4) interbasin transfers of water. Bunn and Arthington (2002) conclude 
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that there can be no question that natural flow regime has a profound influence on the biodiversity of 
rivers and their floodplains. 

Postel and Richter (2003) presented some interesting general principles that have derived from 
research in South Africa. The new constitution of the post-apartheid government of South Africa 
requires that basic human water needs and the needs of the environment are first met before needs for 
agriculture and industry. This has led to a set of general principles for managing river flows in South 
Africa, which are listed in the previous section, “Blocking and the Natural Flow Regime.” These 
general principles provide useful guidance when attempting to protect the ecological integrity of 
rivers and floodplains worldwide. 

The influence of streamflow alteration on ecological conditions of streams and rivers at the 
continental scale in the U.S. has been studied by Carlisle et al. (2010). They assessed streamflow 
alteration at 2,888 gage stations throughout the conterminous U.S. and found alteration in minimum 
and maximum flows in 86% of assessed streams and rivers. When compared to a suite of eight other 
potential factors impacting these ecosystems (temperature, specific conductivity, pH, total nitrogen, 
total phosphorus, channel gradient, riparian zone agricultural land cover, and riparian zone urban 
land cover), diminished flow magnitudes were primary predictors of biological integrity for fish and 
macroinvertebrate communities. The likelihood of impairment also increased with increasing severity 
of flow diminishment. Diminished flows selected for taxa showing a preference for fine-grained 
sediments and slow-moving currents. This study utilized a large-scale perspective to show the 
overriding importance of natural flow regimes for maintenance of aquatic communities within river 
ecosystems. 

Research over more than two decades has shown the importance of a natural flow regime to the well-
being of native biodiversity in rivers and their floodplains and to the proper functioning of these 
ecosystems. General principles for maintaining healthy river and floodplain ecosystems focus upon 
the need for sustaining or bringing back more natural flow regimes. These principles deserve careful 
consideration whenever flow modification is contemplated, especially in rivers and floodplains 
where native biodiversity and ecosystem services are highly valued attributes. 

Methods for Assessing Flow Requirements 

Petts (2009) reviewed the status of instream flow science for producing sustainable river 
management. He begins with the lead-up to the introduction of the Instream Flow Incremental 
Methodology (IFIM) more than 30 years ago and concludes with some of the major challenges that 
lie ahead. His many years of research in this area provide an excellent perspective of where the field 
started and where the field is headed. 

The roots of instream flow science go back to: 1) descriptions of flow regimes at larger spatial scales 
(e.g., Langbein and Wells 1955; Bruce and Clark 1966), 2) quantification of fundamental hydraulic 
parameters like flow velocity, depth, width, and inundation patterns with changing discharge (e.g., 
Leopold and Maddock 1953), and 3) discerning ecological responses to these variations of flow and 
hydraulics (e.g., Hynes 1970). The IFIM emerged in the late 1970s and early 1980s as a flexible 
process for providing potential solutions to water allocation conflicts (e.g., Bovee 1978; Gore 1978). 
A core principle of IFIM is that physical habitat attributes provide useful suitability indices for 
aquatic biota. 
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A widely used method and tool for water resources management is the Physical Habitat Simulation 
(PHABSIM) approach developed and championed by Gore (1978). The method is species-based and 
analyzes the habitat preferences of species to changing hydraulic conditions.  

Petts (2009) discusses recent and current developments in instream flow assessment tools. These 
tools are generally built around physical elements of the channel and floodplain with biological 
significance. Tharme (2003) identifies over 200 approaches for advising on instream flows in 44 
countries, and Petts (2009) argues that flow science has progressed by advancing both hydrological 
approaches and habitat approaches. Examples of hydrological approaches include incorporating 
variable climatic patterns over decadal time scales (Kelly and Gore 2007), characterizing the scales 
of variability in natural and modified flow regimes (e.g., the IHA method of Richter et al. (1996)), 
and new efforts to illuminate the significance of specific flows for different biota (e.g., Yarnell et al. 
2010). Examples of habitat approaches include using variable flows to determine when and how long 
specific habitats are available to different species (e.g., Newsom and Newsom 2000), mapping 
mesohabitats at different flows along river segments to establish suitability for fishes at different 
stages of their life histories (e.g., Parasiewicz 2003, 2007, 2008), and using life history strategies 
cued to flow events to assess species flow requirements (e.g., Lytle and Poff 2004; Dyer and Thoms 
2006). Petts (2009) concludes that the future of instream flow science requires scientific advances in: 
1) understanding climatic cycles, 2) better knowledge of geomorphological cycles, 3) more research 
on population dynamics of aquatic biota in intact and highly altered ecosystems, and 4) a further 
convergence of research linking the physical sciences with the biological sciences. “How much water 
does a river ecosystem need?” remains a very challenging question that deserves serious 
consideration when alteration of an intact river and floodplain like the upper Gila River is 
contemplated. 

Spring Runoff, Recession, and Flushing Flows 

In arid river systems of the southwestern United States, spring runoff plays a central role as spawning 
cues for native fish and can maximize reproductive success (Platania and Altenbach 1998; Medley 
and Shirey 2013). Spring runoff flows (Block 1 in Figure 1) provide a seasonally predictable lateral 
connectivity to productive, heterogeneous floodplain habitats (Ward and Stanford 1995) that benefit 
both biotic (e.g., egg retention and nursery habitat availability, litter decomposition, nutrient 
mobilization, native riparian vegetation recruitment) and abiotic (e.g., groundwater recharge, 
sediment supply and mobilization, channel plan-form maintenance, fuel load reduction) processes 
(Ellis et al. 1999; Ellis et al. 2001; Swanson et al. 2011). These processes provide benefits for the 
entire ecosystem, aquatic and terrestrial, and have profound implications for biodiversity (Bunn and 
Arthington 2002; Poff et al. 2007). 

Medley and Shirey (2013) provide sound evidence of how important the interaction of spring runoff 
flows and floodplain connectivity are to a native guild of spawning fishes—specifically, the Rio 
Grande silvery minnow (Hybognathus amarus; RGSM). The authors explore water-borne egg 
development and reproductive ecology in terms of the physical conditions and habitats in which 
these attributes likely evolved. The Middle Rio Grande (MRG) has undergone an ever-increasing 
degree of flow regulation, water extraction, and extensive flood-control measures (bank stabilization 
and channelization) for nearly 100 years. Before this time, however, the MRG was a highly variable 
and avulsive system with an extensive lateral floodplain, producing a complex mosaic of braided and 
anatomizing channel features with an equally diverse and expansive riparian community (Scurlock 
1998). Longitudinal connectivity was often discontinuous during summer, and intermittency (likely 
linked to sub-surface flow) was common over substantial reaches. As a result, the RGSM had to 
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adapt to limited windows of opportunity for spawning and provide their eggs a mechanism to resist 
downstream displacement during high spring runoff flows. Medley and Shirey (2013) conclude that 
the location and timing of spawning, the characteristics of RGSM egg development, and habitat-
specific differences in sediment concentration and water temperature (thus influencing egg-settling 
rates) serve to limit downstream dispersal by promoting egg entrainment and retention in warmer, 
more productive floodplain habitats. Therefore, the decline in RGSM numbers can be attributed to 
the array of hydrologic (e.g., Poff et al. 2007) and structural (i.e., bank stabilization and 
channelization) alterations along the Rio Grande that have drastically reduced the magnitude of 
spring runoff flows, homogenized flows throughout the year, and functionally isolated the floodplain. 
Only now are the implications of these practices being fully realized and effective mitigation 
measures being sought. Although the Gila River in New Mexico is a higher gradient, lower order 
system with proportionally less floodplain habitat than the Rio Grande, the value and function of the 
spring runoff is still relevant and important. 

For numerous reasons, we have repeatedly emphasized the need for multiple flow regimes (and 
argued against a minimum flow criterion). Implicitly, then, there must be change and transitional 
periods that are important to the ecohydrology at multiple scales (e.g., Imhof et al. 1996). What about 
the snowmelt recession period? This period is also a generally predictable time where myriad 
organisms depend on more plentiful resources (water, nutrients, habitat availability, etc.) while not 
necessarily having to cope with the considerable stresses of more extreme conditions during higher 
runoff periods (hydraulic forces, colder water and air temperatures, less photosynthetically active 
radiation, etc.). Yarnell et al. (2010) provide a robust conceptual model that evaluates three recurrent 
and familiar aspects of the snowmelt recessionary period: magnitude, timing, and rates of change. 
Here, the authors conclude that: 1) shifts in the magnitude of the recession primarily affect abiotic 
channel conditions, essentially the nominal but dynamic geomorphology of the system that provides 
much of the primary mesohabitat creation and/or modification; 2) shifts in recession timing largely 
affect the biotic elements of the system (e.g., spawning cues, cottonwood recruitment, etc.); and 3) 
shifts in the rate of change tend to affect both abiotic and biotic conditions, resulting in the greatest 
net change to the ecosystem as a whole. The implications of this model are far-reaching as Yarnell et 
al. (2010) put these results in the context of both flow regulation and climate change. With respect to 
flow regulation, the changes to the flow regime can be catastrophic. In an extreme case, the alteration 
of the flow regime can be virtually a reversal of natural patterns (e.g., the channelized Kissimmee 
River; Anderson et al. 2005). Less severe cases, where some flood peaks are muted (others 
potentially removed) and intermittency sacrificed for downstream conveyance purposes, still 
represent fundamental reorganizations of the central abiotic driver in the system—the hydrology. 
This reorganization often leads to the decline or extirpation of native species, which have adapted to 
the natural flow regime, and can hasten the establishment and/or dominance of exotic and invasive 
species. Once this process has begun, it is difficult and costly to reverse. Thus, even run-of-the-river 
diversions, as have been proposed for the mainstem Gila River, have the potential to alter the timing 
and magnitude of both the spring runoff itself and the important period of runoff recession that 
follows. 

Climate change adds compounding factors to the pattern of snowmelt recession: changes in 
magnitude, timing, and rates of change. Decreases in magnitude, across all seasons (blocks in Figure 
1) are likely to result from a warming climate and increases in basin evaporative losses (Gutzler 
2013). Alterations to the timing and rates of change stem from the same sources of a decreased 
snowpack and an overall warming climate. For instance, if the snowpack is significantly reduced and 
spring temperatures rise more quickly, then one would expect the spring runoff to also be of lesser 
magnitude (Q), to begin and end earlier, and to have a faster rate of change (a steeper slope of the 
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recession hydrograph shown in Block 1 of Figure 1; dQ/dt). This clearly has profound implications 
for organisms that have adapted to a different flow regime. When the effects of water extraction are 
coupled with those expected from climate change, the outlook is even more pronounced in that 
alterations in magnitude, timing, and rates of change are inevitable; a condition that conveys the 
greatest impacts (e.g., Yarnell et al. 2010) upon the ecohydrology of a system. We address this with 
respect to the Gila River in the next section, but briefly discuss an emerging facet of ecohydrology, 
the first flushing flows. 

First flushing flows are a recent aspect of the natural flow regime that has gained attention and refers 
to the initial pulses after extended low-flow periods (typically early summer in the Gila River). Here, 
we generally refer to the first monsoonal flood flows of the year (Block 3 in Figure 1); although the 
dynamics are significantly different, the same claim can be made for the first flood flows during 
spring runoff (e.g., Sebestyen et al. 2008; Block 1 in Figure 1) and both reflect the guiding principles 
introduced earlier (Postel and Richter 2003; Kelly et al. 2005). What purpose do these events have 
and why are they important? We are now becoming aware of the role that freshwater ecosystems 
play in the global carbon cycle (Cole et al. 2007; Williamson et al. 2009). It is estimated that 
freshwater systems receive approximately 1.9 Pg C/yr (about 2.1 billion tons of carbon per year) 
from terrestrial sources, with just under half that amount ultimately reaching the oceans (Cole et al. 
2007). Therefore, freshwater systems metabolize over one billion tons of carbon annually. Together 
with other nutrients, and a complex, spatially explicit gradient of instream production, cycling, and 
processing (e.g., Vannote et al. 1980) these terrestrial (or allochthonous) inputs form the basis of the 
aquatic food web, and the riparian components of a river ecosystem are key sources of allochthonous 
material. Both hydrology and hydraulics play a role in this process (Acuña and Tockner 2010). 
Hydrology (the flow regime) controls the overall availability of floodplain materials while hydraulics 
controls the local retention of materials and effective mobilization of spring and summer-long 
accumulations of biomass to downstream communities. Thus, without a flow regime that provides 
access to and mobilization of these allochthonous materials, food webs throughout the system will 
certainly suffer. 

The Gila River, CUFA Diversions, and Climate Change 

A careful and thorough examination of the ecohydrology of a river and its floodplain is a critical step 
in addressing questions of how altered flow regimes will affect these ecosystems. The biological 
communities of the river and its floodplain reside in the hydrologic dynamics of the system that in 
turn flows over and interacts with the geology and geomorphology of the basin. The long-term 
hydrologic record of the Gila River provides a strong baseline to characterize the basin hydrologic 
regime. Graphing the 86-year hydrologic record for the Gila near Gila stream gage provides a picture 
of the hydrologic means and medians for the period of record (Figure 1). The means reflect the 
hydrologic variability associated with occasional flood flows of the river, while the medians show the 
long-term typical condition of the river throughout the year. These analyses allow the annual 
hydrograph to be broken into distinctive blocks that can be examined individually as to likely 
alterations from CUFA diversions and their potential impacts on populations and communities of 
organisms that use the river and floodplain. Four distinct blocks are identified for the Gila River. 
These are the snowmelt runoff and recession period, late spring and early summer low flow period, 
monsoon period, and fall and winter base flow with occasional storms period (Figure 1). 

Figure 11a shows the modeled effects of CUFA diversions on the Gila River hydrograph (see 
Chapter 5 and Appendix 15 of this report for further details; Gila near Gila stream gage, USGS 
09430500). The blue curve represents the unaltered mean daily hydrograph and the red curve 
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represents the hypothetical mean daily CUFA-altered hydrograph (period of record Oct. 1, 1936-May 
13, 2013). The red plus signs (+) below the curves show the average daily flow diverted by the 
CUFA scenario. Thus, the average annual volume diverted is 14.76 million m3 (11,968 acre-feet) 
with the vast majority (approximately 70%) occurring during a 110-day span of the snowmelt runoff 
and recession period (Block 1). Block 1 is perhaps the most important period of the annual 
hydrograph and is markedly altered by CUFA diversions—the key differences being a notable 
reduction in the mean daily stream discharge and a concomitant reduction in total runoff volume. 
Although the timing of the annual hydrograph is ostensibly unchanged, these perceptibly reduced 
flows will limit the area of inundation and potentially alter a number of physical and biological 
characteristics such as the thermal regime and nutrient cycling/availability. Again, these are mean 
daily discharge values and will vary significantly from year to year. For example, CUFA diversion 
parameters are set at a maximum diversion of 350 cfs. The State of NM has suggested a minimum 
bypass flow of 150 cfs; which is not codified in the CUFA. The maximum diversion would pose far 
less of an impact on higher flows than upon moderate or low values. Were these parameters invoked 
but not actively managed, a discharge of 1,350 cfs would only be reduced by 26% whereas a 
discharge of 600 cfs would be reduced by 58%. The latter case, while still abiding by the parameters 
of a minimum bypass flow, represents a fundamental change in a defining period of the annual 
hydrograph. Organisms with life history characteristics strongly tied to this period are most likely to 
be impacted by the altered hydrology and thus a measurable change in their abundance and 
distribution might be expected. Extirpation of sensitive species also is a real possibility. Examples of 
such ecological interactions are 1) seed germination and recruitment of riparian vegetation, 2) 
clearing of accumulated sediment from spawning habitat of native fishes, 3) tadpole development 
after hatching, and 4) provisioning of food resources to larval fishes. 

Figures 11b and 11c show the transformed (from precipitation to streamflow) mean daily discharge 
output of the UA WRF-HADCM3 global climate model or GCM (see Chapter 3 of this report for 
further details). Figure 11b is the output for the historic period (Dec. 1, 1970-Nov. 30, 2000) and 11c 
is the model output for a future period (Dec. 1, 2040-Nov. 30, 2070). Used to evaluate potential 
effects of climate change in the Gila basin, the modeled hydrology represents projected flows at the 
Gila near Gila stream gage (USGS 09430500). Both periods are presented with the unaltered mean 
daily hydrograph for comparison (period of record Oct. 1, 1936-May 13, 2013). Using the estimated 
climate change hydrology as a baseline, both periods also model the combined effects of climate 
change with hypothetical CUFA diversions. Here also, the plus signs (+) below the curves show the 
average daily CUFA diversions under each scenario. The climate change results show some 
important changes in the annual hydrograph. First, there are notably reduced flows during the 
snowmelt runoff block and a strong change in the recession rate as compared to the unaltered 
hydrograph. Yarnell et al. (2010) point out that shifts in the magnitude, timing, and rate of change of 
the snowmelt recession hydrograph strongly affect both abiotic and biotic conditions in streams and 
rivers. These deviations commonly create the largest observed changes to aquatic and floodplain 
ecosystems, and such changes require careful consideration and analyses. Second, the summer low 
flow period (Block 2) is also estimated to begin earlier and last considerably longer than the 
unaltered hydrograph. This period is often a time of significant stress for both aquatic and terrestrial 
organisms, and alterations in its timing and duration will likely have direct impacts on the Gila River 
ecosystem. Lastly, a more subtle distinction between the historic and future periods is the timing of 
when the snowmelt runoff period concludes. The snowmelt runoff in the future period scenario 
(2040-2070) ends approximately 20 days earlier than the historic period (1970-2000), which reflects 
ongoing effects of climate change over time and seasonal shifts in precipitation patterns. 
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Although climate change estimates concerning the water cycle per se are highly uncertain, there is a 
strong consensus among climate scientists that the southwestern United States is witnessing a 
substantial warming trend and that this trend, in combination with other factors, will place an 
increasing demand on the region’s water resources (Gutzler 2013). In fact, population growth in the 
region by itself threatens water resource sustainability. Hence, it is important to recognize that CUFA 
diversions are independent of climate change effects on streamflow—one can occur without the 
other. Taken together, however, CUFA places added pressures on the river and floodplain during 
crucial periods of the annual hydrograph; 55-70% of all CUFA diversions are modeled to be 
withdrawn during the snowmelt runoff block. For example, where climate change estimates may 
project mean streamflow reductions of ~100 cfs during the snowmelt runoff period, CUFA might 
take another 50 to 350 cfs. This likely carries less ecological importance when flows are higher, but 
these changes may produce compounded effects at moderate, more frequent, discharge rates. These 
types of flow alterations from the combined impacts of climate change and CUFA are projected to 
make low flow hydrologic conditions during the spring snowmelt and recession period more 
prevalent. In the following chapters of this report, the implications of CUFA diversions and climate 
change are examined with respect to a number of physical processes and biological communities. It 
is hoped that this compartmentalized block approach developed in this chapter will help to focus 
attention on those parts of the hydrograph that are most likely to be affected by both flow extraction 
and climate change.
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Figure 11a. Modeled effects from CUFA diversions on the Gila River’s hydrology; Gila near Gila stream gage (USGS 09430500). The blue curve 
represents the unaltered mean daily hydrograph (period of record Oct. 1, 1936-May 13, 2013). The red curve shows the modeled streamflow responses from 
CUFA diversions under the hypothetical 150 cfs minimum bypass flow scenario (CUFA Diversion Model). The red plus signs (+) indicate the hypothetical 
CUFA flows diverted under this scenario 
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Figure 11b. Modeled effects from historic period climate change and CUFA diversions on the Gila River’s hydrology; Gila near Gila stream gage 
(USGS 09430500). The blue curve represents the unaltered mean daily hydrograph (period of record Oct. 1, 1936-May 13, 2013). The brown curve shows the 
modeled streamflow responses for the mean daily discharge from the transformed UA WRF-HADCM3 general circulation model for the historic period of Dec. 
1, 1970-Nov. 30, 2000. Using this as baseline hydrology, the green curve shows the effect of CUFA diversions on the historic period climate change scenario as 
derived by the CUFA Diversion Model with a 150 cfs minimum bypass flow. The green plus signs (+) indicate the hypothetical CUFA flows diverted under this 
scenario. 

  



 

32 
 

 

Figure 11c. Modeled effects from future period climate change and CUFA diversions on the Gila River’s hydrology; Gila near Gila stream gage (USGS 
09430500). The blue curve again represents the unaltered mean daily hydrograph (period of record Oct. 1, 1936-May 13, 2013). The tan curve shows the 
modeled streamflow responses for the mean daily discharge from the transformed UA WRF-HADCM3 general circulation model for the future period of Dec. 1, 
2040-Nov. 30, 2070. Using this as a baseline hydrology, the pink curve shows the effect of CUFA diversions on the historic period climate change scenario as 
derived by the CUFA Diversion Model with a 150 cfs minimum bypass flow. The pink plus signs (+) indicate the hypothetical CUFA flows diverted under this 
scenario.
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We explored the snowmelt runoff and recession block for the Gila River in more detail as to the flow 
characteristics during this block in selected high, moderate, and low runoff years (Figure 12). The 
shape of the runoff recession for the Gila River varies greatly between water years, and the form of 
the snowmelt recession curve differs from high-elevation catchments where substantial long-term 
storage of precipitation as snow occurs with a very predicable late-spring runoff peak (Yarnell et al. 
2010). Much of the Gila catchment is found at intermediate elevations where long-term storage of 
snowpack does not occur during the winter and spring. Two types of high runoff conditions are 
shown in Figure 12. High runoff in 2005 (171,479 acre-feet [AF]) resulted from two distinct 
relatively short-term high flow events in February that are interpreted as intense rainfall events or 
rain-on-snow events. A gradual recession to low flow conditions then occurred. High runoff in 1973 
(183,225 AF) came in the form of multiple precipitation events with gradual flow increases and 
decreases throughout February to May. The moderate runoff year of 2004 (50,407 AF) had multiple 
gradual increases and decreases in flow from March through April, but with generally lower 
sustained discharge than the high runoff years. Drought years such as 2011 (13,275 AF) are notable 
for low and rather invariant flow throughout the normal period of highest median flows in the Gila 
River. The snowmelt runoff and recession block is the period of highest median flows and the time 
period when CUFA diversions and climate change are likely to have the strongest effects, but year-
to-year variability in flow characteristics are great and the shape of the recession curve is not strongly 
predictable from year to year.  

Finally, widely used methods to address ecological impacts of flow alteration are based upon 
mapping key life history characteristics of biota of interest and concern on changes to the natural 
hydrograph. Habitat characteristics (e.g. inundation patterns, water depth distributions, velocity 
profiles, substrate size and type, sediment organic matter content) are attributes that deserve and 
receive attention. These tested approaches will be used in many of the chapters within this report. We 
wish to highlight, however, a recent paper by Naiman et al. (2012), which focuses on another 
dimension of river and floodplain conservation and restoration that deserves serious consideration. 
Flow alterations that impact river and floodplain conditions also affect food webs. Well-functioning 
food webs are fundamental attributes of river and floodplain ecosystems that maintain healthy 
aquatic and terrestrial communities. Explicit consideration of food webs needs to be part of a 
thorough investigation of the impacts of flow diversions and climate change on the Gila River. 
Naiman et al. (2012) discuss three priority food web–related issues that need addressing when 
restoring and conserving riverine ecosystems from extensive and long-term studies in the Columbia 
River Basin. These issues are 1) habitat carrying capacity, 2) hybrid food webs containing a mixture 
of native and nonnative species, and 3) proliferation of nutrients, chemicals, and contaminants. 
Changes in food webs from altered flows and changed disturbance regimes also deserve explicit 
study and consideration within the Gila River Basin.
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Figure 12. Mean daily hydrographs for the snowmelt period for selected high, moderate, and low runoff years recorded at the Gila near Gila stream 
gage (USGS 09430500). Sample period is from January 27 through May 28. Volumes reported are in acre-feet (AF). Marker symbols on each curve denote mean 
daily values. Note the break in the vertical axis for the 2005 hydrograph.
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Chapter 3. Climate and Hydrology of the Upper Gila River 
Basin 
Gregg Garfin (historic climate), Hsin-I Chang (climate projections), and Matt Switanek 
(hydrologic projections), University of Arizona 

Summary 

In this chapter, we examined historic and projected records of climate factors for the Southwest, with 
a focus on the upper Gila River Basin in New Mexico. Our evaluation of the historic climate record 
of the region shows key characteristics of the temperature and precipitation in the Basin, including: 
pronounced precipitation seasonality, with close to half of annual precipitation falling during the 
summer months; strong year-to-year and decade-to-decade variability in these parameters, which 
leads to multi-year and multi-decade episodes of dry and wet conditions, frequently corresponding to 
periods of extended low or high Gila River flow; a recent trend toward increasing temperatures, 
which has affected snowpack and streamflow timing in snowmelt-fed southwestern U.S. watersheds; 
and strong and well-defined connections between Pacific Ocean–atmosphere variations, such as the 
El Niño-Southern Oscillation, and precipitation in the Gila River Basin. 

In order to examine future temperature and precipitation variations and trends in the upper Gila River 
Basin, we downscaled global climate model (GCM; also known as general circulation model) 
projections, using high-resolution dynamical regional models (RCM). We selected five RCM-GCM 
combinations to generate the climate projections, using the A1b and A2 global greenhouse gas 
emissions scenario (“medium emissions” and “continued high emissions” respectively; Nakicenovic 
and Swart 2000). Our selection criteria ensured that the models reasonably reproduced historic 
precipitation and temperature, and showed El Niño-Southern Oscillation and summer monsoon 
precipitation responses characteristic of the southwestern United States. The climate projections 
primarily focused on contrasts between the 1971-2000 and 2041-2070 time periods. Using the multi-
model average, we project future annual temperature increases in the upper Gila River Basin, on the 
order of 2-3°C (~3.6-5.4°F), with the highest increases in the summer and fall seasons; the HRM3-
HADCM3 RCM-GCM combination projected the greatest summer temperature increase (3.80°C; 
~7°F), and the WRF-MPI RCM-GCM combination projected the lowest summer temperature 
increase (0.85°C; ~1.6°F). Using the multi-model average, we project future precipitation decreases, 
with the largest decreases during the spring and summer. Precipitation projections had a wider range 
than temperature projections; one RCM-GCM combination, WRF-HADCM3, projected a wetter 
future. These results are consistent with statistically downscaled climate change projections for the 
Southwest, which use more model runs, but are constrained by assumptions of non-varying climate 
statistics during future periods. For the region encompassing the upper Gila River Basin, statistical 
downscaling projections show 2041-2070 annual temperature increases on the order of 2°C (~3.6°F) 
and annual total precipitation decreases approximately 5%. 

In order to examine future hydrologic changes, we used the previously described climate projections 
to drive the Variable Infiltration Capacity (VIC) hydrologic model, which was calibrated specifically 
for the upper Gila River Basin. We calculated future discharge for three gage locations: Gila near 
Gila; Gila River below Blue Creek, near Virden (hereafter Gila near Virden); and San Francisco at 
Clifton. For input to the VIC model, temperature, precipitation, and wind data from the RCM-GCM 
combinations were interpolated to 1/8th degree grid cell spatial resolution. Model calibration and 
bias correction procedures ensured excellent model performance. All five models consistently show a 
projected increase in temperature of approximately 2 to 3 degrees Celsius for the bias-corrected 
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future period (2041-2070) compared to the historic period (1971-2000). Changes between time 
periods were even more pronounced for minimum temperature, with greater increases projected in 
the future time period. Changes in wind were negligible for the 2041-2070 period with respect to 
1971-2000. Climate projections across the three sub-basins and the five models indicate, on average, 
a drier future at almost all elevations. The WRF-HADCM3 and the CRCM-CGCM3 RCM-GCM 
combinations showed a few Gila River Basin grid cells projected to be wetter. Four of the five 
models project wetter extreme precipitation events in the 2041-2070 period, with respect to 1971-
2000, at the high elevations. One model, CRCM-CGCM3, projects increases in extreme precipitation 
at nearly every elevation level, with large increases at the highest elevations. Four of the five RCM-
GCM combinations project reduced future upper Gila River Basin streamflow; only the CRCM-
CGCM3 projects increased flow. The projected five-model weighted average streamflow for the Gila 
near Gila is a 6% decrease in water quantity (with a 15% decrease in the median streamflow); for the 
Gila near Virden it is an 8% decrease (15% median decrease), and for the San Francisco at Clifton it 
is an 11% decrease (19% median decrease) for the time period 2041-2070 in comparison to the time 
period 1971-2000. Furthermore, low flows are projected to decrease (get even lower) in the future, 
and very high flows are expected to increase (get even higher), even as overall streamflow is 
projected to decrease. 

Historical Climate and Hydrology of the Upper Gila River Basin 

Historical Climatology of the Gila River Basin 

Setting and General Characteristics 
The Gila River is a principal tributary of the lower Colorado River, flowing westward from the west 
slopes of the Continental Divide, in southwestern New Mexico. A major tributary of the Gila, the San 
Francisco River, also originates in the mountainous terrain of western New Mexico, and then flows 
southwest, across the Arizona border, rejoining the Gila in Arizona. The Gila River Basin is defined 
in this study as the area bounded by the coordinates: 107.80°W-109.41°W, 32.60°N-34.04°N. The 
New Mexico portion of the Gila River Basin consists of approximately 14,504 km2 (5,600 mi2), and 
features mountainous topography, with several peaks higher than 3,000 m. Valley floors range from 
about 2,000 m (~6,500 ft) in the upper river basin to around 1,200 m (~4,000 ft) near the New 
Mexico-Arizona state line (Hawley et al. 2000). 

The climate of the Gila River Basin ranges from approximately arid to subhumid (Hawley et al. 
2000), with station annual precipitation totals ranging from around 9 inches at the lowest elevations 
to around 20 inches at the highest elevations (Hawley et al. 2000); precipitation estimates are higher 
for some ungaged areas of the basin (Figure 1). Snow is an important element of winter precipitation, 
particularly at high elevations, and snowmelt runoff contributes substantially to streamflow and 
groundwater recharge (McCarty et al. 2001; England 2002). Annual average temperatures in the 
upper Gila River Basin range from around 45°F-55°F, with monthly mean temperatures dropping 
below freezing during December and January (Table 1; Hawley et al. 2000). 
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Figure 1. New Mexico annual average precipitation, 1961-1990. Estimates are from the PRISM data set (Daly et 
al. 1994; Daly and Bryant 2013). Source: Western Regional Climate Center. 

 

Table 1. Average temperature (Fahrenheit) for 1971-2000, for selected upper Gila River Basin stations. 
 

Station 
Elev. 
(ft) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Cliff 11 SE 4780 37.9 41.5 46.4 52.7 60.9 70.1 74.4 72.3 66.5 55.6 44.0 37.3 55.0 

Fort Bayard 6140 39.3 42.2 46.9 53.4 61.6 71.2 73.0 71.0 66.6 56.9 45.9 39.4 55.6 

Gila Hot 
Springs 5600 36.3 39.8 44.3 50.1 57.4 65.6 70.0 68.5 63.0 53.2 42.6 36.4 52.3 

Luna Ranger 
Station 7050 30.8 34.0 38.0 43.6 51.0 59.3 64.8 63.1 57.3 47.4 37.0 30.8 46.4 

 

The precipitation of the upper Gila River Basin is characterized by strong seasonality, in which 
approximately half of the annual precipitation falls during July through September (summer) (Table 
2; Figures 2-4; Steenburgh et al. 2013). Some refer to bi-modal precipitation in the upper Gila, for 
several reasons, including: 1) summer precipitation originates from southerly monsoonal flows, with 
moisture entering the basin from the Gulf of Mexico and Gulf of California, in contrast to winter and 
spring precipitation (November-April), which typically originates in the westerly wind belt, with 
moisture entering the basin from the Pacific Ocean; 2) summer precipitation is generated by short-
lived organized convective thunderstorm activity, whereas winter and spring precipitation is 
generated by multi-day frontal systems; and 3) the winter and summer precipitation seasons are 



 

43 
 

typically separated by an arid late-spring pre-monsoon period (May-June) (Sheppard et al. 2002). 
Storms that generate large-magnitude flooding in the Gila Basin usually occur in the fall (tropical 
storms) and winter (rain on snow) (Hirschboeck 1985; England 2002), although summer 
thunderstorms can generate large floods. 

 
Figure 2. Western United States accumulated July and August precipitation total expressed as a percent of 
annual average precipitation. Estimates are from the PRISM data set (Daly et al. 1994; Daly and Bryant 2013). 
Source: Western Regional Climate Center. 
 

 
Figure 3. Western United States accumulated September precipitation total expressed as a percent of annual 
average precipitation. Estimates are from the PRISM data set (Daly et al. 1994; Daly and Bryant 2013). Source: 
Western Regional Climate Center. 
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Figure 4. Western United States accumulated October through March precipitation total expressed as a 
percent of annual average precipitation. Estimates are from the PRISM data set (Daly et al. 1994; Daly and 
Bryant 2013). Source: Western Regional Climate Center. 
 
 
Table 2. Average precipitation (inches) for 1971-2000, for selected upper Gila River Basin stations. 
 

Station 
Elev 
(ft) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Cliff 11 SE 4780 1.2 1.1 0.9 0.4 0.5 0.5 2.8 2.8 1.9 1.6 1.0 1.3 15.8 

Fort Bayard 6140 0.9 0.8 0.5 0.2 0.6 0.8 3.6 3.1 1.9 1.6 1.0 1.2 16.3 

Gila Hot 
Springs 5600 1.1 1.0 0.9 0.3 0.7 0.7 2.8 3.3 2.0 1.8 1.1 1.3 17.0 

Luna Ranger 
Station 7050 1.0 0.9 0.9 0.4 0.7 0.6 3.1 3.7 2.1 2.0 1.1 1.0 17.6 

 
Basin-wide average annual temperature and precipitation exhibit strong interannual and multi-
decadal variability (Figures 5-6). Annual average, and decade-average temperatures show strong 
increases, particularly after the mid-1980s (Figure 5); the most recent decade is the warmest, 
consistent with regional temperature trends (Hoerling et al. 2013). Woodhouse et al. (2010) also note 
that recent average annual temperatures in the Southwest are warmer than at least any time in the last 
600 years. Several investigators have demonstrated a strong connection between increasing 
temperatures in the western United States, including the Southwest, and factors related to snowpack 
and streamflow (e.g., Regonda et al. 2005; Stewart et al. 2005; Knowles et al. 2006; Barnett et al. 
2008; Pierce et al. 2008; Fritze et al. 2011). These factors include trends toward early snowmelt 
runoff, early timing of the center-of-mass of annual streamflow in snowmelt-fed streams, and 
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increased fraction of late winter and early spring precipitation falling as rain rather than snow. In 
addition there is a strong association between increasing temperature in recent decades and earlier 
occurrence of “snow-eating” warm spells (e.g., Pagano et al. 2004; Regonda et al. 2005), which have 
resulted in substantial snowpack losses through sublimation (Harpold et al. 2012). The combination 
of these effects on snow hydrology have been confidently attributed to increasing temperatures 
(Barnett et al. 2008; Pierce et al. 2008; Hoerling et al. 2013). 

 
Figure 5. Upper Gila River Basin annual water year average temperature (red line) and 10-year running 
average temperature (blue dots), 1895-2012. The 1971-2000 average annual temperature is shown by the green 
line. Estimates are from the PRISM data set (Daly et al. 1994; Daly and Bryant 2013). Source: Western Regional 
Climate Center, WESTMAP Project. The upper Gila River Basin is defined as that part of the basin from the 
headwaters in New Mexico to its confluence with the San Pedro River, in Arizona. Water year is defined as the 12-
month period beginning in October of the year and ending in September of the following year; e.g., water year 2014 
begins October 1, 2013 and ends September 30, 2014. 
 
Interannual and multi-decadal precipitation variability in the upper Gila River Basin is strongly 
linked to major modes of atmospheric variability, including the El Niño-Southern Oscillation 
(ENSO) (e.g., Kiladis and Diaz 1989; Molles and Dahm 1990; Redmond and Koch, 1991; Brown and 
Comrie, 2002; Gutzler et al. 2002; Sheppard et al. 2002), the North American Monsoon (e.g., 
Higgins et al. 1999; Higgins and Shi 2000; Castro et al. 2012), and the Pacific Decadal Oscillation 
(e.g., Mantua et al. 1997; Gershunov and Barnett 1998; Gutzler et al. 2002; Sheppard et al. 2002; 
Brown and Comrie 2004; Steenburgh et al. 2013). ENSO changes in Pacific Ocean sea surface 
temperatures, and associated changes in moisture availability and storm track, generate above-
average (El Niño) and below-average (La Niña) winter precipitation in the Southwest, and are 
associated with modulation of summer monsoon precipitation (Castro et al. 2012). 
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Figure 6. Upper Gila River Basin annual water year average total precipitation (red line) and 10-year running 
average precipitation (blue dots), 1895-2012. The 1971-2000 average annual precipitation is shown by the green 
line. Estimates are from the PRISM data set (Daly et al. 1994; Daly and Bryant 2013). Source: Western Regional 
Climate Center, WESTMAP Project. The upper Gila River Basin is defined as that part of the basin from the 
headwaters in New Mexico to its confluence with the San Pedro River, in Arizona. Water year is defined as the 12-
month period beginning in October of the year and ending in September of the following year; e.g., water year 2014 
begins October 1, 2013 and ends September 30, 2014. 
 

The multi-decade behavior of the Pacific Ocean (e.g., Mantua et al. 1997) strongly modulates winter 
precipitation (Gershunov and Barnett 1998), and is well associated with drought episodes in the 
Southwest as evidenced in instrumental (Figure 6) and paleoclimate records (Sheppard et al. 2002; 
Hoerling et al. 2013). Multi-year to multi-decade drought episodes are a dominant feature of the 
climate and hydrology of the Gila River Basin (e.g., Meko and Graybill 1995; Herweijer et al. 2007; 
Meko and Hirschboeck 2008; Griffin et al. 2013). Work by Ni et al. (2002; updated by Z. Guido, 
personal communication – see http://climas.arizona.edu/paleoclimate-tool), shows persistent 
historical winter (November through April) drought, during the 1900s and 1950s, in the region 
encompassing the New Mexico portion of the upper Gila River Basin; the 1950s drought is well 
known for its severity across the Southwest, southern Plains, and northern Mexico (e.g., Stahle et al. 
2009). These investigators also show noteworthy prehistoric drought episodes, drier than historic 
episodes, during the 1090s, 1660s, and late 1770s-early 1780s, among others (Figure 7). More recent 
tree-ring reconstructions of drought by Griffin et al. (2013) show the interplay between summer and 
winter precipitation in drought episodes centered on the portion of the North American Monsoon 
region encompassing southern Arizona and southwestern New Mexico. In their 470-year 
precipitation reconstructions, they highlight the droughts of 1882-1905, the 1770s, 1666-1676, and 
1566-1579; these droughts were characterized by concurrent summer and winter drought, in addition 
to their severity and duration. Although studies of winter season climate in the Southwest have 
demonstrated the strong persistence of winter-season drought across multiple years, Griffin et al.’s 
results demonstrate the importance of dual-season drought, a phenomenon that has been relatively 
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absent in the historic record (Gutzler 2000; Griffin et al. 2013). We note, too, that paleohydrological 
streamflow reconstructions for the Gila River show extended low-flow periods during the early 
1400s, late 1500s, 1660s-1670s, 1770s, early 1800s, and mid-20th century (Meko and Hirschboeck 
2008). 

 
 

 
Figure 7. Reconstructed 5-year average winter (November through March total) precipitation for New 
Mexico NOAA Climate Division 4 (top; “Southwestern Mountains”) and Climate Division 8 (bottom; 
“Southern Desert”). The upper Gila River Basin in New Mexico straddles these climate divisions. Reconstructed 
precipitation estimates are from Ni et al. (2002). Source: Climate Assessment for the Southwest 
(http://www.climas.arizona.edu/tools/paleoclimate). 

http://www.climas.arizona.edu/tools/paleoclimate
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The record of past regional precipitation also shows persistent spells of wetter than average 
conditions. During the historic record, these periods include the early 20th century pluvial (Cook et al. 
2011; also, see Figure 7), and the 1980s through the early 1990s wet period. Cook et al. found that 
the early 20th century North American pluvial was characterized by multiple years of colder than 
average temperatures, and increased winter moisture flow into the Southwest. They partially attribute 
the latter to weak El Niño activity and a pronounced contribution of Arctic air flow. This is in 
contrast to the 1980s and 1990s, during which very strong, and somewhat persistent, El Niño activity 
forced fall and winter season tropical moisture into the Southwest, clearly including the upper Gila 
Basin (Figure 7). Persistent multi-year periods of wetter than average precipitation in the Southwest, 
encompassing the upper Gila River Basin in New Mexico, are found in the winter-season 
paleoclimate record, during the 1260s-1270s, early 1300s, early 1600s (Ni et al. 2002), and late 
1830s-early 1840s (Griffin et al. 2013). Periods of high precipitation often, though not always, 
translate into periods of high Gila River streamflow and large floods (e.g., Meko and Graybill 1995; 
Meko and Hirschboeck 2008). For example, very large observed floods, as measured by 
instantaneous peak discharge in the upper Gila River Basin, occurred in 1941, 1967, 1972, 1978, 
1983, and 1984 (England 2002); other large historic floods occurred in water years 1891, 1905-1907, 
1915-1916, 1966, and 1973 (England 2002). Many of these floods were associated with El Niño 
years, in which flood storm-producing mechanisms included winter half-year fronts, cutoff lows, and 
tropical storms (England 2002). Paleohydrologic records of Gila River water year streamflow show 
persistent high-flow periods during the early and mid-1600s, mid-1800s, early 1900s, and late 20th 
century (Meko and Hirschboeck 2008). 

Projected Climate Changes 

Modeling the Future Climate of the Upper Gila River Basin 

Observed records have shown intensified early summer (June/July) drought and a long-term warming 
trend for the past 30 years in Southwest U.S., which also indicates a strong influence caused by 
anthropogenic activity on global climate variability (Seager et al. 2007). Recent climate change 
modeling studies for the Southwest project a similar climatological trend, with longer drought and 
reduced streamflows in the future (e.g. Seager et al. 2007; Barnett et al. 2008; Barnett and Pierce 
2009; Cayan et al. 2008; Gershunov et al. 2009).  

On seasonal-to-interannual time scales, the key factor for connections between Pacific Ocean sea 
surface temperature variability and atmospheric variability, El Niño Southern Oscillation (ENSO), 
has been commonly used in seasonal precipitation predictions for Northern America. For the 
Southwest U.S. in particular, drier than average summers and wetter than average winters are often 
observed to be associated with a strong El Niño signal (Ropelewski and Halpert 1986, 1987). The 
observed global monsoon signal indicates an intensified Northern Hemisphere summer monsoon tied 
to ENSO variability and shows a “wet-gets-wetter and dry-gets-drier” precipitation trend. That is, 
when it is climatologically wetter (drier) than normal during La Niña (El Niño) summers in the 
Southwest, there is also more extreme global monsoon precipitation (Wang et al. 2012).  

The Intergovernmental Panel on Climate Change (IPCC) fourth assessment report (IPCC 2007) notes 
that current climate projections, using global climate models (GCMs) have a wide range of responses 
in capturing both interannual SST variability and seasonal climatology on global spatial scales (van 
Oldenborgh et al. 2005). The IPCC GCMs are able to generate the long-term mean climatology in the 
Southwest U.S. but the precipitation events are not in sync with large scale SST natural variability 
(Jiang et al. 2013). IPCC downscaled regional climate modeling (RCM) products from North 
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American Regional Climate Change Assessment Program (NARCCAP; Mearns et al. 2007, updated 
2012) show varied performance in capturing localized summer precipitation, caused by convective 
thunderstorms. In this project, regional scale climate projections were generated using RCMs driven 
by GCMs that perform well over the Southwest region, and NARCCAP projections showing 
reasonable Southwest climatology. 

The research objectives are to identify the impact of anthropogenic influenced climate change 
scenarios on Gila River Basin climatology and to answer the question, “What is the impact of large 
scale natural variability on the precipitation and temperature signal over the Gila Basin?” The next 
section introduces the research methodology, followed by climate projection analysis results. 

Climate Projection Methodology 

For the climate projection analysis, we defined the Gila River Basin as the area bounded by the 
following latitude-longitude coordinates: 107.8°W-109.41°W, 32.6°N-34.04°N. RCM temperature 
and precipitation data were extracted from the domain indicated. Area-averaged seasonal climatology 
was analyzed for both 20th and 21st century (1971-2000 and 2041-2070). Seasons are defined as 
follows: winter is December through February (DJF); spring is March through May (MAM), summer 
is June through August (JJA), and fall is September through November (SON). 

The analysis was completed mainly using model simulated data. Gage-measured observed 
precipitation (Maurer et al. 2002) is used as part of validating the climate model analyses. Five 
regional climate simulation products were selected (see Table 3). The regional climate modeling data 
were generated by the research team in University of Arizona Department of Atmospheric Sciences 
(UA-ATMO), using the A1b emissions scenario (Nakicenovic and Swart 2000), and by NARCCAP, 
using the A2 emissions scenario (Nakicenovic and Swart, 2000). Regional climate model simulations 
were performed using global climate projections from the IPCC CMIP3 (Coupled Model 
Intercomparison Project; Taylor 2005) input, or “forcing data.” Analysis of climatology for the 
Southwest region, the Gila River Basin, and possible changes in physical mechanisms were 
examined. Initial GCM resolution selected for both UA-ATMO and NARCCAP downscaling 
simulations are listed in Table 3, and the GCMs are downscaled to 50 km resolution for NARCCAP 
and 35 km for UA-ATMO. 

It is known that the onset of the North American Monsoon (NAM) and the interannual variability of 
Southwest U.S. climate are partly controlled by the sources of Pacific Ocean sea surface temperature 
variability, such as ENSO and Pacific Decadal Variability (PDV) (Barlow et al. 2001). The area of 
interest (Gila River Basin) is located at the eastern edge of the North American monsoon (Higgins et 
al. 2006) and the basin-scale climatology can still be affected by NAM to some degree. To have a 
good regional-scale climate projection, the forcing GCM data is required to have a reasonable 
representation of SST variability.  
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Table 3. Climate model combinations, and associated climate projection time spans. RCM refers to regional 
climate model, and GCM refers to global climate model. Resolution refers to the initial GCM spatial resolutions for 
each model. Simulations that have good Southwest climatology representation were used.  
 

RCM RCM source GCM GCM source GCM 
resolution 

Data 
Source 

Data 
Time 
Spans 

WRF 

WRF. Developed by the 
National Center for 
Atmospheric Research 
(NCAR), NOAA, the Air 
Force Weather Agency, the 
Naval Research Laboratory, 
the University of Oklahoma, 
and the Federal Aviation 
Administration. 
http://www.wrf-
model.org/index.php  

MPI 

MPI. (MPI-ECHAM5). 
Developed by European 
Center for Medium-Range 
Weather Forecast 
(ECMWF) and the Max 
Planck Institute (MPI). 
http://www.mpimet.mpg.de/
en/science/models/echam.ht
ml  

1.9°x1.9° 

UA 
http://clcast
roatmo.wor
dpress.com
/research/  

1950-
2100 

WRF 

WRF. Developed by the 
National Center for 
Atmospheric Research 
(NCAR), NOAA, the Air 
Force Weather Agency, the 
Naval Research Laboratory, 
the University of Oklahoma, 
and the Federal Aviation 
Administration. 
http://www.wrf-
model.org/index.php  

HADCM3 

HADCM3. (UKMO-
HADCM3). Developed by 
the Hadley Centre for 
Climate Prediction and 
Research at the United 
Kingdom Met Office 
(UKMO). 
http://www.metoffice.gov.u
k/research/modelling-
systems/unified-
model/climate-
models/hadcm3  

2.8°x2.8° 

UA 
http://clcast
roatmo.wor
dpress.com
/research/  

1968-
2079 

CRCM 

CRCM. Developed by the 
Canadian Center for Climate 
Modeling and 
Analysis (CCma). 
http://www.cccma.ec.gc.ca/dat
a/crcm.shtml  

CGCM3 

CGCM3. Developed by the 
Canadian Center for 
Climate Modeling and 
Analysis (CCma). 
http://www.ec.gc.ca/ccmac-
cccma/default.asp?n=12995
29F-1  

2.8°x2.8° 

NARCCAP 
http://www.
narccap.uca
r.edu/  

1971-
2000, 
2041-
2070 

RCM3 

RCM3. Developed by 
University of California, 
Santa Cruz. 
http://www.narccap.ucar.edu/d
ata/model-info.html  

CGCM3 

CGCM3. Developed by the 
Canadian Center for 
Climate Modeling and 
Analysis (CCma). 
http://www.ec.gc.ca/ccmac-
cccma/default.asp?n=12995
29F-1  

2.8°x2.8° 

NARCCAP 
http://www.
narccap.uca
r.edu/  

1971-
2000, 
2041-
2070 

HRM3 

HRM3 or PRECIS. 
Developed by the Hadley 
Centre for Climate Prediction 
and Research at the United 
Kingdom Met Office 
(UKMO). 
http://www.metoffice.gov.uk/p
recis/  

HADCM3 

HADCM3. (UKMO-
HADCM3). Developed by 
the Hadley Centre for 
Climate Prediction and 
Research at the United 
Kingdom Met Office 
(UKMO). 
http://www.metoffice.gov.u
k/research/modelling-
systems/unified-
model/climate-
models/hadcm3 

2.8°x2.8° 

NARCCAP 
http://www.
narccap.uca
r.edu/  

1971-
2000, 
2041-
2070 

 
  

http://www.wrf-model.org/index.php
http://www.wrf-model.org/index.php
http://www.mpimet.mpg.de/en/science/models/echam.html
http://www.mpimet.mpg.de/en/science/models/echam.html
http://www.mpimet.mpg.de/en/science/models/echam.html
http://clcastroatmo.wordpress.com/research/
http://clcastroatmo.wordpress.com/research/
http://clcastroatmo.wordpress.com/research/
http://clcastroatmo.wordpress.com/research/
http://www.wrf-model.org/index.php
http://www.wrf-model.org/index.php
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://clcastroatmo.wordpress.com/research/
http://clcastroatmo.wordpress.com/research/
http://clcastroatmo.wordpress.com/research/
http://clcastroatmo.wordpress.com/research/
http://www.cccma.ec.gc.ca/data/crcm.shtml
http://www.cccma.ec.gc.ca/data/crcm.shtml
http://www.ec.gc.ca/ccmac-cccma/default.asp?n=1299529F-1
http://www.ec.gc.ca/ccmac-cccma/default.asp?n=1299529F-1
http://www.ec.gc.ca/ccmac-cccma/default.asp?n=1299529F-1
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/data/model-info.html
http://www.narccap.ucar.edu/data/model-info.html
http://www.ec.gc.ca/ccmac-cccma/default.asp?n=1299529F-1
http://www.ec.gc.ca/ccmac-cccma/default.asp?n=1299529F-1
http://www.ec.gc.ca/ccmac-cccma/default.asp?n=1299529F-1
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/
http://www.metoffice.gov.uk/precis/
http://www.metoffice.gov.uk/precis/
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.metoffice.gov.uk/research/modelling-systems/unified-model/climate-models/hadcm3
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/
http://www.narccap.ucar.edu/
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Coarse resolution GCMs generally have poor representation of the terrain-forced diurnal cycle of 
convection (e.g. Collier and Zhang 2007) (in other words, the influence of mountain topography on 
generating convective thunderstorm activity), which is a common mechanism in producing rainfall 
over the NAM region. The NAM region is known to be a challenging region for GCM climate 
simulation, due to the complex terrain, land surface feedbacks and active organized convection (i.e., 
summer thunderstorm activity) (Mesinger et al. 2006). Therefore, to better simulate regional and 
basin-scale climate, the RCMs used in this project have reasonable mesoscale physical processes, 
capable of capturing some of the terrain effects and feedbacks, and are driven by large-scale forcing 
from reliable GCM data. (Note: mesoscale refers to “atmospheric phenomena having horizontal 
scales ranging from a few to several hundred kilometers, including thunderstorms, squall 
lines, fronts, precipitation bands in tropical and extratropical cyclones, and topographically generated 
weather systems such as mountain waves and sea and land breezes.” Source: American 
Meteorological Society.) Dynamically downscaled GCM data, using RCMs, yields improvements in 
climate prediction over complex terrain (Castro et al. 2012), and, thus, can improve basin-scale 
streamflow projections. 

The performance of IPCC GCM projections for the Southwest U.S. was evaluated based on 
representation of the regional ENSO signal, as well as the precipitation climatology for the NAM 
region (Dominguez et al. 2010, Zhang et al. 2012). The UA research group identified two IPCC 
GCMs better suited for Southwest U.S. RCM simulation: MPI-ECHAM5 and UKMO-HADCM3 
(Table 3), similar to Gleckler et al. (2008). Long-term regional climate simulations performed by the 
UA-ATMO team used the Weather Research and Forecasting (WRF) Model, Version 3.1. WRF is 
designed primarily to represent mesoscale and cloud-scale atmospheric phenomena (Skamarock et al. 
2005), and the domain covers the contiguous U.S. and Mexico. In addition, three NARCCAP RCM 
projections, which used different RCM and GCM ensembles for selected multi-decade periods in the 
20th and 21st century, were also analyzed (Table 3). The selection of NARCCAP RCMs is also based 
on evaluating the ability of models to capture the Pacific SST signal and Southwest climatology. The 
precipitation climatology for the core monsoon region (see Higgins et al. 2006, Figure 15) indicated 
various degrees of ability from NARCCAP RCMs, which have a reasonable ENSO signal, in 
capturing the NAM precipitation signal (Figure 8; provided by Carlos Carrillo). The monsoon 
precipitation onset and retreat is better captured by HRM3-HADCM3. We also included RCMs that 
simulated late monsoon retreat (RCM3-CGCM3) and had no significant summer monsoon rainfall 
(CRCM-CGCM3), in order to demonstrate a range of projections.  

Seasonal GCM SST Signal: Combined Pacific Variability Mode (CPVM)  
Principal component, eMPIrical orthogonal function (PC/EOF) analysis produces spatial patterns and 
time series of dominant modes of space-time data (e.g., Wilks 2006). Rotation of EOFs, or REOFs 
(e.g. Richman 1986) can be used to capture more regionalized spatial patterns. Similar PC/EOF 
analysis has been used in examining the relationship between streamflow and large scale SST 
variability in western U.S. (Piechota et al. 1997). In this analysis we focus on the response of basin-
scale climatology on human-influenced climate change, and examine potential changes related to 
Pacific SST variability. The climate data has been further bias-corrected before applying it to the 
hydrology model for streamflow projection (see Hydrology section). As mentioned, using GCMs that 
have a reasonable Pacific SST signal is crucial for regional scale climate modeling. The first five 
dominant modes of SST principle component time series for each season were extracted from GCM 
data. SST anomaly correlation maps were then created using individual PC time series, which can 
highlight areas that have strong large scale SST influence within each dominant mode (Figure 9). 
The seasonal SST anomaly correlation maps confirm that GCMs selected for this project (MPI-
ECHAM5, HADCM3, CGCM3) have a reasonable ENSO signal; this result is based on comparison 
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between the principal component and SST time series, and visual inspection of the SST correlation 
pattern, which shows a strong ENSO pattern in the central and eastern tropical Pacific Ocean. 

 
 
Figure 8. Monthly precipitation climatologies for 1971-2000, for the Southwest U.S., from selected NARCCAP 
and University of Arizona (UA) RCM-GCM model combinations (RCM(gcm)), are shown by the colored 
lines. The observed climatology is shown by the bars. An average of four NARCCAP model runs is shown by the 
black line. The Southwest U.S. is defined by the area bounded by 30.0°-37.5°N and 107.5°-115.0°W). Data are 
expressed in units of millimeters per day (mm d-1). Figure source: Carlos Carrillo, Department of Atmospheric 
Sciences, University of Arizona). 
 

 
Figure 9. Dominant patterns of seasonal sea surface temperature (SST) signal, based on principal component 
analysis (EOF). (a) HADCM3 summer (1971-2000); (b) future HADCM3 summer (2041-2070); (c) CGCM winter 
(1971-2000); (d) future CGCM winter (2041-2069). 
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A new methodology was developed to combine the dominant modes based on the influence of 
ENSO-PDV signal (H. Chang et al., unpublished data). The five dominant PC time series were 
combined as follows: each PC was weighted in proportion to the percent of overall variance 
explained, with an additional requirement that the phase of the PC needed to be in sync with the 
positive phase of ENSO-PDV variation. The combined PC time series is further parsed into high PC 
(value > 0.5) and low PC (value < 0.5) years; high PC values correspond to the El Niño phase and 
low PC values correspond to the La Niña phase. In addition to mean climatology analysis, 
temperature and precipitation were also analyzed with respect to the phase of ENSO. 

The mean values for the 20th century, for the five RCM ensembles (three NARCCAP RCMs: 1971-
2000; UA: WRF-MPI: 1950-2000, UA: WRF-HADCM3: 1968-2000), were compared with respect 
to the mid-to-late 21st century values (2040-2070). Statistical significance of the seasonal 
precipitation and ENSO PC time series was tested using Monte Carlo randomized sampling, 
followed by a simple t-test. For the Monte Carlo comparisons, we selected a subset of El Niño or La 
Niña years, then randomly sampled all years 1,000 times, and tested to see whether the ENSO phase 
displayed a statistically significant difference in comparison to the non-ENSO years.  

Results 

Gila Basin Mean Climatology 
The temperature and precipitation climatologies for the Gila River Basin were first examined for the 
20th century. Gridded data from the five selected RCM simulations show a range of interannual 
variability (figure not shown), which is affected by the SST variability in the GCMs. The composite 
climatology indicated all RCM simulations captured the seasonal temperature variation well for the 
20th century. A general increase in temperature, particularly obvious in spring, summer, and fall, is 
projected by all RCMs for the 2041-2070 period (Figure 10, top). The maximum warming was 
projected by the NARCCAP simulations, with the largest increase projected by HRM3-HADCM3 – 
a 3.80°C warming in the summer. The WRF-MPI GCM-RCM combination projected the least 
warming, with a maximum increase of 0.85°C in the late 21st century summer (2041-2070).  

A larger range of variability was found in the precipitation climatology (Figure 10, bottom). In 
general, the clearest change is a decrease in future spring precipitation. CRCM-CGCM3 generated 
the precipitation climatology closest to the observed record (figure not shown). HRM3-HADCM3 is 
slightly wetter (~10 mm/season) for all seasons and RCM3-CGCM3 is driest during summer (30 mm 
less than observations for 1971-2000). The two continuous WRF regional model simulations 
generated precipitation climatologies much wetter than the observed record (i.e., 1971-2000; Maurer 
et al. 2002 data). WRF-MPI showed a delayed monsoon precipitation signal with peak rainfall during 
fall season. WRF-HADCM3 captured the summer monsoon seasonal signal; however, the fall retreat 
of the summer monsoon is not well simulated by the WRF model. 

The three NARCCAP RCMs projected a decrease in 21st century precipitation, with the maximum 
decrease during the summer season. WRF-MPI projected precipitation decreases for 21st century for 
the winter, spring and summer seasons. WRF fall season projections show a decrease in precipitation 
during the 21st century. WRF-HADCM3 is the only RCM-GCM combination that projected a wetter 
future; WRF-HADCM3 projected prolonged monsoon precipitation into fall season for the 21st 
century. A recent analysis of CMIP5 (IPCC Fifth Assessment Report) GCM projections also shows a 
shift of NAM precipitation from summer to fall (Cook and Seager 2013). 
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Figure 10. Dynamically downscaled Gila River Basin average temperature (top) and precipitation (bottom) 
for 1971-2000 (20C) and 2041-2070 (21C), by season. Seasons are defined as: winter = December through 
February [DJF]; spring = March through May [MAM]; summer = June through August [JJA]; fall = September 
through November [SON]. An explanation of how to interpret box plots can be found at the following website: 
http://en.wikipedia.org/wiki/Box_plot.  
 
Precipitation variability, unlike temperature variability, shows a non-linear response to climate shifts. 
The five RCM climatologies were further combined into Gila Basin averages, using weighting based 
on the correlation between the observed area-averaged precipitation (Maurer et al. 2002) and each 
RCM. At the basin scale, the combined models project warming trends in seasonal temperature, with 
an increase of 1-2°C from 1971-2000 temperatures. The multi-model average precipitation also 
projects decreases in precipitation for each season, with the largest decreases during spring and 
summer (Table 4). 

 

http://en.wikipedia.org/wiki/Box_plot
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Table 4. Multi-model average differences between 20th century (1971-2000) and 21st century (2041-2070) 
temperature and precipitation. Calculations used the combined data from the following RCM-GCM 
combinations: WRF-MPI, WRF-HADCM3, RCM3-CGCM3, CRCM-CGCM3 and HRM3-HADCM3. Temperature 
units: °C [°F]. Precipitation units: mm [in]. 
 

  Winter 
(DJF) 

Spring 
(MAM) 

Summer 
(JJA) 

Fall (SON) 

Temperature (C [F]) 1.36 [2.45] 1.78 [3.20] 1.97 [3.55] 1.87 [3.37] 

Precipitation (mm [in]) -6.48 [-0.26] -11.26 [-0.45] -13.14 [-0.53] -3.36 [-0.13] 

 
Modes of Future Climate Variability  
The ENSO-PDV teleconnections are the dominant source of warm season NAM precipitation 
variability. Historic Pacific Ocean SST variability shows a great impact on the climate of the 
Southwest, in both winter and summer (Gutzler et al. 2002; Castro et al. 2012). Climatologically, a 
positive ENSO signal (El Niño) often leads to a wetter than average winter and drier than average 
summer, whereas a negative ENSO signal (La Niña) often leads to a drier than average winter and 
wetter than average summer (Gutzler 2000); however, the aforementioned effect has waxed and 
waned over time, as demonstrated in the paleoclimate record (Griffin et al. 2013).  

ENSO, the dominant mode of 20th century Pacific Ocean SST variability, is represented well by the 
GCMs selected for this project (MPI, HADCM3, and CGCM3), as shown for the winter and summer 
seasons in Figure 9a and 9c. ENSO variability persists through the latter part of the 21st century, in 
the equatorial and northern Pacific Ocean, as shown in Figure 9b and 9d. However, the impact of 
anthropogenic warming could alter the interannual variability of the SST signal. Future ocean 
temperatures are projected to increase, due to the projected continued anthropogenic increase in 
global temperature, and the warm/cold temperature contrast found between equatorial and northern 
Pacific during the 20th century is projected to be reduced in the future. Examining the potential 
impact of the changing ENSO signal on North American monsoon variability is beyond the scope of 
this analysis. In the next section, we report on the relationship between Southwest precipitation and 
future SST variability. 

High/Low PC Temperature and Precipitation, Trend Significance and Combined Signal 
In the Southwest U.S., 1981-2010 summer precipitation had increased, with a shift toward increasing 
precipitation during the transition from June-July to August-September (H. Chang et al., unpublished 
data). Concomitant with increasing late summer precipitation, is a decrease in precipitation in 
adjacent regions (e.g., western California, south-central Texas, and the central U.S.), and a decrease 
in winter precipitation. This change has some characteristics similar to an observed increase in 
Northern Hemisphere monsoon precipitation and monsoon area (Wang et al. 2012; Hsu et al. 2011). 
A driving mechanism for these changes during the last 30 years is enhanced Pacific Ocean-
atmosphere variability (Wang et al. 2012). Also, summer monsoon precipitation intensity has 
increased in northern Arizona, New Mexico, and northwest Mexico (H. Chang et al., unpublished 
data; Anderson et al. 2010; Arriaga-Ramirez and Cavazos 2010), in association with weakening 
westerly winds and a northward expansion of the NAM during the late summer. In this section, we 
examine whether the Gila River Basin–scale climatology has the same response as the entire NAM 
region to future SST variability.  
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Figure 11. Dynamically downscaled Gila River Basin average temperature for El Niño years (top) and La 
Niña years (bottom) for 1971-2000 (20C) and 2041-2070 (21C), by season. Seasons are defined as: winter = 
December through February [DJF]; spring = March through May [MAM]; summer = June through August [JJA]; 
fall = September through November [SON]. 
 
The temperature and precipitation data were further parsed, with respect to the ENSO signal using 
the combined dominant SST PC time series in 20th and 21st century. Differences between 20th and 
21st century temperatures, during both El Niño (PC > 0.5) and La Niña (PC < -0.5) years show an 
increase in all five RCMs (Figure 11), which is particularly obvious for spring, summer, and fall. 
NARCCAP models project greater temperature increases during ENSO. HRM3-HADCM3 projects 
warmer El Niño years, with strong spring and summer temperature increases (+5°C). CRCM-
CGCM3 and RCM3-CGCM3 20th century temperatures are cooler than the other RCMs, and these 
model combinations project temperature increase greater than 2°C in almost all seasons for the late 
21st century. Maximum warming is projected for the spring and fall during El Niño episodes (> 3°C); 
during La Niña episodes, spring, summer and fall season temperature increases greater than 2.5°C are 
projected. A less than 1°C increase was projected for all seasons by WRF-MPI for the 21st century.  
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In each case, except for El Niño fall, the majority of models project decreases in 21st century 
precipitation (Table 5); however, the models show a wide range of precipitation projections (Table 5, 
Figure 12). Of the five RCM-GCM combinations, WRF-MPI projected the largest precipitation 
decreases; however, WRF-MPI also has the least temperature increase between the 20th and 21st 
century time periods. WRF-MPI projects large winter (> 40 mm) and spring (> 18 mm) precipitation 
decreases for late 21st century El Niño episodes. WRF-MPI projections show La Niña summer 
precipitation decreases in the 21st century. The WRF-HADCM3 combination projects summer 
rainfall increases during El Niño years. 

 

Table 5. Differences between 20th century (1971-2000) and 21st century precipitation (2041-2070), based on the 
phase of the El Niño-Southern Oscillation. Units: mm [in].  
 

El Niño  21st Century 
Time Period 

DJF MAM JJA SON 

RCM3-CGCM3  2041-2070 -10.16 [-0.41] -7.53 [-0.30] 0.59 [0.02] -3.9 [-0.16] 

CRCM-CGCM3  2041-2070 10.94 [0.44] 1.06 [0.04] -9.1 [-0.36] 0.44 [0.02] 

HRM3-HADCM3  2041-2070 -7.69 [-0.31] -25.41 [-1.02] -16.78 [-0.67] -5.85 [-0.23] 

WRF-MPI  2041-2070 -40.57 [-1.62] -18.75 [-0.75] -11.81 [-0.47] 6.06 [0.24] 

WRF-HADCM3  2041-2070 -0.54 [-0.02] -12.46 [-0.50] 21.69 [0.87] 4.83 [0.19] 

La Niña  DJF MAM JJA SON 

RCM3-CGCM3  2041-2070 -3.41 [-0.14] -6.18 [-0.25] -5.1 [-0.20] 1.52 [0.06] 

CRCM-CGCM3  2041-2070 14.63 [0.59] 3.49 [0.14] 4.38 [0.18] -3.24 [-0.13] 

HRM3-HADCM3  2041-2070 -3.89 [-0.16] 0.63 [0.03] -2.82 [-0.11] 7.93 [0.32] 

WRF-MPI  2041-2070 -2.11 [-0.08] -13.03 [-0.52] -36.79 [-1.47] -13.09 [-0.52] 

WRF-HADCM3  2041-2070 6.94 [0.28] -5.25 [-0.21] 2.27 [0.09] 3.65 [0.15] 

 

From the NARCCAP model combinations, RCM3-CGCM3 generally projects decreased 2041-2070 
precipitation, regardless of ENSO phase, whereas CRCM-CGCM3 projects increased 2041-2070 
precipitation except during El Niño summers and La Niña fall seasons. HRM3-HADCM3 projects 
decreased El Niño precipitation in every season, and a slight increase in La Niña fall precipitation. It 
is important to note the effect of RCM choice on the combined RCM-GCM projections: in some 
cases, results driven by the same GCM generate a different sign of future precipitation. For example, 
RCM3-CGCM3 and CRCM-CGCM3 project precipitation anomalies of opposite sign for El Niño 
years. We examined the correlation between basin-scale climatology and ENSO signal, using a 
randomized Monte Carlo sampling method; only a few seasons have statistically significant 
temperature or precipitation correlations with ENSO. 
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Figure 12. Dynamically downscaled Gila River Basin average precipitation for El Niño years (top) and La 
Niña years (bottom) for 1971-2000 (20C) and 2041-2070 (21C), by season. Seasons are defined as: winter = 
December through February [DJF]; spring = March through May [MAM]; summer = June through August [JJA]; 
fall = September through November [SON]. 
 

Projected Future Gila River Hydrology 

Data and Methodology 

Study Regions and Data 
Three outflow points were used in the hydroclimatic component of this study. They were the Gila 
near Gila (USGS gage station 09430500), Gila near Virden (09432000), and the San Francisco at 
Clifton (09444500). The average streamflows over the calibration time period (1971-2000) for the 
Gila near Gila, Gila near Virden, and the San Francisco at Clifton, are 166.8 cfs, 230.1 cfs, and 224.2 
cfs, respectively.  
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The Weather and Research Forecasting (WRF) model has been used extensively as a regional-scale 
atmospheric model (Michalakes et al. 2001; Knievel et al. 2007; Moeng et al. 2007; Skamarock and 
Klemp 2007). Dynamically downscaling General Circulation Models (GCMs) is preferred over 
statistical downscaling, because energy and mass are conserved across a basin. However, dynamical 
downscaling is significantly more computationally intensive. As a result, it has only been recently 
that regional atmospheric models have been running multiple decades of GCM future projections. 
Data from two GCMs from the IPCC Fourth Assessment Report, that have historically performed 
well over the Southwest, were chosen to force the WRF model (Dominguez et al. 2012). These 
models are the HADCM3 (Hadley Centre coupled model version 3) and the MPI-ECHAM5 (Max 
Planck Institute for Meteorology model version 5) (Table 3). These two model runs were completed 
by the Atmospheric Sciences Department at the University of Arizona (UA). These two runs will 
subsequently be referred to as UA WRF-HADCM3 and UA WRF-MPI. WRF dynamically 
downscales climate data from these two GCMs under the A1B (medium emission scenario or 
“Business as Usual,” CO2 concentration 700 ppm by 2100) scenario at a resolution of approximately 
35 km. 

In an effort to obtain future climate and hydrologic changes that are more robust, three additional 
model runs performed by NARCCAP (Mearns et al. 2007, updated 2012) were used to supplement 
the results of the two WRF runs performed by the UA (Table 3). The NARCCAP models used were 
the CRCM-CGCM3 (third-generation coupled global climate model dynamically downscaled with 
the Canadian regional climate model), HRM3-HADCM3 (Hadley Centre coupled model version 3 
dynamically downscaled with the Hadley regional model 3), and the RCM3-CGCM3 (third-
generation coupled global climate model dynamically downscaled with the Regional climate model 
version 3). The first part of the names refers to the regional scale atmospheric model, while the 
second part of the name refers to the GCM that is being dynamically downscaled. These three runs 
will subsequently be referred to as NC CRCM-CGCM3, NC HRM3-HADCM3, and the NC RCM3-
CGCM3 (where the NC refers to NARCCAP). The respective regional scale climate models 
dynamically downscales the climate data from the three GCMs under the A2 (higher emission 
scenario, CO2 concentration 870 ppm by 2100) scenario at an approximate resolution of 40 km. 

All five dynamically downscaled models were run for two 30-year time slices. These correspond to 
December 1, 1970 - November 30, 2000 and December 1, 2040 - November 30, 2070. The models 
were initiated prior to the start date of each time slice to allow spin-up (running of the model for a 
period of time prior to the start date of each time slice allows ample time for a physically cohesive 
and plausible spatial structure to develop for the climate variables), and subsequently the models 
were run forward in time with no data assimilation (no observational data is used to nudge the model 
forcings towards the “current” state). As a result, individual weather events in the first time slice will 
not align with the observational record. The bias-correction methodology, which is discussed in 
detail later, shifts the modeled climate distribution to match the observed climate distribution. After 
bias-correction, individual weather events still will not line up, but the modeled and observed 
distribution of climate events, for a particular time of year and at a particular grid cell, will very 
closely match.  

The hydrologic modeling is performed using the Variable Infiltration Capacity (VIC) model (Liang 
et al. 1994). The VIC model represents surface and subsurface hydrologic processes on spatially 
distributed grid cells. The distinguishing characteristics of the model include the representation of 
subgrid scale variability in vegetation coverage, topography, precipitation, and soil moisture storage 
capacity. The subsurface is represented by three soil layers. Evapotranspiration can occur from soil 
moisture in the three layers. The model partitions surface and baseflow runoff. The surface runoff 
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responds quickly and contributes significantly to the high flows seen during extreme events, while 
slow response runoff or baseflow is only generated from the third deepest layer and effectively 
handles the decay rate of the flow recession curve. To represent the sub-grid spatial variability in soil 
moisture storage, the model assumes that the infiltration capacity is a non-linear function of the soil 
moisture storage within the grid cell. The Maurer data has been used extensively in hydrological 
modeling studies (Maurer et al. 2002; Wood et al. 2002; Cayan et al. 2008), and is commonly used 
by the authors of VIC to force the model and establish a basin's calibrated parameters. For the 
purposes of forcing the VIC hydrologic model, Maurer's forcing data is comprised of total 
precipitation, maximum temperature, minimum temperature, and wind speed. These climate 
variables are used at a daily time step and are at a spatial resolution of 1/8th degree (~12.5 km or 7.6 
mile).  

Model Calibration and Bias-Correction: VIC Model Calibration 
Calibration of the VIC model was performed using Maurer's climate data set as observed data. VIC 
was calibrated on daily streamflow values using the Shuffled Complex Evolution algorithm (Duan et 
al. 1992; Vrugt et al. 2003). The Kling-Gupta efficiency (KGE) parameter (Gupta et al. 2009; 
Wöhling et al. 2013) was used as the objective measure of skill between modeled and observed 
streamflows. Simulations can be said to be skillful if they provide better closer estimates than using 
the observed, climatological streamflow. The KGE ranges from minus infinity to one, where skill 
values above zero have some amount of skill and a model that simulates observations perfectly 
would have a value of one. The KGE is defined as 

KGE = 1 - sqrt((1 - a)2+(1 - b)2+(1 - r)2)    (1) 

where a is the ratio of the means, b is the ratio of the coefficient of variations, and r is the correlation 
coefficient. The KGE skill measure provides the optimum parameter set that has the least Euclidian 
distance between simulations and observations. Typically, the measure will make sacrifices in 
correlation, compared to another skill measure such as the Nash-Sutcliffe efficiency parameter, but 
makes substantial improvements in bias and variance explained (Gupta et al. 2009). During the 
calibration process, it became apparent that no amount of model calibration could reduce a 
substantial amount of positive bias (see Figure 13), that is, the model always predicted, on average, 
more streamflow than observed. All three sub-basins in the upper Gila clearly show the amount of 
positive bias in the streamflow projections prior to calibration. Given the methods of sampling 
streamflow versus precipitation, at the basin scale, we see streamflow data as being more certain than 
interpolated precipitation data. Therefore, in order to have the model perform better, we adjusted the 
precipitation data by a constant multiplier. This constant multiplier of precipitation was then an 
additional parameter in the model calibration. Figure 13 illustrates the effectiveness of the calibration 
procedure. 

Model Calibration and Bias-Correction: Climate Data Bias Correction 
Prior to any bias-correction of the regional model's climate data, spatial interpolation was performed 
to obtain the temperature, precipitation, and wind data on 1/8th degree grid cells. This was done 
because Maurer's data, which is at 1/8th degree resolution, was used to bias-correct the modeled 
climate data. The interpolation method uses an inverse weighting algorithm. The algorithm weights 
the dynamically downscaled climate data, from the closest four centroids of the model output grid 
cells (e.g., CRCM-CGCM3), proportionally to the inverse of the square of their distance from the 
grid cell being created. After interpolating all of the regional climate model data output to match 
Maurer's 1/8th degree grid, the data was then bias-corrected. 
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Figure 13. Observed (blue) vs. simulated (green) monthly streamflow values before and after model 
calibration. Inset, both the daily and monthly KGE values are shown. KGE values greater than 0 show some skill; 
for perfect model simulation of observations, KGE = 1. 
 

Bias-correction of precipitation, temperature, and wind were all performed independently using a 
modified form of distribution mapping (Bárdossy and Pegram 2011; Teutschbein and Seibert 2012; 
Wood et al. 2004) with fitted gamma distributions for precipitation, and normal distributions for the 
other variables. Precipitation across the Southwestern United States is strongly skewed, and therefore 
can be better fit with a gamma distribution (Wilks 2006). The bias-correction of precipitation had to 
meet a number of criteria. First, the distributions of the simulated and observed precipitation had to 
closely match for each subset time of the year (using a 21-day moving window). Second, the 
frequency of rain events had to match. Third, changes in the distributions and frequencies of 
precipitation events, at different seasons, had to be preserved.  

To begin with, precipitation data was bias-corrected on a 21-day moving window (precipitation, 
maximum temperature, minimum temperature, and wind all use a 21-day moving window to 
compute the bias-corrected data for a particular day). Consider the bias-correction of the precipitation 
values of UA WRF-HADCM3 data for all years that overlap with observations (December 1, 1970 - 
November 30, 2000) for the date January 11. Positive precipitation values between January 1st and 
January 21st for these years were used to fit the gamma distribution parameters a and b for the 
observed and simulated data. For each value of precipitation (x-axis on the fitted gamma cumulative 
distribution function (CDF)) that occurred on January 11th, its corresponding cumulative distribution 
is found on the y-axis of the same CDF. The same cumulative distribution is then located on the 
fitted gamma distribution of the observations for the same day. And finally, the bias-corrected 
precipitation would be the corresponding value on the x-axis. Next, we need to account for the 
difference between the number of rain days for the observations and the projected climate. The 
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climate models always projected more rain days. Therefore, we randomly removed precipitation 
events to match the percentage of rain days, seen in the observed period, for each 21-day moving 
window.  

The next step was to bias-correct the future time period of precipitation. First, the percentage 
differences between the mean and standard deviations were used to shift the observed gamma 
distribution. With a two parameter gamma distribution (where α is the shape parameter and β is the 
scale parameter) the mean and the variance are defined as α*β and α*β2, respectively. Therefore, it is 
clear that for a gamma distribution β = variance/mean and α = mean/β. First, we find the mean and 
the variance of the gamma distributions in the time overlapping the observations (overlapping time 
period referred to as OLTP, this is the first time slice December 1, 1970 - November 30, 2000) and 
the projected time periods (projected time period referred to as PJTP, this is the second time slice 
December 1, 2040 - November 30, 2070). Next, one finds new shape and scale parameters that 
preserve projected future changes to the mean and the variance with respect to the past. This can be 
done by first finding the ratio of the means and variances between the PJTP and the OLTP. Second, 
these values are multiplied by the mean and variance of the observed distribution. These new mean 
and variance values are then used to solve for the α and β of our new gamma distribution for the bias-
corrected PJTP. This gamma distribution will then have the same proportional shift, with reference to 
the observational distribution, as the shift between projected and past precipitation. For a more 
detailed explanation, refer to Appendix A.  

The well-established bias-correction and spatial downscaling (BCSD) methodology (Wood et al. 
2004) is different than what is presented here in the following ways. First, eMPIrical distributions, 
with discrete values, are used for BCSD, whereas our method maps to any location on a continuous 
fitted gamma distribution. This is done to allow bias-corrected precipitation values that are not solely 
constrained by observed values; in other words, we do not limit the precipitation data to shuffling of 
past events. In contrast, BCSD only shuffles the observed set of monthly mean precipitation. BCSD 
matches the month, then samples from one of the years in the eMPIrical distribution. Second, we 
match the closest whole number of days of rain about our moving window. If one starts with a model 
with many rain days, this characteristic appears to be preserved in BCSD; however, each BCSD 
value is scaled so that a specified monthly mean matches up. Consider the following example: an 
analog month is chosen where there are ten rain days, but the raw model in the OLTP has just two 
rain days. In the BCSD methodology, because the monthly mean matches that of the analog month, 
BCSD loses information about the number of rain days. Third, persistence is not preserved. Because 
streamflow can respond differently to the same precipitation amount spread over a varied number of 
days, we attempt to preserve the observed frequency of rain events. Lastly, we allow both the scale 
and shape parameters of the distribution in the PJTP to change. Therefore, any increase in the mean 
or the variance projected in the model with respect to the OLTP is proportionally preserved. The 
BCSD method, however, will increase or decrease the projected mean monthly values if the ratio of 
variance to mean is not precisely the same for both the OLTP and observations. We believe that the 
aforementioned small, but important, differences make our bias-correction a better choice when 
projecting future climate and streamflow at a daily time scale (M.B. Switanek et al., unpublished 
data). 

The bias-correction of maximum and minimum temperature was also performed using a 21-day 
moving window. In bias-correcting the temperatures, the means and variances of the OLTP for the 
HADCM3 and MPI models are shifted to match those of observations. However, the trends seen in 
the models are preserved. We do this in order to ensure that the models' physical representations of a 
potential future climate are not constrained by historical trends. In a non-stationary climate, future 
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trends can be different than what the past suggests. Lastly, and similarly to our treatment of 
precipitation, differences in the distributions and the trends between the OLTP and the PJTP were 
preserved.  

Often a trend was seen in both the observed and simulated temperatures (e.g., moving through the 
years for a specific day). This trending inflates the variance. This is due to the fact that the 
differences between the values in a time series and a fixed mean are greater than the differences 
between the values and their accompanying trend line (provided that there is a non-zero trend). 
Therefore, the standard deviation of temperature for a particular day's window is  

Tstd = sqrt(sum(T - Treg)2/(n - 1)      (2) 

where T is the temperature time series for a specific day, Treg is the regression line of the 
temperature time series, and n is the number of values in T. The bias-correction of maximum and 
minimum temperature values in the OLTP was calculated as  

Tbc = Tmod + Tmovtrend - Tdaytrend      (3) 

where Tbc is bias-corrected maximum or minimum temperature and 

Tmod = Tobsmean + (Tgcm - Tgcmmean) * (Tobsstd / Tgcmstd)   (4) 

and    

Tmovtrend = Tgcmmovtrend + ( Tobsmean - Tgcmmean)     (5) 

where Tdaytrend is the regression line of Tmod. Tmod is the modified temperature data where 
Tobsmean, Tgcmmean, Tobsstd, and Tgcmstd are means and standard deviations of the observations and 
the OLTP GCM (HADCM3 or MPI) values within the moving window, respectively. Tmovtrend is the 
adjusted 21-day moving window trend, where Tgcmmovtrend is the moving window trend of the raw 
HADCM3 or MPI data. This provides a trend line of the OLTP GCM data with its mean identical to 
that of Tobsmean. Hence, the OLTP Tbc is found by first calculating the two time series of Tmod and 
Tmovtrend. Second, the regression line of Tmod is obtained. Lastly, the bias-corrected temperature, 
Tbc, will be Tmod plus the moving window trend (Tmovtrend) minus the time series of the individual 
day's trend (Tdaytrend). Calculating Tmod does the work of the bias-correction and shifts the mean 
and variance of the OLTP GCM temperatures to match those of observations. The act of adding 
Tmovtrend and subtracting Tdaytrend effectively is shifting the individual day's temperature trend to 
match that of the moving window trend.  

Bias-correcting temperature in the projected time period is very similar, with a couple of small 
modifications. Equation 4 now becomes  

Tmod = Tobsmean + (Tgcm2 - Tgcmmean2) * ( Tobsstd / Tgcmstd2) * ( Tgcmstd2 / Tgcmstd1)  (6) 

where the subscripts 1 and 2 represent the overlapping and projected time periods, respectively. The 
additional term in equation 6, compared to equation 4, increases or decreases the variance 
proportionally to the ratio of the standard deviations seen in the projected and overlapping time 
periods. Equation 6 reduces to  

Tmod = Tobsmean + ( Tgcm2 - Tgcmmean2) * ( Tobsstd / Tgcmstd1)  (7) 
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Lastly, equation 5 is now 

Tmovtrend = Tgcmmovtrend2 + ( Tobsmean1 - Tgcmmean1)    (8) 

where the trend line of the projected time period is further offset by the difference between the 
observed and OLTP temperatures. Importantly, the bias-correction for the projected time period will 
preserve the mean change between the raw PJTP and the raw OLTP.  

Wind was bias-corrected using equations 4 and 7, with wind in place of temperature, for the 
overlapping and projected time periods, respectively. The modified wind is the bias-corrected wind, 
because no statistically significant trending of wind was discernible, and therefore no trend 
adjustments were implemented.  

Results 

Calibration and Bias-Correction 
The results of the VIC model calibration are shown in Figure 13. Prior to model calibration, the Gila 
near Gila, Gila near Virden, and San Francisco at Clifton sub-basins had daily KGE values of -0.53, -
0.35, and -0.75, respectively (these values correspond to the subplots in the upper row of Figure 6). 
After model calibration, the Gila near Gila, Gila near Virden, and San Francisco at Clifton sub-basins 
had daily KGE values of 0.6, 0.59 and 0.55, respectively (lower row of subplots in Figure 13). It is 
apparent that both the daily and monthly KGE values increased substantially through the VIC model 
calibration. 

Figure 14 shows the efficacy of the bias-correction methodology (using NC CRCM-CGCM3) for 
matching the first two moments of the past model distribution to observations throughout the year, 
while allowing the future model distributions to preserve their relative shift from the past model 
distributions. The upper left subplot shows the observed, smoothed 21-day average precipitation (in 
mm), in blue, as one proceeds through the year. For example, the January 1st value is the average 
precipitation for all years (1970-2000) using the dates December 22 - January 11. The x-axis of the 
plots starts on December 1st and goes through November 30th in order to match the starting and 
ending times of the model runs, and to more easily make inferences about seasonality (since all of the 
winter months are now on the left side of the plot). The red line shows the raw modeled, smoothed 
21-day average precipitation. For most of the year, there is a positive bias in mean modeled 
precipitation (red line above the blue). The green line shows the bias-corrected modeled, smoothed 
21-day average precipitation for the past time period (first time slice, December 1, 1970 - November 
30, 2000). The green line can be seen to much more closely align with the blue, throughout the year, 
than the red does with the blue. Lastly, the gray line shows the bias-corrected modeled, smoothed 21-
day average precipitation for the future time period (second time slice, December 1, 2000 - 
November 30, 2070). The gray line can give an idea whether or not the model is projecting a wetter 
or drier future than the past time period. The upper right subplot is the same, except now showing 
smoothed averages of temperature (in °C). The bottom left and bottom right subplots are the same as 
the upper subplots, but they are showing standard deviation instead of mean values. 

Mean absolute error was used to quantify the improvement in matching the OLTP to the observed 
distributions as a result of the bias-correction. The mean absolute error (MAE) is the average of the 
absolute difference between each value through the year using the smoothed 21-day average. This is 
essentially taking the average difference between the blue and the green lines in the upper subplots of 
Figure 14. Smaller MAE values indicate that the observed and simulated distributions are closer to 
one another than with larger MAE values. MAE is an open ended scale greater than zero, so the 
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greater the reductions in MAE values, due to bias-correction, the more effective bias-correction is in 
matching observed and modeled distributions. Table 6 shows the substantial reduction in the MAE 
averaged over the three sub-basins and all five models for each of the climate variables. Again, these 
forcing climate variables are precipitation (in mm), maximum temperature (in °C), minimum 
temperature (in °C), and wind (in m/s). 

 
Figure 14. An example of the effectiveness of the bias-correction for the NC CRCM-CGCM3 model. All lines 
are smoothed 21-day averages. The x-axis of the plots starts on December 1st and goes through November 30th to 
reflect the starting and ending times of the model runs, and to more easily make inferences about seasonality, since 
all of the winter months (DJF) are now on the left side of the plot. The blue line is the observed average daily 
precipitation for the 30-year time period. The red line shows the raw modeled average for the OLTP (overlapping 
time period, this is the first time slice December 1, 1970 - November 30, 2000). The green line corresponds to the 
bias-corrected modeled average precipitation for the OLTP. Lastly, the gray line shows the bias-corrected modeled 
average precipitation for the PJTP (projected time period, this is the second time slice December 1, 2040 - 
November 30, 2070). The upper left and upper right subplots are mean precipitation (in mm) and temperature (in 
°C), respectively. The bottom subplots are the same as the upper subplots, but they are showing standard deviation 
instead of mean values. 
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Projected Climate Change 
As shown above, bias-correction more accurately aligned the atmospheric model output with the 
observed historic seasonal climate patterns and distributions. In this section we examine future sub-
basin–scale climate change. Figure 15 shows expected changes to the average total yearly 
precipitation (in mm) between the bias-corrected PJTP (December 1, 2040 - November 30, 2070) and 
bias-corrected OLTP (December 1, 1970 - November 30, 2000). Climate projections across the three 
sub-basins and the five models indicate, on average, a drier future at most all elevations. Exceptions 
are the UA WRF-HADCM3 and the NC CRCM-CGCM3 models, where there are a few grid cells 
that are projected to be wetter. 

Figure 15. Expected changes in average total yearly precipitation (in mm) between the bias-corrected PJTP 
(December 1, 2040 - November 30, 2070) and bias-corrected OLTP (December 1, 1970 - November 30, 2000). 
The x-axis is the total yearly precipitation averaged for all of the years in the past time period, while the y-axis is the 
total yearly precipitation averaged for all of the years in the future time period. Each point in the scatter plot 
corresponds to a grid cell in the respective sub-basin that was used to force the VIC model. The three sub-basins are 
listed as the three rows of subplots. The columns represent each of the five models. A one-to-one line is shown in 
blue for each subplot as a reference; values below (above) the one-to-one line indicate decreases (increases) in future 
precipitation. Lastly, the shading of the points reflects the influence of elevation, if any, on projected changes to 
precipitation. The lightest shading is the highest elevation grid cell in each sub-basin, while the darkest is the lowest 
elevation grid cell. “BC” refers to bias-corrected. 
 
Similar to Figure 15, Figure 16 shows changes in precipitation (in mm) between the PJTP and the 
OLTP. This time, however, Figure 16 shows the extreme precipitation changes between the two time 
slices. Extreme precipitation is defined as the average of the top one percent of precipitation events 
over each of the 30 year time slices. In Figure 16, the tail of the distribution becomes clearer. Four of 
the five models have increased extreme events in the future period, with respect to the past period, at 
the high elevations. The exception is the UA WRF-MPI model. The NC CRCM-CGCM3 model 
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shows projected increases in extreme precipitation at nearly every elevation level, with large 
increases at the highest elevations. 

Table 6. Reduction in overall mean absolute error (MAE) averaged across all models and all sub-basins. PPT 
refers to precipitation. Tmax refers to maximum temperature. Tmin refers to minimum temperature. Temperature 
units: °C [°F]. Precipitation units: mm [in]. 
 
  PPT Tmax Tmin Wind 
MAE (prior to bias-correction) 1.15 [0.05] 1.87 [3.37] 3.79 [6.82] 0.59 m/s 
MAE (after bias-correction) 0.06 [0.002] 0.37 [0.67] 0.19 [0.34] 0.13 m/s 

 

 
Figure 16. Changes in precipitation (in mm) for extreme precipitation events between the projected time 
period (PJTP) and the overlapping or historic time period (OLTP). Extreme precipitation is defined as the 
average of the top one percent of precipitation events over each of the 30 year time periods. A one-to-one line is 
shown in blue for each subplot as a reference; values below (above) the one-to-one line indicate decreases 
(increases) in future extreme precipitation. The shading of the points reflects the influence of elevation, if any, on 
projected changes to precipitation. The lightest shading is the highest elevation grid cell in each sub-basin, while the 
darkest is the lowest elevation grid cell. “BC” refers to bias-corrected. 
 
Figure 17 compares average maximum temperature (in °C) for each respective time period, at each 
elevation. All five models consistently show a projected increase in temperature of approximately 2 
to 3 degrees Celsius for the bias-corrected future period (2041-2070) compared to the historic period 
(1971-2000). Changes between time periods were even more pronounced for minimum temperature 
(not shown), with greater increases projected in the future time period. Changes in wind (not shown) 
were negligible in the future period with respect to the past period.  
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Figure 17. Comparison of average maximum temperature (in °C) for each respective time period, at each 
elevation. The subplot axes, rows and columns are the same as Figures 15 and 16. A one-to-one line is shown in red 
for each subplot as a reference; values below (above) the one-to-one line indicate decreases (increases) in future 
maximum temperature. The shading of the points reflects the influence of elevation, if any, on projected changes to 
temperature. The lightest shading is the highest elevation grid cell in each sub-basin, while the darkest is the lowest 
elevation grid cell. “BC” refers to bias-corrected. 
 
Projected Hydrologic Change 
In an effort to concisely summarize the climatic and hydrologic results, the raw performance (prior to 
bias-correction) of each of the five models in simulating observed precipitation and mean 
temperature were compared. This is done because the bias-correction methodology will fit any 
modeled time series to match the observed distributions, whether the modeled series contains 
relevant information or noise. Therefore, the model must be able to reasonably simulate the observed 
climate prior to being bias-corrected. Figure 18 shows how the raw monthly precipitation, averaged 
over the OLTP, compares to observed monthly precipitation, averaged over the same 30 year period. 
The correlation coefficients are listed in the lower right hand corner of each subplot. These plots 
essentially show how well each of the models represents the observed seasonality of precipitation. 
The bias-correction methodology corrects biases in the mean and variance, and therefore, raw model 
performance can be distilled down to a skill measure such as the correlation coefficient. The 
hydroclimatic projections were weighted by how well the raw models simulate the seasonal climate 
response in the upper Gila sub-basins. If a model does not simulate the seasonal climatic fluctuations 
as accurately as other models, then the hydroclimatic results obtained with the less accurate model 
are not assigned as high a weight as the more accurate models. Models that have no skill in 
replicating the seasonal climate distribution in a region provide no useful information about 
hydroclimate change in that same region. It can be seen in Figure 18 that the raw UA WRF-
HADCM3, UA WRF-MPI and the NC CRCM-CGCM3 models perform significantly better than the 
raw NC HRM3-HADCM3 and the NC RCM3-CGCM3 models. Figure 19 uses the same style of 
presentation as Figure 18, but average monthly temperatures (in °C, over the 30 year periods) are 
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displayed. The correlations show that all of the models, in all of the sub-basins, are performing 
equally as well in replicating the observed seasonal temperature variations through the year. 
Therefore, the final weighting of the hydroclimatic results depends only on how well the raw, 
individual models replicate seasonal variations in precipitation. The final hydroclimatic results were 
a weighted average of the five models, where the weights were the square of the correlation 
coefficients listed in Figure 18. 

Figure 18. A comparison of the simulated monthly precipitation (in mm) averaged over the overlapping time 
period (December 1, 1970 to November 30, 2000), and the observed monthly precipitation, averaged over the 
same 30-year period. The subplot rows and columns are the same as in Figures 15-17. The subplot axes refer to 
simulated historical precipitation (y-axis) versus observed historical precipitation (x-axis). The correlation 
coefficients are listed in the lower right hand corner of each subplot. 
 
Given the projected changes in overall precipitation, extreme precipitation, and temperature (Figures 
15-17), what are the projected seasonal hydroclimate changes? Figure 20 shows how the weighted 
monthly precipitation (in mm, averaged over each time slice) is projected to change in the future. The 
three sub-basins are shown as the three subplots. The blue line shows the weighted monthly 
precipitation averaged over the bias-corrected OLTP, while the green line shows weighted monthly 
precipitation averaged over the bias-corrected PJTP. Based on the cumulative, weighted model 
results, (a) future March, April, and May precipitation is projected to decrease slightly, and (b) future 
summer monsoon rains are projected to decrease more substantially.  

Figure 21 compares the average monthly streamflow (in m3/s) of the bias-corrected OLTP with the 
PJTP. These results indicate that with increased projected future temperatures, there is a shift in the 
monthly flow regime (or hydrograph) toward earlier peak streamflow, and lower overall annual 
streamflow. The shift in peak streamflow to a February peak is indicative of earlier snowmelt. Lower 
overall annual streamflow is due to slight decreases in average precipitation (see Figure 20) and 
increases in evapotranspiration, which are associated with increased projected temperatures. 
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Figure 19. A comparison of the simulated and observed average monthly temperatures (in °C, over the 
December 1, 1970 to November 30, 2000 time period). The subplot rows and columns are the same as in Figure 
18. The y-axis in the subplot refers to simulated monthly temperature, and the x-axis refers to observed monthly 
temperature. The correlation coefficients are listed in the lower right hand corner of each subplot. 
 
 

Figure 20. A comparison of the weighted monthly precipitation (in mm) averaged over the bias-corrected 
overlapping time period, OLTP (blue line), and the weighted monthly precipitation averaged over the bias-
corrected projected future time period, PJTP (green line). The three sub-basins are shown as the three subplots. 
“BC” refers to bias-corrected. 
 
Probability of exceedance plots in Figure 22 were created from the same information as Figure 21, 
but they analyze the entire spectrum of daily streamflow values. The rows and columns of Figure 22 
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are the same as Figures 15-19. The x-axis shows the probability of exceedance values for a given 
streamflow. The left side of each subplot shows the low flows where values of 1 represent that, for 
the respective time period, 100% of the time flow has exceeded that streamflow value. On the right 
side, the high flows are shown where, for the respective time period, 0% of the time flow has 
exceeded that streamflow value. The y-axis shows the percentage change of the PJTP with respect to 
the OLTP. For example, consider the upper left subplot (Gila near Gila using the UA WRF-
HADCM3 model) at 0.2 on the x-axis. The blue line is reflecting that a streamflow value, that was 
exceeded only 20% of the time in both the PJTP and the OLTP, is approximately 18% less in the 
PJTP than the OLTP. Therefore, values on the left of the subplots are low flows, values on the right 
are high flows, values below 0 reflect a drier future at that flow level, and values above 0 reflect a 
wetter future at that flow level. The black dotted lines show the overall average change in streamflow 
of the PJTP with respect to the OLTP. Figure 22 shows the breakdown of different flow regime 
changes, as a result of climate change, for the five models across the three sub-basins. At first glance, 
it could be difficult to understand why the black dotted line for the NC CRCM-CGCM3 model case 
is not below zero, when the blue lines for the three sub-basins are well below zero for most flow 
regimes. This is because of the influence of extreme precipitation (Figure 23) and extreme 
streamflow on the overall streamflow amount for these regions. The highest 1% of observed 
streamflow values comprises 18%, 19%, and 24% of the total observed streamflow quantity for the 
Gila near Gila, the Gila near Virden, and the San Francisco at Clifton, respectively.  

Figure 23 summarizes the information of Figure 22 by providing a weighted mean, across the five 
models, of the probability of exceedance results. The black dotted lines in Figure 16 correspond to 
weighted average streamflow decreases, across all models, for the Gila near Gila, the Gila near 
Virden, and the San Francisco at Clifton, respectively. These dotted lines indicate that, on average, 
the Gila near Gila is projected to have a 6% decrease in water quantity (with a 15% decrease in the 
median streamflow), the Gila near Virden is projected to have an 8% decrease (15% median 
decrease), and the San Francisco at Clifton is projected to have an 11% decrease (19% median 
decrease) for the time period December 1, 2040 - November 30, 2070 in comparison to the time 
period December 1, 1970 - November 30, 2000 (Table 7). These results can be contrasted to Guztler 
(2013), which stated an anticipated median flow decrease of 8%. Furthermore, low flows are 
projected to decrease in the future, and very high flows are expected to increase. (See Appendix 15 
for an examination of projected changes in the probabilities of flows for the months of February, 
March and April). 

Table 7. Average projected streamflow changes. Values are percentage changes and are shown graphically as the 
black dotted lines in Figures 15 and 16. 
 

  
UA WRF-
HADCM3 

UA WRF-
MPI 

NC CRCM-
CGCM3 

NC HRM3-
HADCM3 

NC RCM3-
CGCM3 

Weighted 
Average 

Gila near Gila -9 -23 21 -32 -10 -6 

Gila near Virden -9 -23 11 -31 -14 -8 
San Francisco at 
Clifton 

-12 -32 9 -31 -10 -11 
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Figure 21. A comparison of the average monthly streamflow (in m3/s) between the overlapping historic time 
period and the projected future time period. “BC” refers to bias-corrected. One m3/s is 35.3 cfs. 
 

 
Figure 22. Probability of exceedance plots for the entire spectrum of streamflow values shown in Figure 21 for 
the three sub-basins and five climate models. The x-axis shows the probability of exceedance values for a given 
streamflow. The left side of each subplot shows the low flows where values of 1 represent that, for the respective 
time period, 100% of the time flow has exceeded that streamflow value. On the right side, the high flows are shown 
where, for the respective time period, 0% of the time flow has exceeded that streamflow value. The y-axis shows the 
percentage change of the projected time period (PJTP) with respect to the overlapping time period (OLTP). The 
black dashed lines are the average overall changes in streamflow quantity between the PJTP and the OLTP. Thus, 
dashed lines with a value below 0 indicate a decrease in average annual streamflow. Values of the blue line that are 
above (below) the dashed black line indicate an increase (decrease) in the amount of low flows (if on the left side of 
each graph) and the amount of high flows (if on the right side of each graph). 
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Figure 23. Summary of the information of Figure 22 by providing a weighted mean, across the five models, of 
the probability of exceedance results. The black dashed lines correspond to weighted average streamflow changes, 
across all models, for the Gila near Gila, the Gila near Virden and the San Francisco at Clifton, respectively. These 
dashed lines indicate that, on average, the Gila near Gila will have a 6% decrease in weighted mean streamflow, the 
Gila near Virden will have an 8% decrease, and the San Francisco will have an 11% decrease for the PJTP with 
respect to the OLTP.  
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Chapter 4. Fluvial Geomorphology of the Gila River, Cliff-Gila 
Valley, NM 
Ellen S. Soles, Northern Arizona University 

Summary 

The continuous formation and restructuring of a river's channel and floodplains is created by the 
interplay between watershed geology, floods of varying magnitudes, and floodplain characteristics 
including vegetation and sediment size. As on other rivers, large floods on the Gila River—on the 
order of 5,000 to 20,000 cubic feet per second (cfs)—are important elements of the river's long-term 
vigor. These floods scour away vegetation and woody debris, lay bare fresh soil for recruitment of 
young vegetation, deposit nutrients, and thoroughly replenish the alluvial water table (Braatne et al. 
1996; Hauer and Lorang 2004; Leenhouts et al. 2006).  

However, this assessment of the Gila River's flow needs focuses on the role of smaller, more frequent 
floods in sustaining the river's ecosystem. CUFA diversion is limited to a maximum of 350 cfs 
(described in more detail in Chapter 5 of this report), and thus its ecological ramifications decrease 
with increasing flood magnitude. Smaller, more frequent flood events would decrease the most by 
CUFA diversion. The relationship of these floods with the geomorphology of the river's alluvial 
floodplain is a significant component of the hydrology and ecology of the Cliff-Gila Valley. This 
chapter briefly describes the historic and fluvial background, concluding with the present condition 
of the river and its floodplain, and its significance for interactions between smaller floods and 
floodplain geomorphology. Floodplain inundation is a key component of riparian ecosystem 
structure, function, and resilience. Surface flows captured and transported across the floodplain via 
secondary channels to areas distant from the active channel re-saturate floodplain substrates, raise 
alluvial water tables, transport nutrients, and provide freshly wetted soils for seedling establishment. 
Surface flow has been observed in floodplain channels during floods of 1,000 cfs or less.  

Introduction 

The Cliff-Gila Valley is a unique segment of the upper Gila River. Upstream and downstream of the 
Valley, the river flows through the Gila National Forest, where it is unaltered by major diversions or 
dams. At the head of the Valley, it drains a watershed of approximately 3,000 km2, encompassing 
elevations from 1,400 to > 3,000 m above mean sea level. The river's watershed periodically 
produces some very large floods. In September 2013, discharge grew from 300 cfs to 15,000 cfs in 
the space of eight hours, and eventually peaked three days later at nearly 30,000 cfs (USGS 2013). 
Yet despite its large watershed, base flows in the river during dry seasons are low, typically 20-35 
cfs. Connor's (1956) impression of the Valley's pre-settlement appearance in 1863 captured the 
essence of this contrast between the Gila's watershed size and its appearance at low flow: 

…all [the landscape around Fort West was] covered with a fair growth of grama grass... 
A few scattering clumps of scrubby oaks marked the ravines and hillsides while perhaps 
enough cottonwood trees to indicate the direction of the Gila grew upon its banks, for 
there was but little bottom land on this river so high up. I will venture to assert that the 
Gila is the longest river of its size in the world and that it drains more country than any 
other stream of its width and depth and yet it has time to go dry in places. (p. 45) 
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Both natural and anthropogenic factors shape the geomorphology and hydrology of the Cliff-Gila 
Valley and the Gila River today. The river's natural setting and climate control annual seasonality 
and variability of its flow regime, composition of floodplain and channel materials, and topography 
that determine the distribution of diverse vegetation communities across its floodplains and adjacent 
terraces. Anthropogenic controls include diversions for irrigation that supply surface flow to gravity-
fed ditches that trace the high edges of the river's prehistoric floodplain through the upper course of 
the Valley, about 11 km long, above its confluences with Duck and Bear Creeks. Historic channel re-
alignment and leveeing efforts profoundly modified floodplain geomorphology, and probably 
magnified major lateral shifts in the river's position during subsequent high-magnitude flooding 
(Soles 2003; Wittler and Levish 2004).  

Regional Geology 

In New Mexico, the upper Gila River, from its headwaters, through the Cliff-Gila Valley, and into 
the Middle Box downstream, flows through the Datil-Mogollon section, a transitional region between 
the Colorado Plateau to the north and the Basin and Range province to the south. Over geologic time, 
a series of shallow lakes occupied sub-basins within the watershed. Later incision through these 
deposits produced "a prominent stepped sequence of Valley-border surfaces above the floodplains of 
the Gila River” (Hawley et al. 2000). Today, these distinctive features, rising 20 to 45 meters above 
the floodplain, clearly delineate the Valley bottom. Bedrock, often of Gila Conglomerate, is 
sporadically exposed throughout the Valley. Coarse-grained alluvial fill predominates in the valleys 
of the upper watershed, including the Cliff-Gila Valley. According to Hawley et al. (2000), "the 
hydrogeologic significance of [this] river Valley system…relates to the fact that deep valley and 
canyon incision during the past several million years has created a regional sink for 
groundwater draining from bedrock and basin-fill aquifers west of the Continental Divide" [italics in 
original]. Variable dip and elevation of subsurface bedrock controls can influence depths to 
groundwater in alluvial valleys, forcing it nearer the surface where bedrock is shallow; fracturing and 
faulting likewise may allow groundwater to infiltrate into subsurface bedrock layers, reducing water 
levels in the alluvial aquifer above. 

The USGS Gila near Gila gaging station (09430500) is located at the downstream extent of a long 
canyon-bound reach extending from the confluences of the river's three forks through the Gila 
Wilderness and Gila National Forest. This canyon reach crosses through the Mogollon fault zone, 
where numerous tributary drainages enter the river, including Sapillo and Turkey Creeks. Elevation 
at the gaging station is approximately 1,420 m above mean sea level (AMSL). The watershed area 
upstream of the gage is nearly 3,000 km2. The river's watershed is bounded by the Continental Divide 
to the southeast, east, and north, and by the high elevations of the Mogollon Mountains to the west. 
The highest watershed elevations are more than 3,000 m AMSL (see Figure 1 in Chapter 10 of this 
report).  

The river's narrow canyon broadens into an alluvial valley immediately downstream of the Gila near 
Gila gaging station, where the active floodplain width increases from about 50 m to 100 m. Still 
constrained between steep hillslopes, the floodplain varies from approximately 150 to 300 m wide 
through the next reach, a distance of about 3 river km. Most of this 3-km reach is on lands managed 
by the U.S. Forest Service. Below its confluence with Spar Canyon, the Valley opens wider; ancient 
terrace features described above intervene between the Valley bottom and higher slopes, bracketing 
the floodplains and creating an abrupt transition between cultivated field soils and rocky slopes 
above. The Cliff-Gila Valley bottom generally spans 1,200 to 2,400 m in total width. However, the 
active floodplain on which native riparian or more xeric vegetation grows is typically narrower, 
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bounded by cultivated field edges or berms. The active floodplain by this definition varies in width 
from about 200-500 m through most of the Valley (Figure 1). 

 

Figure 1. Portion of the Cliff-Gila Valley at Subreach 3 (Chapter 6, this report), 2011 aerial photography. The 
Fort West, Gila Farm, and Upper Gila irrigation ditches are labeled. The valley bottom (prehistoric floodplain) and 
active floodplain widths are typical of the Valley. River flow direction is from top to bottom of the image. 

The Valley is approximately 30 km long. Numerous tributary canyons draining higher elevations 
enter the river bottom throughout the length of the Valley; gravity-fed irrigation ditches outline the 
gravelly alluvial fans deposited at their bases. Sediment from 12 of these drainages, however, is 
prevented from reaching the river by sediment control structures built in the mid-1960s (e.g., upper 
right of Figure 1). Geologic controls pinch the Valley bottom at several points, forcing sharp 
meanders of the river's course. One of the most pronounced of these is where U.S. Highway 180 
crosses the river, just downstream of its confluences with Bear and Duck Creeks. Sediment 
transported during some floods, along with that carried in by the two creeks, was deposited over time 
across the broad area upstream of the constriction. A number of local residents interviewed in 2001 
mentioned early 20th-century descriptions of the area as a large marsh or slough inhabited by ducks 
and geese. Similar constrictions exist just downstream of Greenwood Canyon and Schoolhouse 
Canyon on Mangas Creek.  

History and Anthropogenic Context 

Humans have modified both the river's geomorphology and the Valley's hydrologic system. Among 
the first Anglo attempts to settle the Valley occurred in 1868, when a group from Missouri tried 
farming near what later became the town of Cliff, but “Apaches had run off every hoof of stock and 
left [them] hopeless and on the border of destitution” within six months (Calvin 1946: 79). Later 
attempts were more permanent, and the first grocery opened in 1890, run by the farmer who provided 
the only local ferry across the Gila River. The first bridge across the river, which still stands, opened 
to traffic in 1915 (Mogollon Mines 1916). Today, the Cliff-Gila Valley remains sparsely populated; 
the combined population of Cliff and Gila in 2010 was 600 (U.S. Census 2010). 
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Settlers constructed a series of gravity-fed irrigation ditches to supply water to their fields. Three 
major ditches remain active in the upper Valley. Each was constructed before 1900; the earliest in 
1875 (L. Stailey, personal communication March 18, 2000). Each redirects surface flow from the 
river's main channel to the far edges of its prehistoric floodplain, from where some water makes its 
way back to the active channel via seepage or as overflow shunted off the ditch. Farther downstream, 
above the Mangas Creek confluence, surface flow is again diverted for mining operations and 
agriculture. The three main agricultural diversions divert up to a total of about 50 cfs, altering the 
river's base flow regime. During dry periods, these diversions dewater a 1-2 km long segment of the 
river's main channel for a number of weeks. Otherwise, streamflow through the Valley is perennial. 
After decades of use, the unlined ditches and the associated overflow and tailwater points have 
become substantive components of the river and Valley's hydrologic network (Chapter 7, this report).  

Extensive channelization efforts were undertaken along the river between about 1940 and the early 
1980s (Soles 2003). Early efforts attempted to straighten and dike limited reaches of the river. By 
1965, a nearly solid line of levees, interrupted for tributary drainages, traversed the riparian corridor. 
Old meanders were blocked and the channel straightened. Levees were constructed of material 
excavated from the floodplain, known locally as "sugar rock," for the ease with which it melts. A 
major flood (the second largest on record; 32,400 cfs at the Gila near Gila gage) in December 1978 
extensively damaged these works, and the U.S. Army Corps of Engineers (ACOE) later repaired and 
extended levees throughout the Valley. Borrow material for construction was taken from the 
immediate streamward floodplain; levee damage often occurred where floodwaters scoured these 
destabilized depressions in the floodplain. Segments of the river shifted to occupy many borrow areas 
as high flows receded after each flood. The flood of record (35,200 cfs) in December 1984 
“effectively destroyed” most of the remaining levees (Donegon 1997). They were not repaired, and 
later floods continued to undercut, erode, and transport levee materials downstream.  

Floodplains and Channel  

Composition 

Coarse alluvial fill beneath the Gila River's floodplains and river channel is estimated to be 30 to    
35 m thick, with a very high rate of hydraulic conductivity, about 90 m per day (Hawley et al. 2000). 
Unconsolidated materials ranging in size from cobble to sand form much of the river's exposed 
floodplain material in the Valley. The coarsest materials, cobble and coarse gravels, are often 
exposed on low banks adjacent to the active channel. Deep sand covers many low-gradient banks, 
floodplain depressions, and heavily vegetated floodplain surfaces. Fields adjacent to the river's 
floodplains typically occupy a first (low) terrace feature and are composed of fine-grained soils or 
silt, often gravelly. These soils were deposited long ago. A study by the Bureau of Reclamation 
(Wittler and Levish 2004) estimated their age as "500 to several thousand years." 

Medium-to-coarse gravels line much of the river's active bed and banks. Gravels are common in the 
river's bed, and persistent imbrication of the channel bed occurs at some sites. Data collected during 
standard pebble counts (Wolman 1954) showed a bi-modal sediment distribution on many transects, 
where material ranging from large cobble (b axis > 150 cm) to sand, in near-equal proportions, 
tended to coarsen toward the bank where higher-velocity flow was concentrated (The Nature 
Conservancy, unpublished data). Silts, sands, and organic materials are deposited in the riverbed 
through glides, pools, and backwater areas during low flow periods between "flushing" streamflow 
events. These fine sediments bury coarser bed materials until a subsequent flow occurs of sufficient 
magnitude and velocity to flush these materials downstream. Fines, including a major ash 
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component, washed downstream to the Valley in the summer of 2012 after the Whitewater-Baldy 
complex fire burned more than 200,000 acres in the river's upper watershed. Monsoon streamflows 
inundated the channel and banks with ash- and sediment-laden water, clogging interstitial spaces and 
imbricating the channel at some sites. These fines persisted in the channel, on its banks, and as 
suspended sediment in the river, until extreme floods in September 2013 flushed the channel bottom 
and banks. 

Channel Geometry and Pattern 

The Gila River's main channel is generally both wide and relatively deep. The bankfull channel 
dimensions of 13 cross-sections in the Cliff-Gila Valley surveyed in 2013 (see Chapter 7 of this 
report) averaged a width of 57 m and 2.2 m depth. This channel capacity carries a volume 
substantially greater than that often considered to be the "standard" for bankfull flows; that is, 
relatively small, frequent floods with a recurrence interval (RI) of around 1.5 years. Musseter (2006) 
measured 24 river cross-sections at three sites in and near the Cliff-Gila Valley to calculate the river's 
hydraulic characteristics. At all but one cross-section, their calculated 2-year flood (~ 2,000 cfs; 50% 
probability) was contained well within the channel banks, and even the 4-year flood (~3,800 cfs; 
25% probability) remained confined within the channel. The channel's capacity is evidence of some 
of the geomorphic effects of an unusual number of high-magnitude annual peak flows between 1978 
and 2008. Two, each greater than 35,000 cfs, approached the 100-year RI (in 1978 and 1984). Peak 
flows in eight years ranged from 12,500 to nearly 21,000 cfs. In other words, in 30% of the years 
1978–2008, there was at least one peak annually of > 14,000 cfs. By contrast, annual peaks of the 
same magnitude occurred in only two (4%) of the prior 50 years, 1928–1977. The larger flood in this 
period occurred in 1941, and carried discharge of 25,400 cfs.  

The series of high-magnitude floods that began in 1978 not only enlarged the main channel (Klawon 
2003), but substantially reworked the river's floodplain morphology. Soles (2003) compared pre- and 
post-flood river and floodplain conditions in the Valley by digitizing the river's position and the 
extent of floodplain vegetation canopy on a series of geo-referenced aerial photos taken from 1935 to 
1996. Figure 2, aerial photos from 1935, 1965, and 1996, shows the Valley segment approximating 
Subreach 2 (Chapter 6, this report). This was the farthest upstream extent of major historic 
channelization work in the Valley. Most levees constructed in this reach were originally completed 
by 1965 (and were reconstructed following the 1978 flood). The active floodplain width at two 
locations is shown on each photo. In 1935, the active floodplain width ranged from about 350 to   
450 m in the reach. Expansion of cultivated fields, and levee construction, reduced this width by 
1965 to a range of 135 to 280 m. Following the series of major floods after 1977, by 1996 the active 
floodplain had rewidened to nearly its 1935 extent. As in 1935, numerous secondary channel features 
are visible across the floodplain. Some resulted from extensive channel avulsion that included lateral 
cuts into fields that had been claimed from the floodplain between 1935 and 1965. One obvious 
difference between floodplain conditions in 1935 and 1996 appears to be their composition. In 1996, 
most floodplain vegetation and fine sediments were absent, leaving broad barren surfaces composed 
of coarse gravel and cobble throughout the Valley (personal observation, 1999–2000). In the 1935 
image, however, the floodplain surface resembles the surrounding fields, i.e., largely composed of 
sand/soil. The conversion of active floodplain to arable field lands after 1935 also strongly suggests 
floodplains containing a much higher percentage of fine sediments than the coarse gravel and cobble 
currently predominant. After 1977, these coarse materials were readily sorted, shifted, or scoured 
during flood events, especially in the absence of the stabilizing and depositional effects of floodplain 
vegetation.  
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Figure 2. Aerial photos from 1935, 1965, and 1996 of the upstream portion of the Cliff-Gila Valley. Between 
1935 and 1965, levees like those visible in the 1965 image reduced the river's accessible floodplain width by 40% to 
60% throughout much of the Valley. After 1978, the active floodplain area was rewidened during a series of high-
magnitude floods that destroyed most levees. Channel avulsion and floodplain scouring left a network of secondary 
channels across the floodplain similar to those existing in 1935. 
 

The similarities in extent of active floodplain and secondary channels in 1935 and 1996 suggest that 
the river's response to recent high-magnitude flooding is some combination of long-term pattern and 
response to channelization. In contrast to the classic single-thread, meandering, stable river form of 
some humid regions, semi-arid rivers tend toward greater natural disequilibrium; long-term 
geomorphic consequences often follow high-magnitude floods regardless of other impacts (Baker 
1988; Kondolf 1998; Bourke and Pickup 1999; Graf 1983, 1988, 2002). Among studies of the river's 
condition in the Cliff-Gila Valley, Musseter (2006) seems inclined to the long-term view that high-
magnitude floods have and will continue to exercise the greatest control on river and floodplain 
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conditions. Conversely, BOR (Wittler and Levish 2004) attributes current channel and floodplain 
morphology in the Valley almost entirely to the effects of channelization. Soles (2003) suggests that 
it was not the structures themselves, but rather the destabilizing effects of their construction and 
repair, that exaggerated the natural geomorphic effectiveness of major floods in 1978–1996 and 
helped to prime conditions for renewed channel avulsion and rejuvenation of secondary channels 
across the floodplain.  

As of 2013, the river's pattern includes a network of floodplain channels that diverge and then 
reconnect with its main channel. During large floods, the river reworks these features, scouring, 
aggrading, or eroding new cross-channels between existing ones. Where earlier avulsions forced the 
river's course between remnant levees and the highly erodible field soils of adjacent terraces, tall, 
unstable cutbanks continue to erode during floods; massive blocks of soil can collapse into the 
channel at these sites. Depending on flood magnitude and rate of recession, these locally-introduced 
fine sediments may flush through the river system, or settle to the channel bottom until the next event 
of sufficient magnitude to move them downstream. In September 2013, the geomorphic effects of 
high-magnitude floods (peaking around 30,000 cfs) included wide-scale deposition; continued, 
although spatially limited, lateral erosion; removal and burial of vegetation; and some rescouring of 
previously aggraded secondary channels.  

Anastomosing River Systems 
Four main river channel forms are well recognized in the hydrologic literature. These are the straight, 
meandering, braided, and anastomosing types. The last two, multiple channel forms that were for 
decades treated as synonymous, are now considered to be distinct river types, and a fifth, called 
"anabranching," is also recognized. In short, "there tends to be a confusing nomenclature for multiple 
channel systems" (Nanson and Knighton 1996), which centers on the proper metrics to clearly 
quantify or differentiate among them. Some authors (e.g., Bridge 1993; Polvi and Wohl 2013) 
consider the terms anastomosing and anabranching to be synonymous. Others (Nanson and Knighton 
1996) define anabranching as an overarching term of which anastomosing rivers are one subtype; 
still others consider it a separate river form (Schumm 1985).  

Braided systems are frequently described as those in which flow divergence around bars and islands 
occurs within a "single" channel. As Makaske (2001) notes, however, any definition of a multiple 
channel system is largely stage-dependent. For instance, in-channel bars and islands dividing the 
river at base flow are often submerged as stage rises. This is the case on the Gila River. At low flows, 
the river occupies part of a single (large) channel through the Valley, sporadically braided among in-
channel islands and longitudinal bars (Figure 3).  

During floods, however, current conditions on the Gila River and its floodplains more closely match 
Nanson and Croke's (1992) description of the "wandering gravel-bed river floodplain," or Schumm's 
(1985) definition of anastomosing rivers: "multiple channel systems…having major secondary 
channels that separate and rejoin the main channel to form a network" (p.8). Multiple channels 
simultaneously carry surface flow during floods on the Gila; in any given flood, the extent of surface 
flow in floodplain channels is determined by flood magnitude. Makaske (2001) notes two other 
characteristics of anastomosis common to the Gila: 1) Natural levees bounding secondary floodplain 
channels are a typical feature of anastomosing systems. These features are associated with nearly all 
secondary channels on the Gila's floodplains (Figure 4), usually built up by sediment captured in the 
vegetation established on the banks of these channels. 2) Anastomosis results from "extra-channel" 
processes—complete channel avulsion and/or partial divergence of flow from the main channel onto 
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the floodplain. What is known about the causes and effects of these processes is a good fit with the 
20th-century history of floods and channelization efforts on the Gila River. 

 
Figure 3. The Gila River at the upstream end of the Cliff-Gila Valley, braided at low flow among in-channel 
bars and islands. March 2014. 
 

 
Figure 4A-B. Natural levees occur on Gila River secondary channels. A. In the upstream end of the Cliff-Gila 
Valley. The riparian forest established on this channel is at least 20 years old; note the tree roots extending into the 
channel, which scoured during flooding in September 2013. B. Midway through the Valley; Salix and Baccharis 
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previously established on the channel margins captured more than one foot of sediment during the September 2013 
floods. Photos March 2014. 
All multiple channel forms are associated with low stream channel gradient, low hydraulic energy, 
and usually, with high sediment loads. These conditions can occur where rivers transition from 
canyon-bound reaches to broader alluvial valleys, where much of the river's sediment load may settle 
within the main channel. Channel aggradation may result. Long-time area residents interviewed in 
2000 provided a number of anecdotal accounts suggesting a depositional sediment regime through 
the first part of the 20th century (Soles 2003). For instance, after a 12,000-cfs flood in 1949, residents 
requested federal assistance; parts of the river were dredged to clear a "delta" occupied by the river 
that was approximately 8 feet higher than the fields bounding it.  

When stream channels aggrade, their capacity is reduced and floods more easily overtop 
streambanks. The overbanking flow may be concentrated by "snags" of flood debris, or through 
breaks in discontinuous "natural levees" built by sediment captured in near-stream vegetation. In the 
Valley, of course, constructed levees lined the river's banks by the 1960s. Extreme floods, like the 
1978 flood, can provide the trigger initiating anastomosis. Nanson and Knighton (1996) summarize 
work on the likely sequence of events beginning with the flood: 

The breaching or crevassing of levees has been widely observed to initiate 
anabranch development in accreting systems (Smith and Smith, 1980; Smith, 1983). 
Popov (1962) argued that floodwaters can scour secondary channels on low-relief 
areas of the floodplain and that these channels can enlarge and capture some or all 
of the flow from the main channel, a process that does not require aggradation. 
Schumann (1989), Brizga and Finlayson (1990), and Miller (1991) have observed 
essentially this process in a range of accreting and stable situations, with avulsion 
often associated with gullying and headcutting. (p. 232) 

In any given river segment, flood forces may result in total or partial channel avulsion. Floodplain 
slope and variable roughness factors, particularly vegetation, may direct the force of floodwaters to 
the floodplain to erode a new channel bed, while deposition within the previous main channel 
aggrades its bed. The original channel is then completely abandoned when flows recede. Likewise, 
fragmented or partial redirection of flood discharge may simultaneously scour multiple floodplain 
channels, or a single new channel that captures only part of low flow discharge, splitting the main 
channel. Receding flows after high-magnitude flooding in September 2013 revealed at least two sites 
on the river where main channel splitting had occurred. Analysis of historic aerial photos after 1965 
shows both forms of channel avulsion occurring on the Gila. Once formed, individual anastomosing 
or anabranching channels often demonstrate long-term lateral stability (Rust 1981; Nanson et al. 
1986). There are two likely reasons: 1) flood discharge distributed across multiple channels reduces 
the stream power in each channel, and 2) vegetation established along the banks of these secondary 
channels stabilizes otherwise coarse, non-cohesive floodplain materials (Harwood and Brown 1993; 
Nanson and Croke 1992; Curran and Hession 2013). On the Gila River, these factors (absent other 
perturbations) may influence channel avulsion that reoccupies historic channels, rather than newly-
scoured ones. 

Historic aerial photography is an excellent tool for showing earlier locations of the Gila River 
channel (A), and some of the secondary channel features (B) present on the floodplain in 2012 
(Figures 5 and 6). Flow in the images is from top to bottom; data from the piezometers identified on 
the images are discussed in Chapter 7 of this report. Figure 5A shows an area approximating 
Subreach 1 (Chapter 6, this report). The location of the main channel was digitized on geo-referenced 
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aerial photos from 1965, 1980, 1996, and 2011. In 1965, a single main channel contained the river in 
this reach; by 1980, base flow was split between the 1965 channel position and a separate channel 
farther east. By 1996, the river remained divided between two channels, but both were shifted farther 
to the east than in 1980. As of 2011, the river had abandoned part of its 1996 channel. Figure 5B 
traces some, but not all, of the secondary channels still evident in the floodplain topography. The 
arrows mark locations where outside meanders in the current river position meet points of divergence 
into the secondary channels. 

 
 

Figure 5A-B. A. Positions occupied by the main Gila River channel in 1965, 1980, 1996, and 2011, digitized 
from historic aerial photography onto the 2011 aerial imagery. The area shown is approximately the same as 
Subreach 1 (Chapter 6, this report). Flow is from top to bottom of image. Groundwater levels recorded in the 
piezometers are discussed in Chapter 7 of this report. B. The same image; blue lines indicate some of the secondary 
channels still present on the floodplain. Arrows mark points where flow diverges from the main channel into 
secondary channels when river stage rises. 
 
Figures 6A and B show the same details in the area of Subreach 4 (Chapter 6, this report). The 
historic pattern of single main channel (1965) to shifting split channel (1980 and 1996) also occurred 
here. By 2011, the river again occupied a single channel, with some braiding present among in-
channel islands. As in Subreach 1, outside meanders on the main channel typically indicate points of 
divergence into secondary channels on the floodplain. Smith (1998; cited in Makaske 2001) noted 
that "outer bends" provided favorable conditions for avulsion, probably because "water-surface 
superelevation and higher velocities in the outer bend lead to higher erosive power at potential 
avulsion sites [and] inertia of flow in the outer bend directs overbank flow at a high angle away from 
the channel flow" (p. 161). On the Gila River, these "outer bends" also often provide access points to 
secondary channels for floodwaters during non-avulsive events—that is, small floods. 
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Figure 6A-B. A. Positions occupied by the main Gila River channel in 1965, 1980, 1996, and 2011, digitized 
from historic aerial photography onto the 2011 aerial imagery. The area shown is approximately the same as 
Subreach 4 (Chapter 6, this report). Flow is from top to bottom of image. Groundwater levels recorded in the 
piezometers are discussed in Chapter 6 of this report. B. The same image as A; blue lines indicate some of the 
secondary channels still present on the floodplain. Arrows mark points where flow diverges from the main channel 
into secondary channels when river stage rises. 
 

Floodplain Geomorphology and Small Floods 

The discussion above focuses on the river's avulsive response to high-magnitude floods and their 
effects on floodplain geomorphology. However, personal observation, flood evidence, and water-
level data show that the secondary channels created by these processes carry surface flow during 
events of far lesser magnitude. Surface flow has been observed in floodplain channels during floods 
of 1,000 cfs or less. On the Gila, these floods have a RI of one to two years. Since the main channel's 
capacity is so large (as noted previously, typically > 4,000 cfs), floods of the magnitude that overtop 
channel banks and spill onto the floodplain are much rarer, occurring on average once every four or 
more years.  

Floodplain inundation is well understood as a key driver of riparian ecosystem structure, function, 
and resilience. At a minimum, surface flows across the floodplain resaturate floodplain substrates, 
raise alluvial water tables, transport nutrients, and provide freshly wetted soils for seedling 
establishment (e.g., Junk et al. 1989; Stromberg et al. 1992; Hupp and Osterkamp 1996; Poff et al. 
1997; Tockner et al. 2000; Stromberg 2001; Stella et al. 2006; Wilcox and Shafroth 2013). Therefore, 
surface flow captured and transported across the floodplain via secondary channels is a key 
component of the river's hydrologic system, more often replenishing nutrients and moisture in areas 
distant from the active channel than larger, less frequent floods (Figure 7).  
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Like Figures 5-6, Figures 7A and B are aerial imagery of Subreaches 1 and 4, respectively. This 
imagery was taken in late March or early April 2010; Gila River streamflow varied during this period 
between about 800 and 1,500 cfs. Surface flow in some floodplain channels is evident, and arrows 
mark the path of divergence to those channels from the main channel. Some approximate distances 
between surface flow on the floodplains and main channel are labeled, and vary from 100 to more 
than 200 m. It is important to note that the spring of 2010 was comparatively a very wet period with 
an extended period of snowmelt runoff. Runoff began mid-January with a brief spike in flow of        
> 7,000 cfs, dropped to less than 300 cfs through February, and then rose again in March to fluctuate 
around 1,000 cfs. The image therefore reflects somewhat saturated floodplain conditions and a useful 
visual demonstration of the small flood magnitudes required for surface flow to occupy floodplain 
channels. 

 
Figure 7A-B. Subreaches 1 and 4, respectively, in late March or early April 2010. Gila River discharge is 
approximately 800-1,500 cfs in the image. Surface flow is present in a number of floodplain secondary channels; 
arrows mark points of flow divergence from the main channel. Imagery courtesy NM Interstate Stream Commission. 

Chapter 7 of this report examines how floodplain geomorphology influences relationships between 
surface flows, alluvial groundwater levels, and the vegetation communities that occupy the 
floodplain. A long-term Gila River and riparian monitoring project was established in 2009 by New 
Mexico Department of Game & Fish and The Nature Conservancy. The original monitoring goals 
were to document baseline conditions and then to collect data annually over the long term sufficient 
to evaluate hydrologic, topographic, and vegetation interactions between the river and its riparian 
corridor. Data from that project form the basis for Chapter 7 of this report, “Groundwater and 
Surface Water Interactions.” The monitoring comprises collection of hydrologic, topographic, and 
vegetation data along 13 permanently monumented Valley-wide transects. Transects were positioned 
to enable monitoring of interactions between the river and its floodplain under a variety of hydrologic 
conditions. Study methods and results are described in detail in Chapter 7.  
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Chapter 5. Evaluation of Hydrologic Impacts to the Gila River 
from the Consumptive Use and Forbearance Act (CUFA) 
Diversion and Climate Change 

Jeanmarie Haney, Steve Bassett, and Dale Lyons, The Nature Conservancy 

Summary 

The Arizona Water Settlements Act (the Act) of 2004 provides New Mexico with terms and funding 
to develop an additional 14,000 acre-feet per year (AF/yr) of water from the upper Gila River in 
exchange for Central Arizona Project water. The New Mexico Consumptive Use and Forbearance 
Agreement (CUFA), ratified by the Act, specifies the Terms of Diversion under which New Mexico 
may divert surface water from the Gila River. In addition to requirements to protect downstream 
water users in Arizona and New Mexico, several other conditions would need to be satisfied before 
water could be diverted from the river. For instance, maximum diversion is capped at 350 cubic feet 
per second (cfs) at any given time and may not exceed 64,000 acre-feet in any given year or 140,000 
acre-feet in any 10-year period. The Nature Conservancy has integrated the CUFA terms of diversion 
into a spreadsheet model, which served as a fundamental component of this analysis. For the 
purposes of this analysis, diversion of water from the Gila River allowable under the Act is referred 
to as “CUFA diversion.” 

The upper Gila River’s natural streamflow regime is characterized by a large degree of variability: 1) 
strong late winter-spring snowmelt runoff signal, with March and April historically having the 
longest duration high streamflows; 2) June and July exhibit the lowest streamflows; 3) August and 
September exhibit the effect of the Southwest summer monsoon: 4) October streamflows show 
response to summer monsoon and dissipating tropical storms transitioning to winter frontal storms 
later in the month; 5) winter frontal storms dominate the weather pattern November through 
February, with streamflow response depending on temperatures that control whether precipitation is 
stored as snow until the spring months or yields earlier snowmelt streamflows periodically through 
the late winter and early spring months. 

To evaluate potential impacts to the streamflow regime based on possible future conditions, four 
streamflow scenarios are examined. All of the streamflow scenarios are applied at the Gila near Gila 
gage (Gila-Gila; USGS #09430500). While the CUFA does not include a minimum bypass 
streamflow requirement downstream of the diversion location, representatives from the New Mexico 
Interstate Stream Commission have stated in public meetings that a streamflow rate of approximately 
150 cfs would need to be maintained at the Gila-Gila gage during CUFA diversions in order to meet 
downstream irrigator requirements. For this reason the first two scenarios evaluated are: Scenario 1) 
CUFA terms of diversion are applied to the observed daily streamflows at the Gila-Gila gage with 
the addition of a 150 cfs minimum bypass flow maintained at the Gila-Gila gage; and 2) CUFA terms 
of diversion are applied to the observed daily streamflows at the Gila-Gila gage with no minimum 
bypass requirement. To evaluate the potential impacts of climate change, the third and fourth 
Scenarios are: 3) projected future daily streamflows at the Gila-Gila gage are generated by 
hydrologic modeling of climate change model results; and 4) the CUFA terms of diversion are 
applied to the projected future daily streamflows at the Gila-Gila gage. It is important to note that 
while the Act and the CUFA terms of diversion would allow for diversion, storage, and later release 
of stored water back to the Gila River, the conditions under which such a release of stored water 
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would occur are not known. For this reason, it was not possible to develop a scenario for this 
possibility. 

Scenario 1: Results from Scenario 1 indicate a 14% reduction in median monthly streamflow for 
April. Also, 75th percentile and maximum streamflows would also be reduced. This analysis shows 
that CUFA diversion would occur most frequently in the spring snowmelt runoff period, with March 
being the month with the highest frequency of diversion (24% of all days). While CUFA diversion 
can take up to 44% of the streamflow in the snowmelt runoff period, it is also significant in the 
monsoon period where up to 30% of the streamflow during this period can be diverted. The 
streamflow range from 400 to 4,000 cfs was chosen as the target for more detailed examination 
because: 1) CUFA diversion would most affect this streamflow range; and 2) streamflows in this 
range access secondary channels where substantial riparian vegetation recruitment and growth 
occurs. Reduction in magnitude of streamflows in the 400 to 4,000 cfs range would range from 7 to 
27%, while reduction in the number of days per year with streamflow between 400 and 4,000 cfs 
would range from 36 to 25%, thus reducing the number and duration of streamflow events of 
sufficient magnitude to access secondary channels. 

Scenario 2: Results indicate up to 74 zero streamflow days at the Gila-Gila gage, where there are no 
zero streamflow days in the observed record. Reductions in median monthly streamflow up to 31% 
would occur for the months December through April, and minimum streamflows, 75th percentile 
streamflows, and maximum streamflows would be reduced. It is not known exactly how zero 
streamflow days at the Gila-Gila gage under this scenario would propagate downstream. It is likely 
that reduced floodplain inundation (Chapter 6, this report) would diminish alluvial groundwater 
recharge. Moreover, groundwater inflows to the river would re-establish streamflow in the channel at 
some distance downstream. Both the reduced recharge and loss of groundwater storage would 
subsequently reduce water available to maintain base streamflow through the summer months. 

Scenario 3: The effects of climate change on future Gila River hydrology were projected by applying 
simulated future climate parameters to a spatially-distributed process hydrology model, which 
generated future daily streamflows at the Gila-Gila gage. Five regional (RCM)-global (GCM) climate 
model combinations were selected to dynamically downscale future climate parameters to the upper 
Gila River Basin. Outputs from the climate models were used to drive the Variable Infiltration 
Capacity (VIC) model to develop a simulated daily streamflow time series (see Chapter 3, this 
report). Of the five models, the UA WRF-MPA and NC CRCM-CGCM3 models performed the best 
at predicting past precipitation events, while the UA-HADCM3 model output was near the average of 
the combined five models. Because these three climate models represented dry, wet, and intermediate 
climate projections (UA WRF-MPI, CRCM-CGCM3, and UA-HADCM3, respectively), they were 
selected to assess impacts to the Gila River from future climate change, with and without CUFA 
diversion. 

Climate change projections indicate an overall drier future with reduced streamflows in most months 
and with the likelihood of more extreme (high streamflow) events. The UA-MPI model projects a 
decrease in future high streamflow days – i.e., overall lower streamflow and fewer extreme high 
(“flood”) streamflows. In contrast, the NC-CC model projects an increase in low streamflow days as 
well as an increase in extreme high streamflow days – i.e., a more extreme streamflow regime. While 
both models indicate reduced monthly median streamflow in March, April, July, and September, UA-
MPI projects a reduction in minimum streamflows and an increase in maximum streamflows, and 
NC-CC projects a decrease in maximum streamflows. Twenty-fifth percentile streamflows are 
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reduced for both models for the months of March, April, May, and July; 75th percentile streamflows 
are reduced for both models for the months of April and July. 

The UA-HADCM3 model projects overall lower average annual streamflow and more extreme high 
flood streamflows in the future modeled period (2041-2070) compared to the historic modeled 
period. The 7-day and 90-day annual maximum streamflows are projected to decrease by 22% and 
13%, respectively. The number of 400-4,000 cfs streamflow events decreases slightly (14%), while 
400-1,000 cfs streamflow events decrease by 19.6% and 1,001-4,000 cfs events increase by 8.1% due 
in part to the increase in extreme flood events. 

Scenario 4: The average annual CUFA diversion would be reduced about 34% according to 
simulated results from the UA-MPI climate model for the years 2041 through 2070, or would be 
increased about 15% based on simulated results from the NC-CC climate model. The difference 
between these results is due largely to the difference in extreme high streamflow events projected by 
the two models. Results from both the UA-MPI and NC-CC climate models indicate that CUFA 
diversion would reduce the magnitude of 1-, 3-, and 7-day maximum streamflows. NC-CC model 
results also indicate that March monthly median streamflow would be reduced 20% by CUFA 
diversion. 

The results for the UA-HADCM3 model indicate that the highest proportion of days and years with 
diversion occur during the snowmelt runoff and fall-winter base flow periods, followed by the 
monsoon period. As a percent of total streamflow diverted, the greatest impact is in the snowmelt 
runoff period. During the fall-winter base streamflow period, the percent of total streamflow diverted 
is as high as 36.1% in November, whereas during the snowmelt runoff period, the percent of total 
streamflow diverted is as high as 41.9% in March. Diversions greater than 20% of monthly 
streamflows primarily occur in the snowmelt runoff and fall-winter base streamflow periods but they 
also occur in the monsoon period (Appendix 14, this report). While the numbers of years when these 
large diversions occur are relatively few for most months, they are relatively frequent during the 
snowmelt runoff period, occurring in 9 out of 19 years (47.4%) that streamflow is diverted. There 
were no significant changes to the median monthly streamflows and minimum streamflows. 
However, the maximum monthly streamflows from January through March, August through October, 
and December, and 3-day, and 7-day, 30-day, and 90-day maximum streamflows were reduced. 

New Mexico CUFA – Terms of Diversion 

The 1968 Colorado River Basin Act provided New Mexico with an18,000 acre-feet per year (AF/yr) 
allocation of Central Arizona Project (CAP) water. The CAP delivers water from the Colorado River 
to users in the Phoenix to Tucson region. It was not feasible to extend the CAP canal to southwest 
New Mexico; hence, provisions were made for New Mexico to take the water from the Gila River in 
exchange for CAP water. Hooker Dam on the Gila River upstream from Mogollon Creek was 
originally proposed as a major component of the CAP to enable New Mexico to store water for its 
CAP allocation. As part of this concept, captured Gila River water would be exchanged for CAP 
water that New Mexico would purchase for downstream users on the Gila River. A 1982 U.S. Bureau 
of Reclamation (BOR) study found that Hooker Dam satisfied no existing need in New Mexico, and 
would create significant environmental impact. As a result, the dam was removed by BOR from 
considerations as part of the CAP. 

The Arizona Water Settlements Act of 2004 (the Act) limited New Mexico’s additional consumptive 
use of water from the Gila River to 14,000 AF/yr and provided provisions for New Mexico to 
develop its CAP allotment from the river (U.S. Congress 2004). The Act provides funding from the 
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Lower Colorado River Basin Development Fund to conduct studies and develop a water supply 
project for southwest New Mexico. The New Mexico Consumptive Use and Forbearance Agreement 
(CUFA), ratified by the Act, details New Mexico’s contractual right to develop and consumptively 
use, in any 10-year period, 140,000 acre-feet of water from the Gila Basin in exchange for Central 
Arizona Project (CAP) water. The CUFA specifies the Terms of Diversion that allow New Mexico to 
divert additional Gila Basin water while protecting downstream water users in Arizona and New 
Mexico. 

The CUFA terms of diversion are complex and are briefly 
summarized here. The amount of water that New Mexico may 
divert on any given day is calculated based on whether the sum 
of streamflows at the Gila River near Gila, New Mexico, gage 
(USGS gage 09430500) and the San Francisco River near 
Clifton, Arizona, gage (USGS gage 09444500) exceeds the 
“bypass” amount, or that amount that must go to downstream 
water users (Table 1). When combined streamflows on a given 
day do not exceed the bypass amount, New Mexico may not 
divert. When combined streamflows exceed the bypass amount, 
the excess is termed the “NM Excess” and the NM Daily 
Diversion Right is the NM Excess times 0.75 for the months of 
May, June, July, August, and September, and times 0.8 for the 
remaining months. In addition, CUFA diversion may not 
exceed 350 cfs at any time, 64,000 acre-feet in any given year, 
or 140,000 acre-feet over any 10-year period. 

The CUFA enumerates numerous additional limitations on diversion including: 

 Additional Arizona rights are specified in 1.2 of Exhibit 2.47 of the CUFA; tied to 
streamflow at Gila River below Blue Creek, near Virden, gage (USGS gage 09432000). 

 Consumptive use from the San Francisco River shall not exceed 4,000 acre-feet per year as 
specified in 1.9.8 of Exhibit 2.47 of the CUFA. 

 Diversion shall not begin in any given year until such time as there is 30,000 acre-feet of 
Stored Water. “Stored Water” is water in San Carlos Reservoir that is available under the 
Globe Equity Decree for release through Coolidge Dam for downstream diversion and use by 
the Gila River Indian Community and the San Carlos Irrigation and Drainage District. This 
amount may be adjusted downward during times of extended drought. 

 There must be sufficient credits in the New Mexico CAP Water Bank. 

The Gila River’s Natural Streamflow Regime 

The Gila River originates in the Gila Mountains of southwest New Mexico, with a maximum 
elevation of 10,700 feet above sea level. Although streamflows are extremely variable from year to 
year, and even from day to day; in examining monthly streamflows for years 1936-2012, certain 
generalizations emerge. Figure 1 shows the difference in mean (average) and median (50th percentile) 
monthly streamflows, which reflects the variable nature and “flashiness” of streamflow that is typical 
of rivers in the southwestern U.S. The hydrograph (Figure 1) exhibits the four seasons of 
precipitation – February through May is dominated by snowmelt runoff, June and July exhibit the 
lowest streamflows of the year, August through October show response to the North American 
monsoon and tropical storm season, and November through January show relatively constant base 
streamflow with occasional high streamflow events. These seasons roughly correspond to the four 

Table 1. Bypass required by 
CUFA Exhibit 2.47 Section 1.1.1 
Month Bypass (cfs) 
Jan 82.5 
Feb 1–13 137.5 
Feb 14–28/29 215 
Mar 292.5 
Apr 432.5 
May 437.5 
Jun 442.5 
Jul 442.5 
Aug 442.5 
Sep 442.5 
Oct 267.5 
Nov 152.5 
Dec 75.5 
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seasonal periods described in Chapter 2 of this report; for additional information on Gila River 
streamflow see Chapter 2. 

 
Figure 1. Monthly mean and median streamflows and seasonal distribution of streamflows. The Gila River 
exhibits four streamflow seasons – spring snowmelt runoff, early summer dry season, late summer-early fall 
monsoon season, and winter moderately dry seasons. 

Streamflow Scenarios 

To evaluate potential impacts to the streamflow regime based on a range of possible future 
conditions, four streamflow scenarios were examined. This range of scenarios was thought to 
encompass the uncertainties associated with how a diversion would be operated in accordance with 
the complex CUFA Terms of Diversion, as well as uncertainties inherent with climate change 
projections. The four scenarios are: 

1. CUFA Diversion with 150 cfs Gila Minimum Bypass Flow. CUFA Terms of Diversion are 
applied to the observed daily streamflows at the Gila-Gila gage; a minimum bypass of 150 
cfs is maintained at the gage when diversion occurs. The terms for diversion on any given 
day rely on summation of streamflow at the Gila-Gila gage and the San Francisco River near 
Clifton gage. Thus, on days with substantial water in the San Francisco River but little water 
in the Gila River, all water in the Gila River could be diverted. The New Mexico Interstate 
Stream Commission (ISC) staff have stated in public meetings that if a diversion project were 
built, a minimum bypass streamflow of approximately 150 cfs would be maintained in the 
Gila River at the Gila-Gila gage in order to meet downstream irrigation requirements. 
 

2. CUFA Diversion with No Gila Minimum Bypass Flow. CUFA Terms of Diversion are 
applied to the observed daily streamflows at the Gila-Gila gage. This scenario was included 
because the CUFA terms do not require a minimum bypass directly downstream of the 
diversion. Under this scenario, diversion of the entire streamflow would likely leave the 
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channel dry for a least some portion of the river until irrigation and groundwater returns re-
wet the channel. 
 

3. Climate Change. Outputs from the five climate models were used to drive the Variable 
Infiltration Capacity (VIC) model to develop a simulated daily streamflow time series for 
each of the five climate models (see Chapter 3, this report). Although using a multi-model 
mean daily streamflow from the VIC output was initially considered, it was decided that this 
data removed too much hydrologic variability. Thus, the daily streamflow time series from 
three individual models were analyzed to represent the range and variability in results. Past 
(1971-2000) and future (2041-2070) model time periods are compared to provide an 
examination of the potential change in streamflows due to climate change. 
 

4. Climate Change with Diversion. Assuming a 150 cfs minimum bypass, the CUFA terms of 
diversion were applied to the VIC-simulated daily streamflows (2041-2070) for the three 
climate models. The daily and annual diversion volumes were computed for each climate 
model projection and the pre- and post-diversion simulated daily streamflow time series were 
compared. 

Analysis of Streamflow Scenarios 

Methods 

Scenario 1 and Scenario 2 
The terms of diversion were quantified in an Excel spreadsheet, hereafter referred to as the CUFA 
diversion model, developed by The Nature Conservancy in 2013 with input from the Interstate 
Stream Commission (Appendix 2, this report). The CUFA diversion model was used to calculate the 
daily diversion volume based on observed daily mean streamflow data (Water Year 1937-2012) at 
the Gila-Gila gage (USGS #09430500), from which an altered hydrograph was developed. The 
natural and altered streamflow regimes were compared using Indicators of Hydrologic Alteration 
(IHA), a computer program developed by The Nature Conservancy for calculating the characteristics 
of natural and altered streamflow regimes (The Nature Conservancy 2005; Richter 1996). 

Hydrologic parameters examined by IHA fall into five groups: magnitude of monthly streamflows; 
magnitude and duration of annual extreme water conditions (i.e., peak and low streamflows); timing 
of annual extreme water conditions; frequency and duration of high and low pulses; and rate and 
frequency of changes from one streamflow condition to another. A day is classified as a pulse if it is 
greater than or less than a specified threshold that can be set by the user, thus serving as a means of 
obtaining additional delineation in the streamflow analysis. 

Not only is it essential to maintain adequate streamflows during low streamflow periods, but higher 
streamflows and floods and also extreme low streamflow conditions also perform important 
ecological functions (Shafroth and Beauchamp 2006; Richter et al. 1997). In addition to statistical 
analyses using IHA, frequency analysis was conducted using a Weibull distribution (probability = 
m/(n + 1), where m = rank, n = number of years; return period Tr = 1/probability). Frequency 
analysis allows examination of the entire spectrum of streamflow values. The magnitude of observed 
streamflows at specific probabilities were then compared to the magnitude under a CUFA diversion 
scenario (Scenario 1) and percent decrease in post-diversion discharge compared to natural discharge 
was calculated. Based on these results, the target streamflow range that would be most impacted by 
CUFA diversion was identified. In addition, summary statistics were calculated comparing observed 
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historical flows with the CUFA diversion–altered hydrograph to characterize the frequency of 
diversion by month and season and its impacts on streamflow. 

Scenario 3 
The effects of climate change on future Gila River hydrology were estimated by applying simulated 
future climate to a spatially-distributed process hydrology model, and estimating future streamflows. 
The details of climate model selection and hydrological modeling are presented in Chapter 3 of this 
report and briefly summarized here. 

Five regional (RCM)-global (GCM) climate model combinations were selected to dynamically 
downscale future climate parameters to the upper Gila River Basin. Dynamical downscaling allowed 
for calculations at daily time-steps, as well as greater faithfulness to key phenomena for the 
Southwest, such as the El Niño-Southern Oscillation, a key factor in year-to-year variability of winter 
half-year precipitation, and the North American Monsoon. The projections from two of the models 
assumed a medium-high greenhouse gas emissions scenario (A1b; Nakicenovic and Swart 2000), and 
three others assumed a high greenhouse gas emissions scenario (A2). Simulations encompassed two 
discrete time periods, past (1971-2000) and future (2041-2070), due to the constraints of the source 
of three of the models, from the North American Regional Climate Change Applications Project 
(NARCCAP; Mearns et al. 2007, updated 2012). 

Outputs from the climate models provided daily input parameters (temperature, precipitation, wind) 
to the Variable Infiltration Capacity (VIC) model (Liang et al. 1994), which was used to simulate 
historic and future daily streamflows for the two aforementioned time periods. 

The VIC model was calibrated, with overlapping simulated and observed data for 1971-2000, using 
the Kling-Gupta Efficiency (KGE) parameter (Gupta et al. 2009; Wöhling et al. 2013), as an 
objective measure of skill between modeled and observed streamflows. Using KGE, skill is judged 
by the degree to which simulated streamflows show improvement over using the observed average 
streamflows as an estimate. The KGE ranges from minus infinity to one, where values above zero 
have some amount of skill. A model that simulates observations perfectly has a value of one. Prior to 
model calibration, the Gila near Gila, Gila near Virden, and San Francisco at Clifton sub-basins had 
daily KGE values of -0.53, -0.35, and -0.75, respectively (these values correspond to the subplots in 
the upper row of Figure 13, Chapter 3). After model calibration, the Gila near Gila, Gila near Virden, 
and San Francisco at Clifton sub-basins had daily KGE values of 0.60, 0.59 and 0.55, respectively. 
The calibration reduced error introduced by the model, and increased confidence in model estimates 
of historic and future streamflows. 

Four of the five RCM-GCM model combinations project reduced future upper Gila River Basin 
streamflow, in our comparisons of 2041-2070 with 1971-2000; only one model, the CRCM-CGCM3, 
projects increased streamflow. For the Gila near Gila, the five-model weighted average projects a 6% 
decrease in streamflow (with a 15% decrease in the median); for the Gila near Virden, the weighted 
average projects an 8% decrease (15% median decrease); and for the San Francisco at Clifton, the 
five-model weighted average projects an 11% decrease (19% median decrease). The five-model 
weighted average also projects earlier timing of snowmelt runoff for the Gila near Gila and Gila near 
Virden. The models project that the magnitude of future low streamflows will get even lower, and 
that the magnitude of very high streamflows will get even higher, even as the average streamflow is 
projected to decrease. Of the five models, the UA WRF-MPI and NC CRCM-CGCM3 models 
performed the best at predicting past (observed) precipitation. 
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Three climate models, the NARCCAP-CRCM-CGCM3 (NC-CC), UA-WRF-MPI (UA-MPI), and 
the UA-HADCM3, were selected to generate IHA analyses and assess impacts to the Gila River’s 
streamflow regime from future climate change. The first two models were selected to show a range 
of potential impacts to upper Gila River streamflows, whereas the UA-HADCM3 model output was 
near the average of the combined five models. In particular, the UA-MPI projects a drier future with 
fewer high precipitation extremes, whereas the NC-CC, the only model to project a wetter future, 
shows an increase in high precipitation extremes. UA-MPI projects a decrease in future high 
streamflow days (i.e., overall lower streamflow and fewer extreme high flood streamflows). NC-CC 
projects an increase in low streamflow days as well as an increase in extreme high streamflow days 
(i.e., a more extreme streamflow regime). 

Scenario 4 
To assess the impact of CUFA diversion with a 150 cfs minimum bypass under future climate 
conditions, the output for the future time periods from the three climate models (NC-CC, UA-
HADCM3, and UA-MPI) were entered into the CUFA diversion spreadsheet to develop daily 
diversion and altered streamflow regimes for future periods under the three climate change 
projections. San Carlos storage was modeled for each climate projection using a multiple regression 
analysis of historically observed conditions. The regression equation modeled the daily change in 
reservoir storage using daily mean streamflow at three stream gages and the outflow from San Carlos 
reservoir from 1949-2010. The equation is: 

C = G(-1.82) + V(2.53) + S(2.23) + O(-1.61) - 170.39 

where, 

C = tomorrow’s change in San Carlos storage (acre-feet) 
G = today’s mean streamflow at Gila River near Gila, NM (USGS 09430500) in cfs 
V = today’s mean streamflow at Gila River below Blue Creek, Near Virden, NM (USGS 
09432000) in cfs 
S = today’s mean streamflow at San Francisco River at Clifton, AZ (USGS 09444500) in cfs 
O = today’s mean streamflow at Gila River below Coolidge Dam, AZ (USGS 09469500 ) in 
cfs 

The R2 value for the regression was 0.67 and the correlation coefficient was 0.82. 

For each of the three climate projections, VIC modeled streamflow for each gage was used. San 
Carlos outflow was not modeled with VIC; instead, the average outflow for each ordinal day for the 
entire historic period of record was used to approximate the daily outflow from the reservoir (USGS 
Gage 09469500, 10/01/1936 through 5/13/2013). For each day, the modeled daily change in San 
Carlos storage was added to the previous day’s storage. The median December 1 storage in San 
Carlos Reservoir was used to initialize storage for each climate projection. Additionally any negative 
storage estimates were set to zero (Figure 2). 
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Figure 2. Observed and modeled San Carlos storage. Modeled storage has only 2.6% fewer days below the 
30,000 acre-foot diversion threshold, as compared to observed record. 
 
Results 

Scenario 1: CUFA Diversion with 150 cfs Gila Minimum Bypass Streamflow 
IHA streamflow components that changed more than 10 percent are summarized below. 

 Median streamflow: Reduced in March (14%) 
 75th percentile streamflows: Reduced in Feb, Mar, and Apr (34, 26, and 33% respectively). 
 Maximum streamflows: Reduced in Feb, Mar, Apr, and Sep (29, 10, 10, and 19%, 

respectively). 
 Maximum streamflows: Reduced 7-, 30-, and 90-day (12, 14, 14%, respectively). 

 
Under this scenario, diversion would occur chiefly in late winter-spring snowmelt runoff season 
during years when sufficient water would be available to meet the CUFA bypass parameters and 
other terms. As compared to pre-diversion monthly median streamflow, CUFA diversion would 
reduce median streamflow by 14% in March. Reduction in the 75th percentile streamflows in 
February, March, and April occurs because the 350 cfs maximum daily diversion would reduce 
streamflows in that range, moving these streamflows to a lower magnitude category. As illustrated in 
Figure 3, the general impact of the CUFA diversion is to remove some of the variability that 
currently exists in flood magnitudes. From an ecological standpoint, it is necessary to understand the 
impacts to timing (seasonality) and identify the range of streamflows that would be most impacted by 
the proposed diversion. 

The CUFA terms specify a 350 cfs limit on the amount of water that could be diverted at any given 
time; thus, reduction in high streamflows would be proportionally small. Streamflow duration curves 
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were constructed to examine the impact of CUFA diversion across the full range of streamflows 
(Figure 3). The panel on the left indicates that moderately high streamflows, but not the highest 
streamflows, would be impacted by diversion. The panel on the right indicates that streamflows in 
the range that are likely to be exceeded about 1 to 22% of the time would be most impacted by 
diversion. The streamflows lower in magnitude than 150 cfs would not be affected by a diversion that 
specifies a 150 minimum bypass flow in the Gila River. Streamflows larger than 150 cfs would be 
impacted by diversion, with diminishing measureable impact as streamflow increases above about 
4,000 cfs. Specifically, streamflows that occur less frequently than about 0.1% of the time are of 
large enough magnitude that a 350 cfs maximum diversion would have little relative effect. 

 
 

Figure 3. Streamflow duration curves showing change in the pre-diversion (Gila-Gila) and post-diversion 
(Gila150) streamflow conditions. 
 
 

 
Figure 4. Annual discharge in acre-feet with (blue) and without diversion (red) under Scenario 1 for the 76-
year historic period (1/1/1937 to 12/31/2012). 
 
Figure 4 shows annual flow volumes with and without diversion for the historic record. On an annual 
basis, years with no diversion and years with up to 10% of the annual flow volume diverted occur 
relatively frequently. However, diversion of more than 20% of the annual streamflow volume is not 
infrequent, occurring in 10 out of the 76 years in the streamflow record (Figure 5). 
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Figure 5. Frequency distribution of the number of years that annual discharge was reduced by different 
percentage amounts under Scenario 1 for the 76-year historic period (1/1/1937 to 12/31/2012). Values above 
the bars represent the percentage of years that fall within each annual diversion category. 
 
Diversion can occur in all months and seasonal blocks, but most diversion occurs in January, 
February, March, and April. During these months, diversion occurs in 19 to 33 years (25% to 43.4% 
of years) and generally less frequently in other months, with the exception of August (26.3% of 
years). As a percent of all diversion days over the course of a year, the majority of diversion days 
would occur in the snowmelt runoff months of February, March, and April (19, 24.9, and 15.5%, 
respectively). While CUFA diversion can be up to 58.6% (April) of total streamflow during the 
snowmelt runoff period, the proportion of streamflow diverted in the monsoon period is also 
relatively high (up to 32.1% in August) (Table 2). 
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Table 2. Number of diversion days and percent of total diversion days by month and for two seasons, 
Snowmelt Runoff and Monsoon, under Scenario 1, CUFA diversion with a 150 cfs minimum bypass.  
 

Month 
No. of 

Diversion 
Days 

% 
Diversion 

Days 

No. Years 
w/ 

Diversion 

% of 
Years w/ 
Diversion 

Median % 
Monthly 

Streamflow 
Div. 

Min., % 
Monthly 

Streamflow 
Div. 

Max., % 
Monthly 

Streamflow 
Div. 

Jan 351 15.6 20 26.3 24.5 1.0 42.8 
Feb 427 19.0 28 36.8 16.4 5.8 20.2 
Mar 561 24.9 33 43.4 20.7 0.3 55.7 
Apr 348 15.5 19 25.0 34.2 0.3 58.6 
May 47 2.1 5 6.6 15.8 1.5 18.8 
Jun 2 0.1 1 1.3 5.4 5.4 5.4 
Jul 7 0.3 3 3.9 6.8 6.3 7.9 
Aug 114 5.1 20 26.3 8.9 0.2 32.1 
Sept 79 3.5 15 19.7 13.3 0.5 28.2 
Oct 42 1.9 9 11.8 1.9 0.6 23.5 
Nov 60 2.7 7 9.2 11.0 0.2 47.6 
Dec 212 9.4 17 22.4 16.5 3.8 33.1 

TOTAL 2,250       

Season 
No. Years 

w/ 
Diversion 

% of 
Years w/ 
Diversion 

Median % 
Seasonal 

Streamflow 
Div. 

Min., % 
Seasonal 

Streamflow 
Div. 

Max., % 
Seasonal 

Streamflow 
Div. 

Snowmelt Runoff (Feb-May) 37 49.3 14.8 0.3 43.6 
Monsoon (Aug-Sept) 29 38.3 5.6 0.1 30.2 
 
Natural streamflows in the 150 to 4,000 cfs range would see the largest percentage decrease in the 
magnitude of post-diversion streamflow compared to pre-diversion streamflow (Figure 6). Within 
this range of streamflows most likely to be impacted (150 to 4,000 cfs), a target streamflow range of 
400 to 4,000 cfs was selected for more detailed analysis. This target streamflow range was selected 
because it is most likely to show measureable impact from diversion and because of the ecological 
consequences of that effect. One important ecological function that streamflows in this range provide 
is to water secondary channels where riparian vegetation recruitment occurs. In addition to preparing 
seed beds for recruitment and maintaining established riparian vegetation, streamflows through 
secondary channels deliver considerable nutrients and organic materials to the main channel, 
benefitting native fish and other aquatic organisms. Reduction in magnitude of natural streamflow in 
the 400 to 4,000 cfs range would range from 7 to 27%. 

Examination of the annual historic hydrographs shows considerable year-to-year variation (Appendix 
3, this report). This variability is obscured when years are averaged. Both wet and dry years occurred 
in the recent decade (2002-2012). It is useful to examine the impacts of CUFA diversion on 
individual years to understand how diversion impacts would differ under different streamflow 
conditions. The amount of annual diversion for this period of time ranged from 0 to 44,660 acre-feet. 
In years when snowmelt runoff occurred (2004, 2005, 2008, 2010), the recession limb was affected. 
In some years (2006), flow pulses only occurred in the fall; this is when diversion occurred. In dry 
years like 2002, the single flow pulse of nearly 1,000 cfs was decreased by 350 cfs. When these small 
or moderate flow pulses are diverted, flows will no longer occupy secondary channels, with 
corresponding impacts on groundwater (Chapter 7, this report). 
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Figure 6. Frequency distribution showing percent decrease in natural streamflows for Scenario 1. Alteration 
of natural streamflows would peak at about 400 cfs, with a percent decrease of about 26%. 
 
The number of days that streamflows in the 400 to 4,000 cfs range would occur for the undiverted 
and diverted conditions, based on the observed daily discharge record at the Gila near Gila gage, is 
shown in Figure 7, categorized by streamflows in the 400 to 1,000 and 1,001 to 4,000 cfs range. 
CUFA diversion would shift streamflows out of these categories by decreasing flow magnitudes on 
diversion days by up to 350 cfs. There would be a 36% decrease and a 25% decrease, respectively, in 
the number of days in the 400-1,000 and 1,001-4,000 cfs ranges. 

 
Figure 7. Change in number of days in the target streamflow range in Scenario 1, CUFA diversion with 150 
cfs minimum bypass. Undiverted streamflows have a total of 2,049 days in the target range. Diverted streamflows 
would have a total of 1,364 days in the target range. 
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Under Scenario 1, CUFA diversion would reduce the number and percentage of days that flows fall 
within the target range to the greatest extent during the snowmelt runoff period, and less so during 
the winter and monsoon periods, respectively (Figure 8). 
 

 
Figure 8. Number of days with flows in the 400 to 4,000 cfs range with and without CUFA diversion in 
Scenario 1. The percentage difference in the number of days in the target range between natural and CUFA-altered 
flows is shown in red; this analysis was conducted using the 76-year mean daily streamflow record (1/1/1937 to 
12/31/2012). 

Scenario 2: CUFA Diversion with No Gila Minimum Bypass Streamflow 
IHA streamflow components that changed 10 percent or more are summarized below. 

 Zero streamflow days: Large increase (from 0 to a maximum of 74 days in a year) 
 Median streamflow: Reduced in Jan, Feb, Mar, Apr, and Dec (18, 13, 30, 17, and 20% 

respectively) 
 Minimum streamflows: Reduced 1-, 3-, 7-, 30-day streamflows (96, 50, 28, and19% 

respectively) 
 Maximum streamflow: Reduced 7-, 30-, and 90-day streamflows (12, 10, and 18% 

respectively) 
 25th percentile streamflows: Reduced in Jan and Dec (51 and 55% respectively) 
 75th percentile streamflows: Reduced in Jan, Feb, Mar, Apr, Nov, and Dec (20, 32, 15, 36, 15, 

and 31% respectively). 
 Maximum streamflows: Reduced in Jan, Feb, and Sep (14, 29, and 19% respectively). 

If a minimum bypass on diversion days is not maintained in the Gila River, median monthly 
streamflows would be reduced for all months except May, June, September, and October (Figure 9). 
The number of days without streamflow would change dramatically, from zero days with no 
streamflow in the 75-year observed record at the Gila near Gila gage to 38 years exhibiting from 1 to 
74 days with no streamflow (Figure 10). It is not known exactly how zero streamflow days at the 
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Gila-Gila gage under this scenario would propagate downstream. It is likely that reduced floodplain 
inundation (Chapter 6, this report) would diminish alluvial groundwater recharge. Moreover, 
groundwater inflows to the river would re-establish streamflow in the channel at some distance 
downstream. Both the reduced recharge and loss of groundwater storage would subsequently reduce 
water available to maintain base streamflow through the summer months. However, regardless of the 
extent of diversion impacts downstream, the consequence of zero streamflow days on the Gila is 
obvious, especially to fish and other aquatic organisms. Thus, no additional analysis of this scenario 
was conducted. 

 

Figure 9. Change in monthly median streamflow for Scenario 2: no minimum bypass flow. The majority of 
water would be diverted in March; however, April would see appreciable diversion and some level of diversion 
would occur in all months except May and June. The associated table summarizes the percent change in median 
streamflow rate by month between the observed and CUFA-altered flows. 
 

 
Figure 10. Number of zero streamflow days per year for Scenario 2. There are no years with zero streamflow 
days in the observed period of record and 38 years with at least one zero streamflow day (up to a maximum of 74 
days) under Scenario 2, CUFA diversion with no minimum flow bypass.   
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Scenario 3: Climate Change 
The major characteristics of future climate projected by NC-CC that are salient to future streamflow 
in the upper Gila River Basin include: 1) decreases in precipitation in all three sub-basins, except for 
at the highest elevations in the Gila-Gila and Gila-Virden Basins; 2) increases in extreme high 
precipitation (the top 1% of precipitation events) in all but the lowest elevations; and 3) increases in 
maximum and minimum temperatures at all elevations in all three sub-basins. Raw modeled NC-CC 
projected streamflow, before processing simulated past and future streamflow using the IHA, shows 
the following characteristics: 1) increased future streamflow (9-21% higher; see Table 8 in Chapter 3 
of this report), large decreases in the magnitude of future very low streamflows, and large increases 
in magnitude of very high streamflows in all three sub-basins; 2) decreases in the magnitude of very 
low streamflows, except in the Gila-Virden sub-basin in February; 3) increased magnitude of very 
high streamflows in all three sub-basins in February; 4) decreased magnitude of low streamflows in 
all three sub-basins and increased magnitude of very high streamflows in all three sub-basins, in 
March; 5) decreased magnitude of very low streamflows in all three sub-basins, in April; and 6) 
increased magnitude of very high streamflows in all three sub-basins, with very large increases of the 
magnitude of very high streamflows in the Gila-Virden and San Francisco-Clifton sub-basins, in 
April. 

The characteristics of future climate projected by UA-MPI that are salient to future streamflow in the 
upper Gila River Basin include: 1) decreased future precipitation in all three sub-basins of the upper 
Gila; 2) decreases in extreme precipitation at all elevations; and 3) increases in maximum and 
minimum temperatures at all elevations in all three sub-basins. Raw modeled UA-MPI projected 
streamflow, before processing simulated past and future streamflow using the IHA, shows the 
following characteristics: 1) decreased future streamflow (23-32% lower; see Table 8 in Chapter 3 of 
this report), large decreases in the magnitude of future very high streamflows in all three sub-basins; 
2) decreased magnitude of very low streamflows and decreased magnitude of very high streamflows 
in February; 3) increased magnitude of very low streamflows and decreased magnitude of very high 
streamflows in March (except for magnitude of high streamflows for Gila near Gila); and 4) 
decreased magnitude of very low streamflows in all three sub-basins and increased magnitude of 
very high streamflows for San Francisco River at Clifton, in April. 

The characteristics of future climate projected by WRF-HADCM3 that are salient to future 
streamflow in the upper Gila River Basin include: 1) decreases in annual average precipitation in all 
seasons and in all three sub-basins, except for at the lowest elevations in the Gila-Virden and San 
Francisco-Clifton sub-basins; 2) increases in extreme high precipitation (the top 1% of precipitation 
events) in the highest elevations in the Gila-Gila and Gila-Virden sub-basins; 3) increases in 
maximum and minimum temperatures at all elevations in all three sub-basins. Raw modeled WRF-
HADCM3–projected streamflow, before processing simulated past and future streamflow using IHA, 
shows the following characteristics: 1) decreased future streamflow (9-12% lower; see Table 8 in 
Chapter 3 of this report); 2) decreases in the magnitude of future low- and medium-range 
streamflows; and 3) slight increases in magnitude of very high streamflows in all three sub-basins. 
The WRF-HADCM3 annual average streamflow projections show a decreasing trend in streamflow, 
during the course of the 21st century. For individual monthly streamflows, the WRF-HADCM3 
streamflow projections show: 1) increases in the magnitude of February low and very streamflows; 
2) decreased magnitude of most March streamflows, with sharp decreases in mid-range streamflows, 
but increases in March high streamflows; and 3) decreases in the magnitudes of all but the very 
lowest and very highest streamflows in April. April mid-to-high-range streamflows (60th-90th 
percentile) show an approximately 60-75% decrease in volume. 
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To put the aforementioned changes in perspective, we compare them with the following changes to 
the five-model weighted mean projections: 1) decreased precipitation in all sub-basins, particularly in 
late-winter, spring, and summer; 2) earlier timing of snowmelt runoff in Gila-Gila and Gila-Virden 
basins, with overall lower streamflow in all three sub-basins; 3) decreased magnitudes of all but the 
very highest streamflows in all three sub-basins; 4) decreased magnitude of low streamflows and 
increased magnitude of high streamflows in February; 5) decreased magnitudes of most streamflows, 
with increased magnitudes of the lowest low streamflows and very increased magnitudes of the 
highest high streamflows in the Gila-Gila and Gila-Virden sub-basins, in March; and 6) decreased 
magnitudes throughout the spectrum of streamflows in April. In summary, UA-MPI projects much 
lower than weighted average streamflows, especially the low streamflows, and generally lacks 
increased future high streamflows, whereas the NC-CC projects much higher than weighted average 
streamflows, with very high increases in the magnitudes of very high streamflows. 

IHA was used to compare simulated daily streamflows for the past (1970-2000) and future (2040-
2070) model periods for three of the five climate models (NC-CC, UA-MPI, and UA-HADCM3). 
See Chapter 3 of this report for additional information on climate modeling and VIC daily 
streamflow output for all five climate models. IHA streamflow components that changed more than 
10 percent are summarized below. 

NC-CC Model 
 Monthly median streamflow: Reduced in Mar, Apr, Jul, Aug, and Sep (15, 22, 34, 30, and 

20% respectively); Increased in Jan and Feb (27 and 29% respectively). 
 Minimum streamflows: Reduced 1-, 3-, 7-, 30-, and 90-day streamflows (18, 16, 17, 16, and 

19% respectively). 
 Maximum streamflows: Increased 1-, 3-, 7-, 30-, and 90-day streamflows (98, 88, 75, 50, and 

42% respectively). 
 25th percentile streamflows: Reduced in Jan, Mar, Apr, May, Jul, Aug, Oct (19, 22, 23, 19, 

17, 25, 13% respectively); Increased in Feb (19%). 
 75th percentile streamflows: Reduced in Apr, Jul, Aug, Sep, Nov (19, 32, 35, 11, 22% 

respectively); Increased in Jan, Feb, Nov (50, 79, 32%). 
 

UA-MPI Model 
 Monthly median streamflow: Reduced in Jan, Feb, Mar, Apr, May, Jul, Sep, Nov (13, 24, 32, 

21, 18, 17, 19% respectively). 
 Minimum streamflows: No changes over 10%. 
 Maximum streamflows: Reduced 1-, 3-, and 7-day streamflows (11, 15, 11% respectively). 
 25th percentile streamflows: Reduced in Feb, Mar, Apr, May, Jul, Nov (23, 24, 20, 12, 24, 

13% respectively); Increased in Jan and Oct (32 and 28% respectively). 
 75th percentile streamflows: Reduced in Apr and Jul (20 and 18% respectively); Increased in 

Jan, May, Jun, and Dec (54, 14, 26, 31% respectively). 
 

UA-HADCM3 Model 
 Median monthly streamflow: Reduced in Jan, Feb, Mar, Apr, May, Nov and Dec (20, 32, 40, 

76, 28, 22, and 50%, respectively); Increased in Sep (12%). 
 Maximum monthly streamflows decreased in Jan, Feb, Apr, Jun, Aug, Oct, Nov, and Dec 

(58, 41, 62, 27, 11, 64, 51, and 31%, respectively) and increased in Mar and Sep (81% and 
31%, respectively). 

 Maximum streamflows: Reduced 7- and 90-day streamflows (22 and 13%, respectively). 
 Days with streamflow in the 400 to 1,000 cfs ranges: 19.6% reduction. 
 Days with streamflow in the 1,000 to 4,000 cfs range: 8% increase. 
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Simulated monthly median streamflows for the past and future period for the NC-CC and UA-MPI 
models are shown in Figure 11 and Figure 12. Examination of the graphs indicates somewhat 
different outcomes for the two climate models. The NC-CC model (Figure 11) indicates an earlier 
shift in spring snowmelt from March to February in the future period. There is also a reduction in 
magnitude of July through October median streamflows. The UA-MPI model (Figure 12) indicates a 
slight reduction in March streamflow from the past period to the future period and reduced 
streamflow the remainder of the year; a seasonal shift in snowmelt runoff is not apparent based on 
examination of median streamflows. 

 

Figure 11. Simulated monthly median streamflows for the past and future time periods projected by the NC-
CC climate model. The results indicate a shift to earlier spring runoff and smaller streamflows for most months. 
The associated table summarizes the percent change in median streamflow rate by month between the historical and 
projected periods. 

 

 

Figure 12. Simulated monthly median streamflows for the past and future time periods projected by the UA-
MPI climate model. The results indicate a slightly lower volume of streamflow in most months. The associated 
table summarizes the percent change in median streamflow rate by month between the historical and projected 
periods. 
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Compare Simulated Flow - Past and Future Model Periods 
NC-CC Climate Model 

Past Period (1971-2000) Future Period (2041-2070)

% Change

Jan 27.08

Feb 28.79

Mar -15.27

Apr -21.76

May -7.89

Jun -6.40

Jul -33.86

Aug -30.00

Sep -20.00

Oct -6.36

Nov 9.29

Dec -0.94
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Compare Simulated Flow - Past and Future Model Periods 
UA-MPI Climate Model 

Past Period (1971-2000) Future Period 2041-2070)

% Change

Jan -12.78

Feb -24.24

Mar -31.60

Apr -20.30

May -20.83

Jun -7.32

Jul -18.34

Aug -2.87

Sep -16.93

Oct -5.88

Nov -19.40

Dec -2.78
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Simulated monthly median streamflows for the past and future period for the UA-HADCM3 model is 
shown in Figure 13. Also, a comparison of the number of days with streamflow in the 400 to 4,000 
cfs range for the past and future period using the UA-HADCM3 climate model is shown in Figure 
14. 

 
Figure 13. Simulated monthly median streamflows for the past and future time periods projected by the UA-
HADCM3 climate model. The results indicate a slightly lower volume of streamflow in most months. The 
associated table summarizes the percent change in median streamflow rate by month between the historical and 
projected periods. 
 
Figure 14 illustrates the change in the number of days with streamflow in the 400 to 1,000 cfs range 
and 1,001 to 4,000 cfs range between the historic and future period projected by UA-HADCM3. The 
number of days with streamflow in the 400-1,000 cfs range decreased by 19.6%, whereas days with 
streamflow in the 1,001-4,000 cfs range increased by 8.1%. 

 
Figure 14. Comparison of the number of days with streamflow in the 400-4,000 cfs range between the historic 
and future modeled periods for UA-HADCM3. 
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Compare Simulated Flow - Past and Future Model Periods 
UA-HADCM3 Model 
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% Change

Jan -16.43

Feb -24.07

Mar 3.95

Apr -43.23

May -23.47

Jun 1.96

Jul -7.13

Aug 1.13

Sep 13.80

Oct -8.08

Nov -18.36

Dec -32.84

148 160 

685 
554 

0

100

200

300

400

500

600

700

800

900

UA-HADCM3 (1971-2000) UA-HADCM3 (20041-2070)

N
u

m
b

e
r 

o
f 

D
ay

s 
(4

0
0

-4
,0

0
0

 c
fs

) 

400-1000

1001-4000



 

114 
 

Scenario 4: Climate Change with Diversion 
A summary of average annual diversion for the past and future simulated periods for the two climate 
models is provided in Table 3, along with a comparison to the simulated diversion for the observed 
period of record at the Gila near Gila gage. 

Table 3. Average Annual Diversion With and Without Climate Change. 

 Average Annual Diversion (AF) 
 UAMPI NCCC Gage data 
Past period (1971–2000) 10,086 10,637 ---- 
Future period (2041–2070) 6,616 12,276 ---- 
Observed period (1937–2012) ---- ---- 11,800 

 

IHA was used to compare simulated daily streamflows for the future (2040-2070) model period for 
the three climate models (NC-CC, UA-MPI and UA-HADCM3) without and with CUFA diversion. 
See Chapter 3 of this report for additional information on climate modeling and VIC daily 
streamflow output. IHA streamflow components that changed more than 10 percent are summarized 
below. 
 
NC-CC Model 

 Monthly median streamflow: Reduced in February and March (9% and 3%, respectively). 
 Minimum streamflows: Slight increase (all by less than 10%). 
 Maximum streamflows: Reduced 1-, 3-, 7-, 30-, and 90-day streamflows (13, 15, 12, 18, and 

14% respectively). 
 25th percentile streamflows: Increased Feb, Mar, Apr (18, 11, and 9% respectively); Reduced 

Nov (11%). 
 75th percentile streamflows: Reduced Jan, Feb, Mar (20, 33, and 24% respectively); Increased 

Jun (10%). 
 
UA-MPI Model 

 Monthly median streamflow: Changes are all less than 3%. 
 Minimum streamflows: No changes. 
 Maximum streamflows: Reduced 1-, 3-, 7-day streamflows (20, 13, 14% respectively). 
 25th percentile streamflows: Changes all less than 3.5%. 
 75th percentile streamflows: Changes all less than 5.5%. 

 
UA-HADCM3 Model 

 Monthly median streamflow: Changes are all less than 3%. 
 Minimum streamflows: No changes. 
 Maximum streamflows: Reduced in Jan, Feb, Mar, Aug, Sep, Oct, and Dec (30, 45, 38, 15, 

22, 3, and 7%, respectively). 
 Maximum streamflows: Reduced 1-, 3-, 7-, 30- and 90-day streamflows (6, 14, 8, 8, and 

12%, respectively). 
 
Diversion under an NC-CC-simulated future would result in reduced median streamflow in February 
and March. The NC-CC-simulated future shifts peak spring runoff from March to February; hence, 
the impact from CUFA diversion would be larger in February and March rather than spread across 
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February through April as simulated for the observed streamflow record. In the UA-MPI-simulated 
future, extreme events are more common, and simulated CUFA diversion occurs largely during those 
extreme events. 

The results for the UA-HADCM3 model indicate that the highest proportion of days and years with 
diversion occur during the spring snowmelt runoff and fall-winter base streamflow periods followed 
by the monsoon-early fall period. As a percent of total streamflow diverted, the greatest impact is in 
the snowmelt runoff period. During the fall-winter base streamflow period, the percent of total 
streamflow diverted is as high as 36.1% in November, whereas during the snowmelt runoff period, 
the percent of total streamflow diverted is as high as 41.9% in March. Diversions greater than 20% of 
monthly streamflows primarily occur in the snowmelt runoff and fall-winter base streamflow periods 
but they also occur in the monsoon-early fall period. While the numbers of years when these large 
diversions occur are relatively few for most months, they are relatively frequent during the snowmelt 
runoff period, occurring in 9 out of 19 years (47.4%) that streamflow is diverted (Table 4). 
 

Table 4. Number of diversion days and percent of total by month and for two seasonal blocks, Snowmelt 
Runoff and Monsoon-Early Fall, under Scenario 4, UA-HADCM3 climate model with CUFA diversion and 
150 cfs minimum bypass. The analysis was conducted using UA-HADCM3 future modeled streamflows (2041-
2070) for the Gila near Gila gage (n = 30 years) and applying the CUFA Diversion Spreadsheet to these 
streamflows. The number and percent of years that diversion occurs as well as the median, minimum, and maximum 
% of monthly and seasonal streamflows diverted in these years are also given.  

Month 
No. of 

Diversion 
Days 

% 
Diversion 

Days 

No. Years 
w/ 

Diversion 

% of 
Years w/ 
Diversion 

Median % 
Monthly 

Streamflow 
Div. 

Min., % 
Monthly 

Streamflow 
Div. 

Max., % 
Monthly 

Streamflow 
Div. 

Jan 121 13.7 15 50.0 16.1 0.3 34.4 
Feb 165 18.7 17 56.7 17.8 2.5 33.5 
Mar 203 23.0 14 46.7 23.1 0.8 41.9 
Apr 34 3.8 7 23.3 8.4 0.1 28.6 
May 0 0 0 0    
Jun 0 0 0 0    
Jul 45 5.1 10 33.3 10.7 0.1 27.9 
Aug 61 6.9 13 43.3 10.6 1.2 22.1 
Sept 63 7.1 10 33.3 11.7 0.8 24.6 
Oct 81 9.2 14 46.7 15.3 0.1 33.2 
Nov 42 4.8 12 40.0 15.3 0.4 36.1 
Dec 69 7.8 11 36.7 20.1 0.7 29.9 
Total 884       

Season 
No. Years 

w/ 
Diversion 

% of 
Years w/ 
Diversion 

Median % 
Seasonal 

Streamflow 
Div. 

Min., % 
Seasonal 

Streamflow 
Div. 

Max., % 
Seasonal 

Streamflow 
Div. 

Snowmelt Runoff 19 63.3 12.1 0.4 31.5 
Monsoon-Early Fall 16 53.3 10 0.7 22.4 
 

A comparison of the number of 400 to 4,000 cfs flood events projected by the UA-HADCM3 climate 
model for Scenario 4 is illustrated in Figure 15. From 2041-2070, there are a total of 714 days in the 
target range and diversion reduces the number of days in this range to 495 days. 



 

116 
 

 
 

Figure 15. Projected change in the number of days in the target streamflow range for the UA-HADCM3 
climate model. 
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Chapter 6. Hydrodynamic Modeling and Ecohydraulic 
Relationships 

Mark Stone and Ryan Morrison, Department of Civil Engineering, University of New 
Mexico 

Summary 

The objective of this chapter was to investigate ecohydrologic processes in the Cliff-Gila Valley and 
potential changes to these processes as a response to various flow scenarios. Specifically, we 
investigated inundation patterns, incipient sediment transport conditions, and riparian vegetation 
recruitment processes. The following four flow scenarios were considered: 1) a CUFA diversion with 
a minimum 150 cubic feet per second (cfs) bypass flow; 2) a CUFA diversion with no minimum 
bypass criterion; 3) climate change based on three dynamically-downscaled models (HAD, NCCC, 
and MPI); and 4) climate change plus a CUFA diversion with a 150 cfs minimum bypass criterion. 
Flow characteristics (inundated area, water depths and velocities, and shear stress distributions) were 
investigated using a two-dimensional hydrodynamic model. The model was applied to five study 
subreaches along the length of the Cliff-Gila Valley. Each subreach was approximately 1 to 1.5 miles 
long and the five subreaches are considered representative of the entire Valley. MATLAB and R 
scripts were used to combine the spatially distributed hydrodynamic model data with time-dependent 
streamflow data in order to study spatio-temporal processes such as riparian vegetation recruitment. 
The following salient trends were observed.  

 Inundated area increased gradually as a function of discharge for all five subreaches. This is in 
contrast to the classic main-channel/overbank system and is a result of the complex floodplain 
features including secondary channels, abandoned channels, and wetlands. 

 The diversion conditions resulted in reduced inundation frequency under nearly all conditions 
and locations. The median change in inundation frequency associated with moderate flood events 
(800 cfs to 5,000 cfs) was between -9 and -10%. Impacts were highly variable across season and 
location in the floodplain.  

 The changes in inundation conditions were slightly more pronounced when the criterion of a 150 
cfs minimum bypass flow for diversion was applied. This was true because a greater proportion 
of the flow is diverted during moderate flow periods rather than under low flow conditions. 

 The change in inundation frequency was more pronounced in the late-winter/spring period of 
February, March, and April (median = -18%) than in the monsoon/early-fall season of August, 
September, and October (median = -10%). 

 The climate change scenarios produced remarkable variability in inundation frequencies. 
Changes in inundation characteristics were consistent with the overall nature of the underlying 
climate models. For example, the NCCC model is considered to be a “wet” model and thus the 
scenario resulted in an increase in flooding; whereas the HAD model is considered a “moderate” 
model and it resulted in a slight decrease in flooding under future conditions. 

 The frequency of incipient motion conditions (movement of sediment) displayed very similar 
trends to the inundation results for all scenarios and is generally predicted to decline. 

 Riparian vegetation recruitment modeling revealed similar trends and patterns to the inundation 
frequency analyses. Diversion scenarios with and without a minimum bypass criterion resulted in 
a change in the number of recruitment events of -26% and -2%, respectively. This translated to a 
9.5% reduction in the probability of riparian vegetation recruitment with CUFA diversion and a 
150 cfs minimum bypass criterion. The results were highly variable in space with a greater than 
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20% reduction in recruitment in low-lying areas such as secondary channels, gravel bars, and 
islands and no change within floodplain features at higher elevations.  

Introduction 

The objective of this chapter was to investigate ecohydrologic processes in the Cliff-Gila Valley and 
potential changes to these processes as a response to various flow alteration scenarios. The 
investigated processes included inundation patterns, incipient motion conditions for sediment 
transport, and riparian vegetation recruitment processes. These processes and patterns were 
investigated under baseline (historical) conditions and under five future scenarios that included 
potential diversion alternatives and climate change conditions.  

At the heart of this study was a series of two-dimensional (2D) hydrodynamic models that were 
applied at five study subreaches distributed along the Valley. The modeling package applied in this 
study was the Sedimentation and River Hydraulics – Two Dimensional Model (SRH-2D), which was 
developed and is supported by the U.S. Bureau of Reclamation’s Technical Services Center in 
Denver, Colorado. The primary data source for the models was LiDAR (Light Detection and 
Ranging) data, which was collected and provided by the New Mexico Interstate Stream Commission 
(ISC). The SRH-2D models were used to produce detailed descriptions of river hydrodynamics as a 
function of river discharge. The models produce estimates of inundation extent, water depths, water 
velocities, and shear stresses. This approach represents the state-of-the-art in river modeling and the 
UNM research team has an active relationship with the SRH-2D model development team. 

The output from SRH-2D is directly useful for studying inundation patterns and general 
hydrodynamic characteristics of a river reach for a given river discharge. Further value was gained 
through post-processing of the data using various scripting languages and GIS software packages. 
Here we applied a combination of MATLAB, R, and ArcGIS to further evaluate patterns and 
processes with respect to inundation frequency, sediment movement, and riparian recruitment. An 
emphasis was placed on evaluating changes associated with small to moderate floods because these 
processes are particularly sensitive to such flow events. 

The following sections of the report are structured to provide an overview of the modeling approach, 
to highlight key results from the modeling and post-processing exercises, and to discuss the 
implications for forecasted changes in ecohydrologic processes. 

Methods 

Hydrodynamic Modeling 

The primary tool used in this part of the project was the SRH-2D hydrodynamic model. SRH-2D is a 
state-of-the-art two-dimensional (2D) hydrodynamic model capable of solving the fully dynamic 
Saint-Venant Equations for steady and unsteady flow (Lai 2008). The model contains several 
attractive features as applied to this project, including the methods used to describe the river and 
floodplain topography and the numerical methods used to solve the underlying equations. The 
interested reader should review Lai (2008) for a detailed description of the modeling philosophy, 
approach, and numerical methods. 2D hydrodynamic models are well suited for describing detailed 
hydrodynamic processes, particularly in geomorphically complex channels, and have been shown to 
outperform traditional 1D models in this setting (e.g. Papanicolaou et al. 2008; Crowder and Diplas 
2000). However, 1D models (such as HEC-RAS) still provide value, particularly for larger scale 
investigations where the application of 2D models is often infeasible.  
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The five study subreaches were selected to be 
representative of the entire Valley while also 
considering data availability, site access, and the 
needs of other investigators in this project. Each 
model domain was approximately 1 to 1.5 miles in 
length and 0.5 to 1 mile in width. Figure 1 shows 
the locations of the five subreaches. 

SRH-2D requires several types of input data 
including a detailed description of the topography, 
surface roughness, and boundary conditions. In this 
study, the channel and floodplain topography was 
described using LiDAR data that was collected by a 
contractor to the ISC and which ISC provided to 
UNM. The LiDAR data was used to produce a 
detailed topographic surface with a 3-ft resolution 
in the horizontal plane. Using the Surface Water 
Modeling Solution (SMS) software package 
(Aquaveo, LLC, Provo, Utah), the topographic data 
was translated to a modeling mesh. The mesh 
represents the model domain over which the 
underlying flow equations are solved. Each point on 
the mesh is assigned an elevation (from the 
topographic map), along with information about 
channel roughness (Manning’s n) at that location, 
and other model parameters needed within the 
details of the numerical solution.  

An advantage of SRH-2D over other 2D models is 
that it allows for hybrid mesh elements. That is, 
rectangular elements can be applied to describe the 
main channel and triangulated elements can be used 
in the floodplains. This is attractive because 
rectangular elements are more numerically efficient 
whereas triangulated elements are better suited for 
describing complex terrain. An example of output 
from a SRH-2D model for a small subset of 
Subreach 5 at a discharge of 4,000 cfs is shown in 
Figure 2. The results include velocity magnitude 
(color) and direction (vector arrows) for each point 
in the grid. This approach can be contrasted with 
the “cross-section” technique applied within 1D 
hydraulic models where the energy equation is 
solved at each cross section with an assumption of 
no flow in the transverse direction and constant 
water surface elevation and energy for the entire 
cross section. 

Figure 1. Overview of the Cliff-Gila Valley and 
modeling subreaches. 



 

121 
 

 
 

Figure 2. Example of an SRH-2D numerical mesh showing the velocity field from a small subset of Subreach 
5 at 4,000 cfs. The color contours represent the velocity magnitude and the arrows indicate the velocity direction 
(vector). Each arrow is located at a point in the numerical mesh.  

An additional data requirement for SRH-2D is a description of hydrodynamic characteristics (water 
depth and discharge) at the model boundaries (upstream and downstream interfaces). To generate 
these conditions, the entire Valley (20+ miles) was simulated using a 1D hydraulic model. The model 
used here was originally developed by TetraTech and was modified for incorporation into this study 
including the simulation of a wider range of flow conditions and adjustments to bed elevations based 
on the LiDAR dataset. The 1D model is capable of describing general hydrodynamic characteristics 
at a large scale, but lacks the capability for describing detailed hydrodynamic conditions and their 
cross-stream distributions. The 1D model was produced using the Hydrologic Engineering Center – 
River Analysis System (HEC-RAS), which was developed and is supported by the U.S. Army Corps 
of Engineers (USACE).  

The SRH-2D simulations were conducted for each of the five subreaches for 10 different flow rates, 
resulting in 50 unique simulations. Each simulation required approximately 20 hours of computer 
time to be completed. Thus, approximately 1,000 hours of processor time were required. 
Additionally, significant time was put towards generating the models and model calibration efforts. 
Calibration was achieved by making minor adjustments to Manning’s n values in order to more 
closely match observed water surface elevations during high flow events. Water surface elevations 
were estimated from piezometer data located at the TNC transects, described in Chapter 7 of this 
report. 

Inundation Mapping 

The area of channel and floodplain inundated at a given river discharge has broad hydrological, 
geomorphic, and ecological implications. In order to assess inundation patterns, a series of post-
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processing operations were conducted. The most direct approach for evaluating inundation patterns 
was to simply create maps in ArcGIS that indicate the areas of the channel and floodplain that are 
inundated for each of the simulated flows. The next step was to develop a code within the MATLAB 
programming environment to allow us to tie knowledge of inundation as a function of discharge with 
data describing streamflow scenarios. The resulting script allowed us to evaluate the frequency of 
inundation at any grid point for the entire streamflow record. For example, a grid cell at a low 
elevation that inundates at a low flow will have a high inundation frequency and vice versa for cells 
high on the floodplain. The resulting maps provide insights into how often each area of the channel 
and floodplain are inundated for a given scenario. 

Next, we evaluated changes in inundation frequency (fin) between baseline (historical) conditions and 
potential future scenarios. The change in inundation frequency (fin) was calculated as:  

     
                         

            
     

 
where fin scenario represents the frequency at which the grid cell inundates for a given scenario and     fin 

baseline is the inundation frequency under the baseline condition (e.g. historical flows).  

Further, changes in inundation frequency were evaluated based on specific periods of interest related 
to various ecological processes. Changes in inundation patterns during February-March-April and 
August-September-October were isolated to evaluate impacts during the snowpack/spring runoff and 
monsoonal/fall seasons. 

In order to more concisely compare the impacts of diversions on fin under each scenario, we 
generated histogram plots. That is, the number of grid cells that fall within a range of fin values 
(e.g., 0 to 2%, 2 to 4%, etc.) were counted and normalized by the total number of cells – representing 
the frequency of occurrence of cells in that range. The resulting histograms reveal the relative degree 
of change under each scenario. For example, scenarios that strongly influence the inundation patterns 
will register more cells within the high fin bins (positive or negative) and vice versa for scenarios 
with small or moderate impacts. This technique also provides a mechanism to easily compare results 
between streamflow scenarios.  

Finally, synoptic metrics were generated to summarize the overall influence of the various 
streamflow scenarios from baseline conditions. The median f represents the condition where 50% of 
the domain experienced more change and 50% experienced less change. Further, the 25% and 75% 
quantiles were also calculated and reported.  

Sediment Movement – Incipient Motion 

Many ecological processes are sensitive to the movement of sediments. Decades of research and 
engineering applications have resulted in sophisticated methods for evaluating sediment transport 
capacity and channel/floodplain evolution – particularly when considering changes in streamflow, 
channel, or watershed conditions. Such an analysis was beyond the scope of this project. However, in 
order to produce an initial understanding of how changes in streamflow translate to modifications to 
sediment conditions, the SRH-2D results were used to evaluate incipient motion conditions and to tie 
the conditions to streamflow scenarios. In this analysis, a single median particle size was used to 
represent each study subreach. This is a simplification but the process still provides a general sense 
for transport conditions at each subreach. The median particle size was estimated using the results 
from three sediment surveys conducted in each subreach between 2010 and 2013 by Ellen Soles and 
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Martha Cooper. Based on hydrodynamic data at each grid point (bed shear stress as a function of 
flow) the method described by Guo (2002) was used to estimate the discharge required to produce 
incipient motion conditions (Qcritical). In other words, at each point in the channel and floodplain, we 
can estimate what discharge is required in order to initiate sediment movement at that point. 

Once the Qcritical conditions were estimated, a similar exercise to the inundation analysis was 
completed in order to evaluate the frequency of events that result in sediment movement at each grid 
cell. Likewise, the data was analyzed to compare changes in the frequency of sediment transporting 
events between different flow scenarios.  

Riparian Vegetation Recruitment 

The recruitment of riparian vegetation is dependent on many factors related to streamflow 
characteristics. Numerous studies have shown that inundation of floodplain features, followed by a 
gradual recession of the streamflow, can produce desirable recruitment conditions provided the 
timing and location allow for seed establishment (e.g., Mahoney and Rood 1998). In this study we 
combined output data from the SRH-2D model, groundwater monitoring data, and streamflow 
scenarios to evaluate the potential for successful riparian recruitment. Further, the potential for 
recruitment, expressed as a probability, was compared between baseline conditions and potential 
future streamflow scenarios. This process was completed with the R statistical programming 
language using a Bayesian Network (BN) technique.  

BNs are graphical models that use directed arcs to connect nodes that represent system variables. The 
arcs indicate direct dependencies between variables, and the strength of the dependencies between 
variables is described by conditional probabilities. Information is propagated between variables in the 
network according to Bayes' rule: 

 

       
          

    
 

 
where p(θ|y) is the posterior probability (the 
probability of θ after information about y), 
p(y|θ) is the likelihood function, p(θ) is the 
prior probability, and p(y) is the sum of all 
joint distributions for θ and y. For discrete 
variables, Bayes’ rule can be represented by 
conditional probability tables (CPTs). A 
schematic of the BN used for this study is 
shown in Figure 3. 

Our conceptual understanding of the 
recruitment process was primarily based on 
the “recruitment box” model described by 
Mahoney and Rood (1998), which has 
successfully been used to predict recruitment 
in numerous systems. The recruitment box model asserts that a combination of hydrodynamic 
conditions are necessary for the successful recruitment of cottonwood seedlings (Populus species), 
most notably the timing of floodplain inundation, river stage recession rate, and availability of 
groundwater. According to Mahoney and Rood (1998) ideal recruitment conditions occur when 

Figure 3. Riparian vegetation recruitment network. 
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overbank flooding takes place shortly after seed dispersal, typically late spring to early summer. 
Seedling roots must maintain contact with moisture after germination, limiting the recession rate of 
the hydrograph after a flooding event and requiring adequate contact with shallow groundwater. The 
concurrence of these criteria is episodic even under natural conditions. Willow seedlings (Salix 
species) have similar phenology requirements. We determined the preferred range of conditions for 
various recruitment drivers based on scientific literature, especially studies pertinent to arid 
environments, and detailed discussion at the January 2014 workshop. 

It is important to note some limitations of this approach. First, a general riparian vegetation class 
(willow/cottonwood) is being considered rather than developing separate BN models for each class 
of vegetation. Further, the potential for vegetation to be sheared by follow-on flood events is not 
considered. These limitations can be addressed through future research. 

Results 

Inundation Patterns 

Plotting inundated area as a function of river discharge provides valuable insights into the 
hydrodynamic characteristics of each subreach. Figures 4 through 8 show the inundation 
characteristics for each subreach and the relative complexity of the channel and floodplain networks. 
Specifically, the plots show the discharge at which each point in the channel or floodplain is 
predicted to inundate. The plots reveal the high degree of complexity of these networks in the Cliff-
Gila Valley. That is, the subreaches include complex arrays of secondary channels that inundate at 
increasing flow rates – unlike a typical channel/floodplain system with a main channel and 
subsequent overbank flows. Colors were used to highlight inundation patterns between 800 cfs and 
6,000 cfs because moderate floods in this range are of greatest interest in this study. However, the 
inundated area between 6,000 cfs and 10,000 cfs is also outlined in black. Each subreach contains a 
complex channel-floodplain geometry including a main channel, secondary channels, backwaters, 
wetlands, point bars, and elevated terraces. 

The inundation patterns as a function of flow can be further investigated by plotting the inundated 
area (A) as a function of discharge (Q) (Figure 9). Most of the subreaches displayed an 
approximately logarithmic pattern between A and Q. This is a departure from the more general 
“single channel” model of A vs. Q that typically displays threshold responses to various breaks in 
channel topography. For example, the relationship between A and Q would be nearly horizontal as 
the flow rises while contained within the main channel. Subsequently, a sudden rise in area would be 
observed when bankfull conditions are exceeded and the flow rapidly inundates the floodplain. This 
behavior is a reflection of the complex nature of the channel within the study subreaches as various 
surfaces are inundated as streamflow is increased. The differences between the subreaches are 
indicative of the geomorphology within each site. For example, Subreach 3 is located in a wide 
portion of the valley where inundation increases rapidly as a function of discharge. On the other 
hand, Subreach 5 is located in a constricted area of the channel and thus the inundated area is much 
less for a given discharge (Figure 1). 
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Figure 4. Inundated area as a function of discharge for Subreach 1. 
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Figure 5. Inundated area as a function of discharge for Subreach 2. 
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Figure 6. Inundated area as a function of discharge for Subreach 3. 
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Figure 7. Inundated area as a function of discharge for Subreach 4. 
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Figure 8. Inundated area as a function of discharge for Subreach 5. 
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Figure 9. Inundated area as a function of discharge for all five subreaches. 

 
Inundation Frequency 

Although inundation patterns are useful for providing insights into general channel and floodplain 
patterns and processes, an understanding of how given streamflow scenarios interact with the 
geomorphic setting requires the combination of these data with hydrologic data such as streamflow 
scenarios. Figure 10 provides an example of this type of analysis for Subreach 5. The figure shows 
the distribution of inundation frequencies based on historical flows. That is, at any point in the 
subreach we see the percentage of time the location is inundated with water. As expected, the 
patterns are similar to those observed for the plots of inundated area as a function of flow. The other 
four subreaches revealed similar patterns. 
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Figure 10. Inundation frequency (percentage of time inundated) for Subreach 5 under the historical 
streamflow record. 

This procedure was extended to investigate changes in inundation frequencies (fin) as a function of 
streamflow scenario (Chapter 5, this report). For example, Figure 11a shows fin as the result of a 
CUFA diversion scenario with an imposed minimum instream flow for diversion of 150 cfs. The 
figure reveals that for Subreach 5 the influence of the diversion scenario on inundation patterns 
changes dramatically as a function of location. For example, when considering locations high on the 
floodplain that only inundate at high flows, the scenario produces no change in fin from baseline 
conditions. This was expected because diversions under high flows will represent a proportionately 
small amount of the flow due to the 350 cfs maximum allowable diversion. Conversely, the largest 
changes in fin are predicted in channel locations that inundate at moderate flows (approximately 1,000 
to 6,000 cfs). At these locations, the reduction in inundation frequencies was as high as 25%. 
Changes in inundation frequency are not shown in the main channel because the LiDAR data in this 
region was not of adequate quality to properly represent changes in frequency at lower flows (< 750 
cfs). 
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Figure 11. Reduction in inundation frequency (%) (a) on an annual basis, (b) for the spring season (F-A-M), 
and (c) for the monsoon season (A-S-O) resulting from a CUFA diversion with a 150 cfs minimum bypass. 
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Greater insights into fin data can be gained by considering changes for a given period of interest. 
Figures 11b and 11c show fin data for the periods of February-March-April and August-September-
October. The figures reveal that for Subreach 5, changes in fin are expected to be much stronger in 
the spring than in the fall. In the spring, much of the intermediate zones are expected to inundate 
between 20 and 40% less frequently than under baseline conditions and as high as 50% for some 
parts of the channel. In the fall, the predicted changes are much more moderate and generally fall 
between 5 and 10%. As expected, the annual changes (Figure 11a) are intermediate between these 
two seasons.  

The final method used to consider changes in inundation patterns associated with changes in 
streamflow was to generate histograms that summarize the relative frequency of cells falling within a 
specific percentage of change in inundation frequency across all five subreaches. For example, the 
number of cells that experienced a reduction in inundation frequency between 8% and 10% were 
counted and divided by the total number of cells in the modeling domain. This exercise was carried 
out on the combined cells from all five subreaches.  

Figure 12 shows the frequency histogram summarizing changes in inundation frequency for all flow 
scenarios: (a) changes from baseline (historical streamflow) inundation frequencies when considering 
a diversion where no diversion is allowed at streamflow below 150 cfs (150 cfs minimum); (b) 
changes from baseline inundation frequencies when no minimum bypass criterion for diversion is 
considered (no minimum); (c) changes in inundation frequency under three climate change scenarios: 
NC-CRCM-CGCM3, UA-WRF-HADCM3, and UA-WRF-MPI (designated as NCCC, HAD, and 
MPI, respectively); and (d) climate change scenarios combined with a diversion with a 150 cfs 
minimum bypass criterion. Again, the results indicate that a more moderate impact is expected for 
the case with no minimum diversion standard. This occurs because the preclusion of diversions at 
lower streamflows leads to greater diversions during higher flows (e.g., between 1,000 and 6,000 
cfs).  

This procedure was also applied to the seasonal analyses to investigate changes in inundation 
frequency across all five subreaches (Figure 12c and d) based on the scenario with a 150 cfs 
minimum bypass criterion. As was the case for Subreach 5 (Figure 11), the analysis revealed that 
stronger impacts are expected during the spring/runoff season (F-M-A) than in the fall/monsoon 
season (A-S-O). Climate change analysis revealed remarkable variability with changes in inundation 
frequency. As expected based on knowledge of the climate change models, the “wetter” NCCC 
model showed greater inundation frequency while the “dryer” MPI model showed less inundation. 
The HAD model produced intermediate results. Further investigation revealed that the extreme 
increase in inundation patterns associated with the NCCC simulations was largely an artifact of the 
under-prediction of floods under modeled historical conditions. Future flood conditions predicted 
under the NCCC scenario are similar to those observed in the historical record.  
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Figure 12. Inundation frequency histograms for the four flow scenarios. 
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The cumulative histograms shown in Figures 12 b, d, f, and h provide an additional mechanism for 
studying the changing inundation patterns. For example, the point at which the cumulative frequency 
is equal to 0.5 represents the median change in the inundation frequency for that scenario. Curves 
that are shifted further away from zero represent conditions with a stronger impact. From this data, 
we can extract key statistics to summarize the nature of each distribution. Table 1 summarizes these 
statistical parameters for flood inundation as well as sediment transport frequency, which is 
described below.  
 
Table 1. Summary of change in distributed flooding frequency and incipient motion conditions. 

Scenario  ∆ Inundation Frequency ∆ Sediment Transport Frequency 
  25% 

Quantile 
Median 75% 

Quantile 
25% 

Quantile 
Median 75% 

Quantile 
CUFA w/ 150 cfs 
min. bypass 

Annual -15 -10 -8 -12 -9 -7 
Spring -35 -22 -18 -30 -20 -15 
Fall -12 -12 -10 -12 -10 -7 

        
CUFA no min. 
bypass 

Annual -11 -9 -7 -12 -8 -5 
Spring -30 -18 -14 -30 -18 -12 
Fall -10 -9 -7 -12 -6 -3 

           
Climate Change NCCC 160 280 350 128 266 350 

HAD -55 -40 -18 -47 -40 -14 
MPI -75 -70 -52 -67 -58 -50 

           
Climate Change 
w/ CUFA 150 cfs 
min. bypass 

NCCC 118 220 310 118 201 350 
HAD -57 -52 -30 -48 -44 -16 
MPI -95 -78 -72 -90 -64 -55 

 
Incipient Motion Conditions 

The relationships between streamflow and incipient motion conditions were investigated for all five 
subreaches in order to study the impacts of potential diversion strategies on sediment transport. 
Figure 13 contains an example of the model results for Subreach 5. Figure 13a shows the spatial 
distribution of the discharge required to initiate sediment transport of the median particle size 
(critical discharge). The patterns are similar to the inundation map for Subreach 5. Depending on 
local channel and floodplain features, shear stress (and hence sediment transport) may or may not 
correlate well with discharge. Similar to the frequency of inundation map shown in Figure 9, Figure 
13b shows the frequency of the critical discharge at each point in the model domain based on the 
historical streamflow record. The variations in shear stress along the channel become obvious in this 
plot. The red zones reveal areas with high gradients where shear stresses are also high. Figure 13c 
shows the change in the frequency of critical discharge as the result of a diversion with a 150 cfs 
minimum bypass criterion. Again, the area within the channel is excluded due to difficulties in 
resolving changes below 750 cfs. The results show that much of the floodplain and secondary 
channels experience a substantial reduction in the frequency of critical discharge. Most of the 
changes were between 5 and 20%. However, reductions over 25% were simulated in some parts of 
the floodplain. 
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Riparian Vegetation Modeling 

Bayesian network modeling results show that riparian vegetation recruitment was reduced under both 
scenarios. As shown in Figure 14, the condition with a 150 cfs minimum diversion criterion caused 
the largest decrease in recruitment potential at each subreach. Recruitment potentials were reduced 
by up to 9.5% with the minimum bypass flow criterion and 4.5% without the criterion. 

 
Figure 14. Decrease in recruitment potential at each subreach for Scenario 1 (150 cfs minimum bypass) and 
Scenario 2 (no minimum bypass). Values are averaged across all grid cells and within each subreach. The whisker 
bars represent the 25% and 75% quantiles. 

The scenarios altered the hydrologic characteristics necessary for riparian recruitment differently 
depending on the time period. As shown in Table 2, the number of BN instantiations (flood events 
with appropriate magnitude to support recruitment) decreased for both scenarios during the April–
May and August–September time periods. The minimum bypass criterion caused overall greater 
decreases in the number of recruitment events when compared to the condition absent of the 
criterion. However, the April–May time period contained fewer overall instantiations; the majority of 
recruitment events occurred during the August–September time period. The scenarios did not cause 
any change in the mean number of instantiations during June–July. 
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Table 2. Mean percentage decrease in the number of recruitment events for each scenario. The numbers in 
parentheses indicate the mean number of flood events. Values are averaged across all grid cells and all subreaches. 
For example, on average, grid cells were inundated 10.9 times between August and September under Scenario 1. 
The Bayesian Network is used to determine the probability that the timing, duration, recession rate, and groundwater 
condition are favorable for riparian vegetation recruitment. 

 
 
Our implementation of the BN model on a cell-by-cell basis allowed us to spatially examine the 
impacts of each scenario. Figure 15 demonstrates this by showing spatially distributed results for 
Subreaches 3 and 4. The spatial representation of the results reveals areas most impacted by each 
scenario. Recruitment potential in abandoned secondary channels, backwater areas, and in the 
floodplain near the main channel are particularly decreased by the diversion alternatives. Again, the 
impacts of the minimum bypass flow criterion can be observed. 
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Figure 15. Spatial distribution of changes in recruitment potential for a) Subreach 3, Scenario 1 (150 cfs 
minimum flow criterion); b) Subreach 3, Scenario 2 (no minimum diversion criterion); c) Subreach 4, 
Scenario 1; and d) Subreach 4, Scenario 2. The main channel is the wide white swath in the middle of each plot. 
The recruitment potential is clearly more with a minimum flow criterion imposed.  

0 0.50.25 Km
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Discussion 
The objective of this chapter was to investigate ecohydrologic processes in the Cliff-Gila Valley and 
potential changes to these processes as a response to various streamflow scenarios. This was 
accomplished through the application of a two-dimensional hydrodynamic model and a series of 
post-processing routines at five study subreaches. The results revealed important insights for 
advancing understanding of how potential future streamflow conditions are likely to impact riparian 
processes, and ultimately riparian conditions, in the Cliff-Gila Valley. 

The analysis resulted in enormous datasets that are difficult to process, evaluate, and communicate. 
However, salient trends can be extracted by evaluating the data with respect to patterns in spatial and 
temporal characteristics along with integrated trends. Such analyses have been provided for 
hydrodynamic data (inundation frequencies) in addition to impacted processes (sediment transport 
and riparian recruitment). From these analyses, the following dominant trends were identified: 

 An investigation of inundation patterns as a function of streamflow at the five study 
subreaches revealed a gradual wetting of the channel and floodplain with a lack of clearly 
identifiable thresholds. The classic conceptual model for a channel and floodplain includes 
multiple thresholds where additional areas of the system inundate rapidly as new levels (e.g., 
lower floodplains) are exceeded. In contrast, the complex nature of the Gila-Cliff Valley, 
including multiple secondary channels, backwaters, and wetlands, results in a continuous and 
gradual trend of increasing inundation. The implication is that any decrease in discharge will 
have a consequence with respect to floodplain inundation. The complex geomorphology of 
the Cliff-Gila Valley is relatively uncommon in modern times when most channels have been 
highly engineered including channelization and incision. 

 Changes in spatial inundation patterns under the various future flow conditions revealed 
remarkable spatial heterogeneity. The nature of the spatial patterns was dependent on the 
specific flow alteration scenario and the underlying shifts in streamflow patterns. For 
example, the secondary channels of the Cliff-Gila Valley inundate between approximately 
500 and 4,000 cfs. Hence modified flow regimes that reduce the occurrence of streamflows in 
this range have a clear impact on flood frequency within these features. On the other hand, 
higher elevation surfaces that only inundate under extreme events are relatively insensitive to 
diversion scenarios. 

 Overall, changes in inundation metrics were sensitive to the flow scenario. Most notably, the 
scenario including a minimum diversion bypass criterion of 150 cfs had a more pronounced 
change than when the criterion was not included. This is attributed to the need to extract 
more water during moderate flow events when water is not withdrawn under low flows. 

 Sediment transport processes are difficult to predict, particularly when data are limited. 
However, the incipient motion simulations provided here provide a useful first-order analysis 
and the results were realistic and followed expected trends. As expected, the spatial and 
temporal patterns, as well as overall statistics, were similar to those observed in the 
inundation modeling exercise with a decrease in sediment transport under most scenarios. 

 Climate change scenarios revealed tremendous variability between the different models. This 
was expected due to the inherent uncertainty associated with these models, particularly with 
respect to simulating extreme precipitation events. The results with respect to flood 
inundation and sediment transport conditions were consistent with the overall model 
characteristics. That is, the wet NCCC model led to an increase in inundation, the HAD 
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model produced a moderate decrease, and the dry MPI model produced a severe reduction in 
inundation. Similar trends were observed for incipient motion conditions. Due to the 
uncertainty in climate change projections and sensitivity to small changes in moderate flows, 
the riparian recruitment BN model was not applied using the climate change scenarios. 

 A novel approach was used to evaluate potential changes in riparian recruitment based on a 
Bayesian Network model. The model was able to incorporate the important temporal nature 
of the underlying physical and biological processes in order to evaluate the probability of 
successful recruitment on a grid cell-by-grid cell basis. Again, the results revealed a stronger 
impact of the CUFA diversion with the 150 cfs bypass criterion imposed because water 
extractions are shifted towards moderate flows, which are critical for riparian recruitment. 
Results were extremely variable with respect to location, with strong impacts observed for 
low-lying features such as secondary channels and point bars. 

 
This study was performed using existing data and limited resources. Thus, several assumptions were 
made and limitations exist that can potentially be addressed through future work.  
 

 An important limitation was the lack of high-resolution in-channel topographic data because 
the LiDAR data used in this study was obtained during an unusually high steamflow of 
approximately 700 cfs. Techniques were applied to compensate for this data limitation. 
However, additional survey data or LiDAR data obtained during low streamflows would be 
extremely valuable for refining the model and allowing for an evaluation of instream flow 
habitat.  

 Sediment transport processes are complex and are strongly influenced by heterogeneity of 
streambed features and sediment characteristics. The incipient motion calculations performed 
here can be improved upon through an extensive data collection effort. 

 Riparian vegetation recruitment modeling is a rapidly evolving research topic and the 
techniques applied here are novel. Additional research is needed to continue improving our 
ability to simulate this complex process. Combining this modeling effort with other efforts in 
the Cliff-Gila Valley to map vegetation characteristics under current and historical conditions 
would be valuable.  

 The streamflow scenarios applied here are based on a simple spreadsheet algorithm that 
attempts to represent diversion conditions based on interpretation of the terms of the CUFA. 
In the case of an implemented diversion project, managers could deviate from these 
conditions to mitigate for environmental consequences while still meeting the conditions of 
the CUFA. However, real-time modeling of this nature to support such dynamic decision-
making has not yet been applied in New Mexico and such an undertaking would be complex 
and expensive. The models developed for this project represent the types of techniques that 
would be required for dynamic adaptive management. 
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Chapter 7. Groundwater and Surface Water Interactions in 
the Cliff-Gila Valley, NM 
Ellen S. Soles, Northern Arizona University, and Martha S. Cooper, The Nature 
Conservancy 

Summary 
Between 1978 and 2000, a combination of anthropogenic impacts and uncommonly frequent high-
magnitude floods destroyed channelization works, scoured remnant riparian vegetation, and re-
widened the Gila River's active floodplain in the Cliff-Gila Valley to pre-1950 conditions. Riparian 
and wetland habitat has re-colonized much of the floodplain since that time. The river's main channel 
occupies a very narrow corridor through the broad expanse of floodplain. Riparian and wetland 
vegetation is not restricted to the river corridor, however, but rather is dispersed in complex patterns 
across the entire floodplain. 

Very high-magnitude floods, like those on the Gila River between 1978 and 1996, can "re-set" 
alluvial rivers, removing or burying vegetation while widening the main channel form, depositing 
mid-channel bars or aggrading main channels, causing complete avulsion of the channel, and 
scouring new channels across the floodplain (Hauer and Lorang 2004; Graf 2002, 1988; Baker 1988). 
The resulting anabranching channel form is not unusual among semi-arid alluvial rivers, and research 
suggests that such multiple-channel systems may be quite morphologically stable over long periods. 
Interactions between the main river channel and the floodplain's topographic complexity strongly 
influence the timing and spatial distribution of surface flow across the floodplain. 

The river's highly variable flow regime, combined with the specifics of the seasonality and rates of 
discharge under which Consumptive Use and Forbearance Agreement (CUFA) diversion would most 
likely occur, directed our focus toward evaluation of specific seasons and flow events. The complex 
hydrology of the Cliff-Gila Valley incorporates small diversions of surface flow for irrigation, return 
flows from tailwater and subsurface seepage from irrigated fields, and occasional inflows from 
ephemeral drainages. Irrigation practices in the Cliff-Gila Valley have modified the relationship 
between streamflow and alluvial groundwater for decades and the ditches function now as part of the 
river's larger hydrologic network. We examined relationships between streamflow and groundwater 
at the reach scale and also within relatively small spatial and temporal scales. The goal is to identify 
the range of hydrologic conditions that currently sustain the ecological resilience and diversity of the 
Gila River and its associated vegetation communities. 

Data collected for long term monitoring of river and riparian condition were used to assess the flow 
needs of the Gila River for vegetation recruitment, vigor, and diversity, all fundamental ecological 
requirements for the suite of species for which the river's corridor provides habitat and foraging 
opportunities. Seasonal response of alluvial groundwater levels was evaluated with continuous 
groundwater data from 14 piezometers installed in the floodplain alluvium on valley-wide transects 
established through a 17-km reach in the Cliff-Gila Valley. Surface flow data were collected from 
two USGS gaging stations and from gages on the Valley's three major ditches; ditch gage data were 
used to estimate rates of diversion for irrigation and were validated by personal observation and 
third-party model calibration. Topographic and vegetation data collected during annual mapping of 
transects was used to calculate seasonal depths to water in 2009–2012, by community type, under 
varying flow regimes. 
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In conjunction with the identified need to focus study on the effects of relatively small (400-2,500 
cubic feet per second [cfs]) and moderate (to 4,000 cfs) floods, this directed our work toward: 

 Quantifying groundwater response to river discharge under existing undiverted and diverted 
conditions; 

 Examining groundwater response by hydrographic seasonality under differing climatic 
conditions; 

 Examining relative depths to groundwater for differing vegetation communities by season; 
 Evaluating site-specific and flow-specific factors that demonstrate profound effects on 

groundwater levels with significance for vegetation community type and persistence. 

During small and moderate floods (ca. 400–4,000 cfs), the river's form begins to shift from a mostly 
single channel form toward a floodplain-braided pattern. Evidence suggests that two mechanisms 
create this pattern of floodplain surface flow. Some surface flow from the main channel that 
infiltrates coarse streambank materials continues to travel straight down-valley through the 
floodplain alluvium. As river stage increases and groundwater levels rise, this flow may re-emerge in 
topographic lows of secondary channel features. The other mechanism “funnels” elevated surface 
flow onto the floodplain via anabranching channels, when their points of divergence are overtopped 
during rising river stage. This has the effect of spreading small floods, otherwise confined to the 
main channel, out over the floodplain. Water moves rapidly through the coarse alluvium that 
characterizes the river's floodplains, and groundwater response to changing river stage is likewise 
rapid. 

The river's anabranching channel pattern creates topographic diversity, which is directly related to 
diverse habitat on the floodplain. More than 80% of riparian trees and other wetland plant species 
grow distant from the active channel, near topographic lows in the floodplain; upland plant species 
tend to occur on higher floodplain elevations as well as terrace features. Spatially variable depths to 
groundwater are related to the establishment and persistence of diverse vegetation communities. In 
the Cliff-Gila Valley, floodplain topography is a major control on depths to alluvial groundwater. 
Site-specific hydrologic factors are also important, and provide insight into the probable effects of 
flow diversion. For instance, the channel at one study transect is periodically dewatered by irrigation 
diversions. Groundwater levels at this site, unlike any others, dropped to nearly 4 m below ground 
surface. 

Results from this evaluation coincide with work by other researchers on similar river systems 
showing that both biochemical and hydrologic factors associated with frequent, moderate floods are 
fundamental components of these ecosystems.
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Introduction 

Alluvial river systems like the Gila River in the semi-arid regions of the southwestern U.S. 
experience great extremes of water availability. This chapter examines known interactions between 
the Gila River and its alluvial storage system, the floodplain. The riparian and wetland habitats 
associated with these systems require great resilience in order to survive periodic, often extended 
droughts (Amlin and Rood 2002; Jolly 1996; Kondolf et al. 1987; Lite and Stromberg 2005; 
Mahoney and Rood 1998; Patten 1998) and groundwater stored below the alluvial floodplain buffers 
the effects of drought. During floods, some water is captured and stored below alluvial floodplains; 
during dry periods, some of this stored water may be released back into the stream. Groundwater 
beneath the floodplain rises and falls in response to changing river stage, and at any particular 
location it may flow predominantly in a downstream direction, or laterally, toward or away from the 
river (Stanford and Ward 1993). The direction and speed of water movement below ground are 
controlled by a number of factors, particularly the local permeability of floodplain substrate (Poole et 
al. 2006). 

In the textbook model of alluvial recharge by floods, river stage rises as flood volume increases. 
Eventually the river channel can no longer contain all of the floodwaters, and water then spills over 
the streambanks and onto the floodplain. Some of this water infiltrates the ground surface to become 
stored in the floodplain alluvium. However, a previous study of the Gila River (Soles 2003) 
described evidence from two small floods—2,800 and 1,100 cfs—that demonstrated some other 
mechanism at work. Neither flood was of sufficient magnitude to overtop the main channel's banks in 
the study reach, yet substantial amounts of freshly deposited flood debris were found at two sites 
each more than 50 m off the main channel. A piezometer at one site registered a rise in water level 
much higher than that expected from the increase in the channel's surface water elevation. Additional 
work showed that interactions between the active channel and complex floodplain topography, 
particularly abandoned channels historically occupied by the river, were responsible (Soles 2003). 
Rising waters during a flood can overtop these old channels where they diverge from the mainstem, 
and then follow their paths 100 m or more distant from the main channel (Figure 1). 

The hydrology of the Cliff-Gila Valley is complex. The river's hydrograph is extremely variable (see 
Chapter 2, Table 2, this report), and tributary drainage inputs and other natural influences (e.g., 
bounding bedrock, substrate coarseness, depth of alluvium) affect surface flows and groundwater 
levels. And while the river's natural flow regime here is largely unaltered, streamflow through the 
Valley is modified at multiple points of diversion and return (tailwater) of surface water for 
irrigation, and by varying rates of seepage from the unlined ditches and fields along the river. These 
act to augment or decrease the volume of streamflow within the main channel, and create varied 
interactions between surface flow and alluvial groundwater levels. The interplay between this array 
of hydrologic features, floods of varying magnitude, and complex floodplain topography create, 
sustain, and modify a broad range of diverse habitats, from wet meadows to xeric shrublands. 
Frequent, narrow transitions between habitat types are common, creating ecological diversity across 
even small areas of the floodplain and adjacent terraces. To compile detailed information about the 
river and its floodplains, we map vegetation and detailed topography during annual surveys of 
monumented valley-wide transects. Groundwater levels are monitored by recording pressure 
transducers installed in piezometers on some transects. Details are provided in the Methods section. 
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Figure 1. View downstream on a Gila River secondary channel in early April, 2010. This channel is at the far 
edge of the right floodplain, approximately 120 m from the main channel in Subreach 1. River discharge was 
approximately 1,000 cfs. 
 
Our objective was to provide insight into existing river and floodplain interactions, and in particular 
how water sustains the vegetation communities along the river corridor. The purpose of this work is 
to provide information to evaluate potential effects of streamflow alteration, via diversion of up to 
350 cfs, under the terms of the CUFA, in conjunction with climate change. 

In this chapter, we analyze data to characterize surface- and groundwater interactions in the Cliff-
Gila Valley. Hydrologic data cover two periods determined by the availability of recorded 
groundwater level data: October 2010–December 2012, and a longer but more spatially limited 
dataset, November 2008–December 2012. We evaluate groundwater data for site-specific factors of 
importance (e.g., channel dewatering), and for reach-wide applicability. Surface discharge data are 
adjusted to account for river withdrawals for irrigation in the Valley, and then used to evaluate 
comparative groundwater response to surface flows at each transect. We compare groundwater data 
among transects to look for patterns in depth to water indicative of substantial hydrologic variability 
between sites, or subreaches. 

Survey mapping data from each transect are used to calculate average elevations of each habitat 
"type," or vegetation community; these and the groundwater data sets are used to derive maximum 
and minimum depths to groundwater, by vegetation community, within 3-month periods of each 
hydrographic "block" (Chapter 2, this report). Analysis of these data characterizes current 
relationships between vegetation and groundwater levels under varying flow conditions. 

As a preliminary step toward developing estimates for rates of groundwater recession during average 
conditions within each hydrographic block, we examined the existing groundwater dataset for 
evidence of factors other than discharge (e.g., flow duration and antecedent condition) that may 
affect absolute rates of rise and fall in groundwater levels. 
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Figure 2. Overview map of project reach, showing NMDGF project transects (T1-T15) and the ecohydraulic 
modeling subreaches (see Chapter 6, this report). Data from transects T2-3, T5-6, and T10-13 are used in this 
chapter. 
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Methods 

Field Methods 

Study Transects 
Data for this study are from a monitoring project established by New Mexico Department of Game 
and Fish (NMDGF) and The Nature Conservancy (TNC) in 2008. Long-term monitoring was 
designed in part to achieve better understanding of hydrologic interactions between the river and its 
floodplain—both at the larger (i.e., the study reach) and small (within individual transects) scales. 
Monitoring transects were positioned to allow examination of a range of hydrologic conditions and 
associated habitats. The transects are spaced from approximately 1 km downstream of the Gila near 
Gila gaging station to the USFS Gila National Forest "Bird Area" downstream of Mangas Creek, a 
reach of approximately 32 river km. Figure 2 shows all transect locations on recent aerial imagery. 
Figure 3 is a profile schematic showing the hydrologic monitoring transects in relation to major 
tributaries and diversion points. Detailed maps of transect locations overlaid on aerial imagery are in 
Appendix 4 of this report. 

 
 

Figure 3. Profile schematic of Gila River from the USGS Gila near Gila gaging station through the Cliff-Gila 
Valley. Location of transects, points of surface flow diversion, and major tributaries are shown. Data from T1 and 
T15, labeled in gray, were not evaluated for this report. Discharge (Q) datasets used to estimate streamflow at each 
transect are labeled at the top of the figure; see text for further explanation. 
 
Transect locations include sites 1) upstream of all irrigation diversions, 2) at varying distances 
downstream of diversion points, and 3) bisecting both irrigated and non-irrigated lands. Ownership 
and accessibility also influence transect location; most are located on TNC or US Forest Service 
lands. Two transects are positioned where existing infrastructure or bedrock enabled installation of 
recording stage gages. A number of transects were also positioned to replicate, as closely as possible, 
"legacy" cross-sections originally mapped in 1999-2000 (Soles 2003), or established near existing 
piezometers that were then instrumented with dataloggers. 
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Transects were established in 2008–2010. Each is oriented perpendicular to streamflow in the current 
active channel. Mapping is completed annually by total station, using standard plane surveying 
methods. Transect lengths are between 250 and 600 m; the objective is to map all areas potentially 
inundated during even extreme flood events. Permanent controls were established to provide 
repeatability. A standard "stake-to-line" procedure with an off-line tolerance of 10 cm is used during 
each survey. Ground surface elevations are mapped at all significant slope breaks along the transect. 
Points along each transect line where changes in vegetation cover and/or surface deposits (e.g., 
coarse gravel, loamy sand) occur are also mapped. Data codes assigned to each point document all 
vegetation present within 30 cm of the survey rod (including all canopy cover) and surface deposits 
(e.g., sand, gravel). Survey data are stored as a series of x, y, z coordinates with associated vegetation 
and surface deposit data and transformed into 1) standard transect stationing/elevation data (+/- 3 cm 
accuracy) and 2) New Mexico State Plane coordinates (New Mexico West Zone, U.S. survey feet) 
NAD83. Final transformation of the original arbitrary survey grid and datum coordinates used points 
collected by Real Time Kinematic (RTK) survey at two controls on each transect (+/- 0.2 m vertical 
accuracy). 

Overlay graphs of the data from each year's survey are created for each transect to evaluate 
significant changes in channel depth, width, or position. Floodplain topography—particularly in and 
near abandoned channel features—is also evaluated for evidence of aggradation, incision, or lateral 
movement. 

Hydrologic Installations 
In 2009-2011, we installed eleven 1¼-inch steel piezometers and two surface water gages on selected 
transects and surveyed them to a common datum with the transect (Gordon et al. 1992; The Nature 
Conservancy, 1996). Seven piezometers installed in 1999 for an earlier study, a US Forest Service 
observation well, and two observation wells installed near transects by New Mexico Interstate 
Stream Commission (NM ISC) were also used. Whenever possible, we placed a piezometer adjacent 
to at least one secondary channel on each transect, if present. A recording stage gage was installed on 
each of two transects located downstream of major tributaries, on T10 just downstream of the Bear 
Creek/Duck Creek confluences with the Gila, and on T14, a short distance downstream of the 
confluence with Mangas Creek. The total was 21 piezometers or wells, and two surface gages, on 11 
of the 13 project transects. 

The piezometers are constructed of galvanized drive points with a 0.6 or 0.9-m 60-gauge stainless 
steel screened interval, coupled to lengths of solid galvanized pipe and manually driven below 
ground surface to depths ranging from about 3.6 m to 6.4 m, depending on conditions. Steel 
piezometers were used for durability. Surface deposits on the Gila River floodplain are typically 
composed of a coarse, unconsolidated mix of material ranging from silty sands to cobble with little 
clay; the same material is apparent in exposed river banks throughout the Valley. Cutbanks along 
historically cultivated fields typically reveal gravelly soils. Experience during installation of 
piezometers and wells supports the ubiquity of relatively coarse floodplain materials. Tetra Tech, Inc. 
maintained well logs during their 2009-2010 installation of 16 observation wells in the Valley. They 
noted that “aquifer materials were consistent across the sites and typically were silty fine sand, fine to 
coarse grained, poorly sorted sand with some gravel (fine) and moderately sorted gravel (fine) with 
sand, and cobbles…[A]s would be anticipated, based on the observations made in the field, all 
groundwater encountered in the field was under unconfined conditions" (Tetra Tech, Inc. 2010). 

The floodplain's composition suggests that aquitards or perched micro-aquifers that might restrict 
water infiltration through the well screen are quite spatially limited. Wetland soils with heavy clay 
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components are another problematic installation site, where, theoretically, heavy clays might create 
perched micro-aquifers. (Driving a piezometer point through one of these perched zones can result in 
the screen's being positioned in the drier zone beneath the clay layer, which water is able to penetrate 
only slowly, if at all.) We installed piezometers in two likely wetland areas, although both have a 
substantial sand component. At each of these sites, we used a 0.9-m screened drive point, and drove 
the piezometer only deep enough to bury the screened section about 0.3 m below the ground surface. 
Each piezometer recharges readily, and numerous comparisons of recorded water levels with site 
conditions (often standing water) show that both are functioning properly. 

Each piezometer or surface gage is instrumented with a recording pressure transducer (Solinst 
Corporation) set to record water levels at 30-min intervals. Manual measurements of water depth are 
obtained during periodic site visits to download the instrumentation. Effects of barometric pressure 
on groundwater level are adjusted in Levellogger software (v. 4.2, Solinst 2012), using simultaneous 
barometric data recorded by Barologgers (Solinst Corp.) placed within approximately three miles of 
each piezometer. Each hydrologic installation is surveyed to a common datum with other mapping 
data collected on the transect. All water level data are then transformed to real-world elevations as 
described above. 

Nine project transects are within the five river subreaches for which hydrodynamic models were 
created for this study (Chapter 6, this report). A total of 14 piezometers and two surface gages are 
installed on the nine transects, and data from those installations are examined in this chapter (Table 
1). 

Data Methods 

Alluvial Groundwater 
Continuous 30-min groundwater data were collected at project transects T2, T3, T5, T6, and T11-
T13. Some instrumentation was installed in 2008, but most sites were instrumented in 2010-2011. 
The longest period of record for which simultaneous data (and corresponding surface discharge 
records) are available from all sites is October 2010-December 2012. These data were analyzed as 
one set. Earlier data sets, beginning in November 2008, were available from piezometers on T2, T5, 
T12, and T13. Data from these piezometers, covering the entire period November 2008-December 
2012, were analyzed separately. Table 2 summarizes the periods of record for the alluvial 
groundwater data examined in this chapter. 

Average Depths to Groundwater 
In a preliminary examination of differences in depths to groundwater between periods, and under the 
different streamflow regimes created by existing diversions, groundwater response to surface flow 
was summarized and examined for two periods. Water levels recorded in each piezometer were 
transformed to depths below ground surface at the piezometer using the transect survey data. The 
designated ground surface elevation for piezometers placed next to historic or secondary channel 
features was the bottom of the channel. Depths to water were averaged on transects with more than 
one piezometer. 

Surface Water 
One project goal was to evaluate reported groundwater levels from the piezometers at each transect 
relative to the best approximation possible of actual surface flow at the transect. Instantaneous (15-
min) data were obtained from the USGS Gila near Gila (09430500) and Mogollon Creek (09430600) 
gaging stations. These were entered into Excel spreadsheet format and filtered to 30-min data sets. 
For analyses of ground- and surface water interactions at the two transects immediately downstream 
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of irrigation diversion points (T5 and T6), daily mean discharge values for water years (WYs) 2007-
2012 were obtained for each of the Valley's three irrigation ditches. 

Table 1. Project transects and hydrologic installations summary. Transects are listed in upstream to downstream 
order. Each is associated with one of the five hydrodynamic modeling sites described in Chapter 6, this report.  

Transect 
no. 

Approx. river km* 
downstream of Gila 

nr. Gila gage 

Transect 
width (m) 

Data collected† Perennial 
surface flow? 

Hydro-
dynamic 
model 
site †† 

2 3.8 365 G, GW, V Y 1 

3 4.5 406 G, GW, V Y 1 

5 7.2 567 G, GW, V N 2 

6 11.0 635 G, GW, V N 3 

10 18.6 156 G, S, V Y 4 

11 18.8 434 G, GW, V Y 4 

12 19.7 664 G, GW, V Y 4 

13 20.3 437 G, GW, V Y 4 

14 30.5 169 G, S, V Y 5 

*Following course of main channel. †G, geomorphologic; GW, groundwater, S, surface water stage; 
V,vegetation. †† See Chapter 6, this report. 

Table 2. Periods of record for continuous groundwater data collected in all piezometers on project transects.  

 

E, W: east or west of river channel respectively. EC, WC: piezometer nearest channel, 
east or west respectively. 

Estimated Streamflow Calculations 
An ancillary recording stage gage was installed at T10 in 2010 to obtain Gila River surface levels 
about midway through the project reach. Of the transects from which data were analyzed for this 
report, four are upstream of this stage gage: T2-T3 are downstream of the Mogollon Creek 
confluence but upstream of the upper ditch diversions; T5 is a short distance downstream of the 
Upper Gila and Fort West diversions; T6 is immediately downstream of the third diversion, for the 

 Period of record  
    Nov. 2008 –     

Dec. 2012 
   Oct. 2010 –  

Dec. 2012 
 

Transect Piezometer or well position  

T2 E, W   E, WC, W  

T3 --  E, W  

T5 E, W  E, WC, W  

T6 --  E, EC  

T11 --  W, W  

T12 E  E  

T13 W  W  
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Gila Farms Ditch. Data from the Gila River and Mogollon Creek gaging stations and three ditch 
gages were combined to derive good estimates of streamflow through T6; these datasets are listed in 
Table 3 and specific calculations are in Appendix B of this report. For transects downstream of T10, 
we evaluated surface stage recorded at T10 relative to river discharge for consistency. 

Table 3. Gage discharge data used in calculated estimates of surface flow at study transects T2–T6. Recorded 
discharge values included in the estimate for each transect are indicated by "+"; values subtracted to calculate 
estimated discharge are indicated by "−". Calculated discharge (Q) abbreviations are as used in the text.  

Transect 
(calculated Q at 

transect)  

Gila nr. Gila Mogollon 
Cr. 

Ft. West Upper Gila Gila Farm 

T2 (QGM) + +    

T3 (QGM) + +    

T5 (Qnet5) + + − −  

T6 (Qnet6) + + − 0.5* − 0.5* − 

* 50% of recorded value subtracted. 

Mogollon Creek 
The USGS Mogollon Creek gagesite (09430600) is located 19 km upstream of the creek's confluence 
with the Gila River. Above the confluence, Mogollon Creek traverses nearly 5 km of wide, 
sand/gravel canyon bottom easily infiltrated by surface flows. Mogollon Creek is intermittent at its 
confluence with the Gila River. Typically no surface flow is present at the confluence, but Mogollon 
Creek intermittently contributes substantial stream volume to the Gila River. For example, minimal 
flow may be reported from the Gila River gaging station while streamflow downstream of the 
Mogollon confluence is 500 cfs or more. 

Previous work (Soles 2003) identified 15 cfs as the minimum necessary at the Mogollon Creek 
gaging station for surface flow to occur at the confluence. This minimum "cutoff" was tested via a 
series of discharge measurements and linear regressions on Gila River and Mogollon Creek gaging 
records; the results indicated that it was adequate for helping to correctly quantify Gila River 
streamflow below the confluence, and especially those < 400 cfs. Details are in Appendix 5 of this 
report. We retained the 15 cfs minimum for this work. Calculated total discharge for the Gila River 
downstream of Mogollon Creek is referred to here as QGM. 

Irrigation Diversions 
Surface discharge at project transects T5 and T6 was also adjusted to account for irrigation 
diversions. Currently, streamflow is diverted into three major ditches in the Cliff-Gila Valley: the 
Fort West, Upper Gila, and Gila Farms ditches (Figure 2). Daily mean discharge values for 2007-
2012 were obtained for the three ditches (data through WY 2007 from USGS, and for 2008–2012 
from NM ISC). Surface flows diverted into the ditches are recorded only from March–November, 
although the ditches generally carry water throughout the year. Diverted streamflow during ungaged 
periods for each ditch was estimated as the average of ditch discharge recorded on the last gaged day 
of the preceding year and on the first gaged day of the current year. Instantaneous (30-min) discharge 
values were assumed equal to each day's mean discharge. Relevant diversion statistics calculated 
from these values are in Table 4. 
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Table 4. Estimated mean annual daily and percent of total for the three irrigation diversions, Cliff-Gila 
Valley, 2001–2012. 

Ditch 2001-2012 
average, cfs 

Avg. annual 
daily diversion, 

range (cfs) 

Average annual 
% of total 
diversions 

% of total 
diversions, range 

Ft. West 17.4 12.2 - 25.9 38 32 - 50 

Upper Gila 18.3 11.7- 22.6 40 34 – 48 

Gila Farms 10.0 5.3 – 16.6 22 12 - 32 

Total  45.7 29.2 – 52.8 100 100 

 

Calculated Streamflow: Qnet5 and Qnet6 
To derive estimated surface flow at T5, the estimated diversion totals for the Ft. West and Upper Gila 
ditches were subtracted from QGM; the result is referred to herein as Qnet5. During dry periods, all 
of the river's surface flow is often captured by the two ditches. During periods of low river flow, 
calculated Qnet5 is therefore frequently zero; repeated field observations confirm this result. 
Therefore, data from this transect (T5) provide the opportunity to examine the effects of periodic 
dewatering on local groundwater levels. 

Farther downstream, at T6, field observations indicate that perennial flow is typically present—
despite the two upstream diversions. Perennial flow re-emerges upstream of the diversion. Seepage 
from ditches and irrigated fields between T5 and T6 probably accounts for most, or all, of it. The 
assumption that some percentage of water diverted into the ditches above T5 is again present in the 
river channel upstream of T6 formed the basis for deriving (Appendix 5, this report) a uniform means 
to roughly estimate surface flows at T6, or Qnet6. The Qnet6 formula assumes that 50% of the 
volume diverted into the upstream ditches is returned to the channel in the reach upstream of the Gila 
Farms diversion ((Qnet5 + 0.5(Ft. West + Upper Gila)) - Gila Farms). In their draft summary of 
riparian groundwater model development (2011), S.S. Papadopulos found that a 50% seepage rate 
improved their model calibration (SS Papadopulos & Associates 2011, p. 9). The third diversion, 
Gila Farm ditch, is a short distance upstream of T6. Some surface flow at the diversion seeps through 
the porous push-up irrigation berm and rewaters the river at T6. 

Downstream Tributaries 
Two recording stage gages verified perennial flow in the downstream portion of the project reach. 
We also examined the relative discharge added to Gila River streamflow by downstream tributaries. 
Between T6 and the ancillary stage gage installed at T10, field seep and tailwater return more of the 
diverted flows to the main channel, and two major, but intermittent, tributaries join the Gila River. 
Limited surface flow data are available for these tributaries, Bear and Duck Creeks. Each drains a 
substantial watershed area: Bear Creek, 415 km2 and Duck Creek, 591 km2. USGS maintains a crest-
stage gage (09430900) on Duck Creek just above its Gila River confluence and calculates an annual 
peak flow from the stage and nearby weather station data. Bear Creek is ungaged. Farther 
downstream, Mangas Creek is near-perennial at its confluence with the Gila River. It drains an area 
of 528 km2. There is no gage on Mangas Creek, and we installed a second staff gage at T14, a short 
distance downstream of the confluence. 
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We first evaluated the T10 stage data for evidence of anomalous flows—that is, downstream 
tributary floods that would substantially increase flow in the mainstem—by comparison against log-
transformed QGM. For the period of August 2010–March 2013, Figure 4 plots log-transformed QGM 
against the corresponding surface flow stages recorded at T10 (installed September 2010) and at T14 
(June 2011). Surface stage at both transects for their periods of record appears as a subdued version 
of QGM discharge. Water surface elevation rises and falls relatively less at T14 than at T10, 
reflecting T14's wider low flow channel. Flood stage is also attenuated by floodplain infiltration 
through the reach between the two stage gages. While low flows at T14 are affected somewhat by 
irrigation and agricultural diversions upstream of Mangas Creek, these outflows were not quantified. 

 
 

Figure 4. Surface water stage recorded at T10 (2010-2013) and T14 (2011-2013), and log-transformed QGM, 
2010-2013. 
 
Barring extreme floods or major inflows from Bear or Duck Creek, streamflow at transects T10 
through T13 should typically mimic a somewhat reduced version of QGM. A seepage run conducted 
during a very dry period in May of 2013 reflected that flow near T11 was approximately 60% of that 
at the Gila near Gila gaging station [M. Stone, unpublished data]. 

To identify any large contributing events from the two creeks, we obtained annual (WY) peak flows 
documented by USGS on Duck Creek (gage 09430900) after October 1, 2010. Those were 460 cfs 
(August 1, 2011), and 1,510 cfs (July 28, 2012). Each peak occurred during a period of fluctuating 
streamflow on the Gila River mainstem, but the 2012 flood seems to be briefly apparent in the T10 
stage gage record. T10 stage for the period October 1, 2010 through December 31, 2012 was plotted 
against time-lagged QGM (estimated flow time, 30 hrs) by second-order linear regression (r2 = 0.71). 
Individual outlier points were identified. All occurred during the 2011 and 2012 monsoon periods, in 
late July–August. A few brief (1- to 3-hr) increases in stage at T10, including the 2012 Duck Creek 
flows, were outliers, unmatched by increased QGM discharge. The largest stage increase was just 
under 0.4 m; the others were between 0.1 and 0.15 m. The reverse—short-duration floods on the 
mainstem unmatched by rising stage at T10—also occurred, probably when small floods were 
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attenuated by floodplains and streambanks upstream of the two tributaries. Due to the short duration 
of the T10 stage increases, and the simultaneously fluctuating discharge on the Gila mainstem, we 
considered QGM to be a reasonable surrogate measure of streamflow at T11-T13 for the purposes of 
the work summarized here. 

Floodplain Habitat 
To evaluate the relationships between topography and habitat found at the monitored transects, we 
collect data during each annual survey to characterize all vegetation on transects within one of 11 
habitat types, or vegetation communities (Table 5). Similar vegetation communities frequently 
occupy areas oriented roughly longitudinal to the direction of the main channel, and therefore appear 
as "bands" of varying width crossing the transect. Habitats composed of tree species are measured as 
the width beneath continuous canopy cover. 

Table 5. Riparian floodplain habitat classes mapped during the annual transect surveys.  

Habitat type Sub-classification Abbreviation: indicator species 
None (barren)  None 
Herbaceous wetland/wet 
meadow 

 HW: obligate or facultative 
herbaceous (e.g., sedge; rush) 

Grass/forb (upland)  G/F 
Riparian (mesic) shrub  BC: Baccharis salicifolia 

(Seepwillow) 
Upland (xeric) shrub  Rabbitbrush, snakeweed 
Riparian (mesic) forest: 
cottonwood/willow 

Pole or sapling po/sx: Populus/Salix  
Gallery, mature PO/SX: Populus/Salix 

Riparian (mesic) forest: 
native mixed broadleaf 

 AC: Acer (Box elder) 
AL: Alnus (Alder) 
PL: Platanus (Sycamore) 

Transition/upland forest 
(native) 

 CE: Celtis (Hackberry) 
CH: Chilopsis (Desert willow) 
JG: Juglans (Walnut) 
JP: Juniperus (Juniper) 
PR: Prosopis (Mesquite) 
RO: Robinia (Locust) 

Nonnative forest  NN: (e.g., Siberian elm, Tree of 
Heaven) 

Cultivated (historical or 
present) 

  

 

Of particular interest are habitats dependent on the availability of near-surface water, such as 
herbaceous wetlands, mesic shrubs, and riparian forests. The presence of these obligate and 
facultative species indicates that water was available for establishment, and remains near enough to 
ground surface, depending on the species' requirements, for survival. Wetland or mesic vegetation 
associated with the Gila River grows across the full floodplain extent rather than being restricted to 
near-channel zones. Riparian vegetation data collected during the NMDGF project surveys (on all 
transects, including T1 and T15) were analyzed for proximity to the active channel. We expanded 



 

156 
 

this analysis by overlaying 10-m bands centered on each surveyed transect on 2011-2012 
georeferenced aerial photography. Habitat types (Table 5) within each band were digitized. 
Vegetation data recorded during the mapping surveys provided additional reference and the results 
were ground-truthed and finalized in 2013. 

Habitat–Groundwater Relationships 
We evaluated the seasonal relationships of vegetation community and minimum, maximum, and 
median depths to groundwater using the topographic mapping and piezometer data in conjunction 
with vegetation data collected during the field surveys. The longest piezometer data sets available 
were for 2008–2012; these data were recorded at four of the surveyed transects (T2, T5, T12, T13). 
Continuous groundwater data from three more transects (seven piezometers) were available for 
2011–2012. We analyzed each set separately by hydrographic season. 

The average elevation of each habitat band on each transect was calculated individually using data 
from all points mapped on the transect during the 2013 field season. Detailed elevation data are 
recorded within each habitat band by mapping each break in slope along the transect. We set the 
channel thalweg as the baseline on each transect, calculated the area under the curve for the polygon 
defined by each set of two surveyed points within each habitat band, and then summed the total 
polygon area within each band. This total was divided by the total band length to derive each band's 
average elevation. 

The calculated average elevation for each band was assigned as the band's elevation at its midpoint. 
To derive depths to groundwater, we used the linear interpolation/extrapolation equation described in 
Leenhouts et al. 2006 [p. 29]. We modified the subscripts to match our own descriptors. 

               Emid = dp1-mid   
( Ep2 - Ep1  ) + Ep1 

                                          dp1-p2 

where : 

Emid = groundwater elevation at habitat band midpoint, 
Ep1 = known groundwater elevation at piezometer 1 or projected point closest to river on transect, 
Ep2 = known groundwater elevation at piezometer 2 or projected point on transect farthest from river, 
dp1-p2 = distance on transect between two piezometers; positive direction away from river, and 
dp1-mid = distance between known piezometer 1, and the habitat band midpoint. 

The equation is a simple means of deriving groundwater gradient between two points of known 
groundwater elevation and then extrapolating the gradient to other points. Leenhouts et al. 2006 note 
that: 

The two-point gradient calculation…assumes that the water table between the two points is 
planar. The validity of this assumption depends on the scale of examination, but was 
assumed true within the limits of the distances between piezometers and between 
piezometers and the ends of the hydrology/biohydrology transects. 

Because of the relatively short distances between piezometers and habitat band midpoints, we 
assumed that the water table between points was planar and that the equation provides good estimates 
of water levels at each point. Where possible—for example, by comparison with known river surface 
elevations—the results were checked for consistency. The calculated gradients were consistent with 
known values within < 2 cm. Average depth to water in each habitat band was derived from these 
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values and the average band elevation. Depths to water were then averaged across transects for each 
habitat type. 

At T12 and T13, a single piezometer was installed on each transect. We used surveyed river water 
surface elevations from four dates, when QGM ranged from 38 to 200 cfs, to estimate the 
groundwater gradient at each transect. Gradients for each day were calculated from the known 
surface water elevation, the simultaneous transducer reading, and distance between the piezometer 
and river's edge. Gradients ranged from 0.03 cm/m to 0.07 cm/m. We used the average value (0.04 
cm/m at T12, and 0.05 cm/m at T13), to extrapolate groundwater elevations across the transect. 

Results 

Surface Flow Summary, 2008-2012 

At the Gila near Gila gaging station, annual minimum flows of 20-35 cfs typically occur from early 
June through the onset of monsoonal precipitation, generally in late July. Median base flows during 
the first part of the fall-winter period (September–November) are slightly higher, 60-70 cfs. Base 
flows in fall and winter, however, are frequently punctuated by moderate, short-duration floods, and 
sometimes by extreme floods. 

Figure 5 is the QGM hydrograph for 2008–2012. Drought conditions prevailed through much of the 
period, although a variety of floods, including a number of small and moderate events, passed 
through the Cliff-Gila Valley during the period. (In this report, "small" flood discharge is 400-2,500 
cfs, and "moderate" flood discharge is up to about 4,000 cfs). 

 
 

Figure 5. Calculated QGM, October 2008-December 2012, plotted on log scale. Horizontal lines mark discharges 
of 500, 1000, 2000, and 4000 cfs. 
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During the winter of 2009-2010, heavy snowpack and a slow, extended melt period resulted in an 
estimated flood peak of nearly 7,200 cfs in late January 2010, followed in March and well into April 
by periodic smaller pulses in the range of 1,000-2,000 cfs. Surface discharge remained elevated 
through May that year. 

Streamflow through the project reach is perennial except at two transects, where diversions for 
irrigation periodically dewater the river. At one of these transects (T6), seepage from the adjacent 
irrigation ditch maintains groundwater levels high enough to sustain a perennial wetland. At the other 
(T5), however, channel drying is persistent during dry seasons, and often extends > 1 km 
downstream. 

General Surface- and Groundwater Interactions 

Graphs of recorded groundwater levels were constructed for the available period of record from each 
piezometer on each transect. Examples of 2008–2012 groundwater data from a single piezometer on 
each of four representative transects, from upstream to downstream end of the study reach, are shown 
in Figure 6. The graphs of data from T2, T5, and T12-T13 show both the similarities and differences 
in groundwater response that occur through the study reach. Groundwater levels typically rose 
highest in response to increasing surface flow at T2, where the alluvial river bottom is more tightly 
constrained between bedrock slopes than farther downstream. At T5, diversions for irrigation less 
than 1 km upstream result in intermittent streamflow, and more variable groundwater levels. They 
show deeper and sharper declines than at any other transect, especially during low flow periods when 
levels at other transects are mostly stable. These declines occur during periods when the channel is 
dewatered. At T12 and T13 rising and falling groundwater stage was much more similar to T2 than 
T5, although both rising and descending levels are less steep than at T2. 

Except at T5, general patterns of groundwater response are similar across all transects. Annually, 
minimum water levels were most likely to occur in June–July, followed by moderate peaks in 
August–October. Groundwater levels were usually elevated during the winter and early spring 
months, January–March. Plotted against stream discharge, groundwater levels show a close 
correspondence with fluctuating surface water discharge. The similarity and speed of groundwater 
response are another reflection of the highly permeable, relatively coarse material in most of the 
river's banks and floodplains throughout the Valley. This does not exclude the likelihood that finer 
sediments, including ash and clay, have been deposited by variable rates of streamflow over time. 
But it does suggest that such areas, where water transmission may be occluded or preferential flow 
paths created, are of localized scope. 

Average Depths to Groundwater 
In a preliminary examination of differences in depths to groundwater between periods, and under the 
different streamflow regimes (QGM, Qnet5, and Qnet6), groundwater response to surface flow was 
summarized and examined. We evaluated data from two different lengths of time, based on 
piezometer installation dates (Table 6). The designated ground surface elevation for piezometers 
placed next to historic or secondary channel features was the bottom of the channel. Depths to water 
were averaged on transects with more than one piezometer. 
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Figure 6. Representative groundwater elevations recorded in one piezometer at each of four monitoring 
transects in the project reach (T2, T5, T12, and T13). Data from T2 and T5 are from June 2007–March 2013; 
from T12, July 2008-December 2012; and from T13, July 2008–March 2013. The vertical scale on each graph is 6 
m. 
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Table 6. Average surface water and groundwater characteristics at study transects, October 2010–December 
2012 and November 2008–December 2012. 

 Streamflow (cfs)   Average depths to groundwater (m)* 
Transect/  Q 
regime 

Max Min  Mean Median  Max Min Mean Median Max-Min 

10/2010 – 12/2012 
 

T2/QGM    0.85 0.23 0.64 0.63 .62 
T3/QGM    2.59 2.05 2.29 2.28 .54 
T11/QGM 2448 15 73 62  1.99 1.31 1.77 1.77 .68 
T12/QGM    1.76 1.04 1.50 1.53 .72 
T13/QGM    1.80 1.25 1.62 1.62 .55 
T5/Qnet5 2411 0 36 19  3.57 1.77 2.33 2.16 1.80 
T6/Qnet6 2398 0 43 30  0.69 0.05 0.44 0.45 .64 

11/2008 – 12/2012 
 

      

T2/ QGM 7113 15 120 65  0.85 -1.32† 0.56 0.59 0.85† 
T12/QGM      1.76 0.20 1.47 1.50 1.52 
T5/Qnet5 7086 0 82 24  3.57 1.09 2.17 2.07 2.48 
         
           
           

Max, maximum; Min, minimum. *At piezometer ground surfaces. †Minimum depth was above ground 
surface, but max – min shown is the total difference in depth only below ground surface. Summary 2010–
2012 data shown for T2 and T5 excludes additional piezometers installed after 2008. 

All piezometers were installed by October 2010, and these data, October 2010–December 2012, are 
summarized in the top half of the table. (Data from additional piezometers installed on T2 and T5 
between 2008 and 2010 are excluded from comparison because they were added later.) Extremely 
dry conditions prevailed throughout most of this period, October 2010–December 2012. The only 
QGM flows > 700 cfs during the period occurred during two days in August 2011, and peaked at 
about 2,500 cfs. As a consequence, there was minimal difference between average (73 cfs) and 
median (62 cfs) QGM. Minimum QGM was 15 cfs, and zero under both the Qnet5 and Qnet6 
diverted streamflow regimes. The irrigation diversions upstream of T5 reduced mean streamflow to 
about half of undiverted flows, and median discharge to only 30% of undiverted flow. Both mean 
and median discharge at T6 were reduced by about half from QGM. Average minimum depth to 
water was 1.1 m, but varied greatly over transects, from near zero at T6 to more than 2 m at T3. The 
deepest recorded depth to water, 3.6 m, was at T5, where groundwater levels fluctuated over a range 
much greater than at any other transect. Groundwater depths at all other transects varied by an 
average of 0.6 m, while at T5 the range was 1.8 m. 

In the bottom half of Table 6, data are summarized for the entire period of record, November 2008–
December 2012, from piezometers on three transects instrumented throughout the longer period. 
Elevated streamflow in early 2010 peaked at nearly 7,200 cfs, declined for about one month, and then 
rose to remain above average from early March through May that year (Figure 5). Maximum QGM 
and Qnet5 were nearly equal, because the volume of water diverted for irrigation is relatively minor 
by comparison with the peak discharge of 7,200 cfs. However, the diversions reduced QGM mean 
discharge by about 32% (from 120 cfs to 82 cfs), and median discharge by 63% (65 cfs to 24 cfs). 
There was little difference between mean and median depths to groundwater on each transect over 
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the same period; the greatest difference was on T5. Mean depths ranged from about 0.5 m below 
ground surface to more than 2 m below ground surface, at T5. The highest groundwater levels 
occurred in January 2010 in response to the peak flow that month and were at least 0.6 m higher than 
any recorded during the later period. 

The highest water levels were at T2, where the secondary channel next to each piezometer carried 
surface flow for part of the period. The average maximum depth of flow in the channels on T2 was > 
1.3 m. T5 experienced the greatest range between minimum and maximum depths to water (~2.5 m), 
and average depth to groundwater was always > 1 m below the ground surface there. Maximum 
depths to groundwater occurred during the late summer-early fall of 2012, and so are the same for 
both periods. The larger ranges in water levels during the longer 2008–2012 period reflect the high 
groundwater levels in response to the elevated flows of early 2010. 

Other Factors in Groundwater Response 

Differences between the flow regimes of 2010 and 2011 provided an opportunity to evaluate the 
groundwater data for effects of flow duration and site-specific factors. A preliminary evaluation of 
alluvial groundwater response to Gila River surface flow used non-linear regression of log-
transformed QGM or Qnet5, respectively, to water elevations recorded in each T2 and T5 piezometer 
during 2008–2012. Fits were poor, particularly for discharge > 400 cfs (all r2 < 0.21). Recorded water 
elevations corresponding to streamflow > 400 cfs were typically "clumped" in two distinct sets 
separated by 0.5 m or more in elevation. In other words, discharge alone was not a good predictor of 
groundwater elevation. Antecedent conditions were a factor. Groundwater levels rose in January 
2010 during peak flows (~ 7,200 cfs), and, although QGM through February receded to 150-300 cfs, 
groundwater elevations did not recede to their pre-peak levels. 

To examine relative groundwater level response to differing durations of elevated flow, we selected 
two subsets of QGM data. They represent different, lengthy (9-month) flow regimes during which 
small floods occurred. We examined the graph of QGM discharge from WYs 2008-2012 to identify 
small and moderate flood events (ca. 400-3,000 cfs), and then bracketed these events within periods 
when they were either the norm, or the exception. The two periods selected are labeled as: 

1. "extended moderate," (EM), March – November 2010, which included nearly two months of 
flows in the range of 800-1,200 cfs (peak of 1,900 cfs). The highest flows occurred in March, 
during the snowmelt runoff season. 

2. "single peak," (SP) extended low to very low flows followed by a 3-day series of small floods 
(2,500 cfs maximum), February – October 2011. The floods occurred during the monsoon 
season, in August. 

We used data from T2 and T5 and constructed regressions of log-transformed discharge and water 
elevations for each period. Examples from one piezometer on each transect, T2E and T5E, are 
graphed in Figure 7. Results from the other two piezometers were similar. Evaluating the water 
level – discharge relations from the EM and SP periods separately improved the fits for all data (0.86 
≤ r2 ≤ 0.92), except those from T5E during the SP period (r2 = 0.34). 

At site T2E, points representing groundwater levels at higher rates of discharge during period EM are 
scattered, but the highest water elevations are > 0.5 m higher than for similar rates of flow during 
period SP. A similar disparity between EM and SP water elevations exists at T5E, where SP 
groundwater elevations rise with increasing discharge only to about 400 cfs and then "flatten," 
remaining nearly static across all higher rates of discharge. As a consequence, the higher water levels 
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during the SP period are almost 0.5 m less than during similar flows in the EM period; e.g., at 1,700 
cfs streamflow. In other words, discharge alone is not a good predictor of absolute increases in 
groundwater elevation. We conjecture that both antecedent condition and flow duration are involved. 

 
 

Figure 7. Scatter plots of recorded groundwater elevations and log-transformed surface flow during two 
streamflow scenarios. Upper panel compares data from piezometer T2E during extended moderate (EM; left) and 
single peak (SP; right) scenarios. Groundwater levels during small floods in each period were typically ~ 0.5 m 
higher during the EM period than during the SP period. Lower panel compares T5E data for the same periods. 
Groundwater elevations in this piezometer during moderate floods in the EM period were about 0.4 m higher than in 
the SP period. 
 
Recorded groundwater levels also illustrate site-specific factors, both hydrologic and topographic, 
that strongly influence groundwater response at the individual transects and even within transects. In 
Table 7, average maximum, minimum, median, and range of water elevations from each transect for 
each period are shown. At T5, the difference in greatest depths to groundwater between periods, 
about 0.8 m, was greater than at T2, reflecting the effects of diversion upstream. During the period of 
extended moderate flow (and as also shown in Table 6), secondary channels at T2 carried surface 
flow past those piezometers for some part of the period. Table 7 shows that during the single peak 
period, the average highest water levels at T2 were about 0.2 m below ground surface. However, the 
averaging obscures the fact that surface flow did occur past one piezometer there, T2E (reaching a 
maximum stage of 0.37 m above the ground surface). Groundwater response at individual 
piezometers, graphed in Figures 8 and 9, more clearly shows the effects of surface topography on 
depths to groundwater, including the topographic lows of secondary channel features. 

Figures 8 and 9 show depths to groundwater in each piezometer for which data are available for 
periods EM and SP. Piezometers are designated by transect number and position east (E) of the 
active channel (river left; facing downstream) or west (W; river right). "Center" (C) piezometers are 
nearest the main channel. Figure 10 is a representative transect showing piezometer positioning and 
groundwater levels relative to the transect topography. 
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Table 7. Maximum discharge and average groundwater levels on two transects during extended moderate 
(EM) and single peak (SP) streamflow periods. 

  Average depths to groundwater (m)* 

  T2 T5 

Period Max Q (cfs) Min Max Med. Max-
Min    

Max Min Med. Max-
Min 

EM 1,900 -0.62† 0.63 0.49 0.63† 1.27 2.37 1.96 1.11 

SP 2,500 0.23 0.80 0.66 0.57 1.80 3.19 2.20 1.39 

Min, minimum; Max, maximum; Med., median. *At piezometer ground surfaces. †Minimum depth was above 
ground surface, but max – min shown is the total difference in depth only below ground surface. 
 

 
 

Figure 8. Depths to groundwater from instrumented piezometers during the 9-month EM period. A) 
Piezometers on T2, T12, T13, where QGM = river surface discharge. B) Piezometers on T5, where surface discharge 
= Qnet5. 
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Figure 9. Depths to groundwater in instrumented piezometers during the 9-month SP period. 
A) Piezometers on T2, T3, T11, T12, and T13, where QGM = river surface discharge.  
B) Piezometers on T5, where surface discharge = Qnet5.  
C) Piezometers on T6, surface discharge = Qnet6. 
 

 
Figure 10. Representative Gila River transect showing channel and floodplain topography, positions of 
groundwater monitoring piezometers, and groundwater levels during periods EM and SP. Blue boxes within 
each piezometer are (top to bottom) the 90th percentile, median, and minimum water levels recorded during the EM 
period. Red boxes are the same results calculated from data collected during the SP period. No data were recorded in 
the center piezometer during period EM. 
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EM Period 
Groundwater data for period EM were available only from Transects 2, 5, 12, and 13 (Figure 8A). At 
Transect 2, two piezometers (T2E and T2W) are positioned next to secondary channels; surface flow 
was present in both channels when groundwater levels were highest during the period. Recorded 
groundwater elevations at the site are always highest at T2E, and surface flow was at least 0.4 m 
deep in the channel adjacent to it for more than half of the 275-day period. Site visits confirmed that 
the floodplain surface between the secondary channel at T2E and the main channel was dry, 
however. Nearer the downstream end of the project reach, at T12 and T13, no surface flow was 
recorded in the secondary channels next to their respective piezometers. The highest groundwater 
levels were less than about 0.2 m and 0.5 m below ground surface, respectively, and levels remained 
within 2 m below ground surface through the period. Groundwater levels at T5 are strongly 
influenced by the irrigation diversions just upstream (Gila River discharge = Qnet5), and are shown 
separately in panel B. Groundwater levels dropped farther below ground surface at T5 than at the 
other transects. Groundwater levels were always at least 1 m below ground surface and declined to 
more than 2 m below ground surface at their lowest levels. In addition, groundwater levels at T5W 
were always lower than in T5E. T5W is located on the main channel, which is frequently dewatered 
during the pre-monsoon irrigation season. Groundwater reaches T5E from a small (typically < 1 cfs) 
irrigation overflow slightly upstream and east of the piezometer; the overflow supports an extensive 
wetland along the east edge of the floodplain (Appendix 4). 

SP Period 
Results from groundwater data collected during the SP period are in Figure 9. Additional piezometers 
were instrumented by late 2010 and these data are included in the figure. During the SP period, only 
brief surface flow was recorded at T2E (panel A), although groundwater remained within 0.2 m of 
the surface there throughout the nine months. Data from T2W Center and T2W provide a good 
illustration of topographic effects on depths to groundwater. Absolute groundwater levels in T2W 
Center, about 40 m off the main channel, were consistently about 0.1 m higher than those in T2W. 
However, the relative depth to groundwater at the secondary channel next to T2W was consistently 
about 0.5 m less than at T2W Center. The deepest groundwater levels upstream of the irrigation 
diversions were recorded at T3E, positioned on a high sandy terrace on river left. At their greatest, 
T3E water levels were more than 3 m below ground surface. Recorded depths to water at T3W were 
greater than expected, as this piezometer occupies a topographic low within an historic channel to the 
right of the active channel. Water depths here ranged from 1.5 to nearly 2 m below ground surface. 
T11 is far downstream (Figure 2). Topography here resulted in depths to groundwater at the 
secondary channel next to T11W that were always much less (1 m) than next to the main channel 
(T11W Center). At the downstream transects T12 and T13, maximum depths to water during this 
period were not much greater than those during the EM period, but the most elevated groundwater 
levels remained nearly 1 m deeper than comparative EM water levels. 

Groundwater levels declined farthest at T5 (panel B) of all those recorded during the SP period. T5W 
Center is an observation well installed on the low right floodplain approximately 45 m from the main 
channel. The ground surface at the well is 0.6 m lower than at T5E, and this topographic difference 
accounts for the greater depths to water reported for T5E. Absolute groundwater levels in T5E are 
higher than those in T5W Center. Groundwater was > 1 m below ground surface in all of the T5 
piezometers throughout the period. It declined farthest in T5W, to nearly 3.5 m below ground 
surface. 

The T6 site was selected for monitoring because of the decades-long presence of dense riparian and 
herbaceous wetland species between the active channel and cultivated fields just to the east. The 
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transect is located immediately downstream of the Gila Farms irrigation diversion. Recorded 
groundwater levels at T6 (panel C) were the highest in any piezometer except T2E, despite the fact 
that depth to groundwater in both piezometers was < 0.8 m throughout the period. The Gila Farms 
ditch runs between the two piezometers, at an elevation about the same as the ground surface at T6E 
and > 1 m higher than the channel thalweg. At this site, seepage through the unlined ditch, rather than 
river flow levels, is responsible for maintaining the high groundwater levels recorded in both 
piezometers. 

Effects of EM and SP Flow Events 
Figures 8 and 9 demonstrate a groundwater response during an extended period of moderately 
elevated streamflow that was generally greater than the response to an individual event of higher 
magnitude. Antecedent condition for this period included a brief peak flow of 7,200 cfs, but this was 
followed by a month of lower flows, 150–300 cfs. During extended moderate flows, all < 2,000 cfs, 
the difference between maximum and minimum groundwater levels was more than 1 m at all sites, 
ranging from 1.07 - 1.45 m (mean, 1.21 m). The differences between 90th percentile and median 
water elevations during the EM flows condition were also similar across sites, 0.45 – 0.65 m (mean, 
0.52 m). 

By contrast, the difference between the 90th percentile and median depths to water at all sites during 
the SP period was smaller, averaging 0.12 m (0.06 – 0.18 m) at QGM sites. The variance was slightly 
larger at T5 for Qnet5 streamflow, averaging 0.22 m. However, the comparison between minimum 
and maximum groundwater levels during the SP period also shows that even a small and isolated 
flood event provides short-term groundwater recharge, particularly where existing diversions reduce 
streamflow to zero. In undiverted QGM conditions (maximum discharge 2,500 cfs), the average 
difference between lowest and highest groundwater levels was more than 0.5 m (0.38 m – 0.67 m). 
Where groundwater levels are most influenced by existing diversions—at T5—the variance was 
much greater, averaging nearly 1.4 m. The difference between highest and lowest water levels over 
the SP period shows that a small, isolated flood event provides at least short-term groundwater 
recharge. At T2, the difference between minimum and maximum groundwater levels was about 0.6 
m in the SP period. Where groundwater levels appear to be most affected by existing diversions, at 
T5, the difference was much greater, nearly 1.4 m. 

Groundwater Rates of Recession 

The rate at which groundwater levels decline following elevated flows has important repercussions 
for the persistence and vigor of wetland and riparian vegetation, as well as for the potential survival 
of riparian seedlings during years in which elevated flows provide moist surfaces for seed 
germination. We examined rates of recession from the available piezometer data for different periods 
in which QGM declined by 350 cfs, equivalent to full CUFA diversion. Each period is associated 
with either EM or SP conditions. Details describing each period and results are in Table 8. 

We averaged rates from adjacent transects T12 and T13, where piezometers are positioned on 
opposite sides of the river. For all other transects, rates from all piezometers on each transect were 
averaged. We adjusted for distance downstream of the gaging station by applying lag times (in hours) 
to the corresponding piezometer data selected for comparison during each period of flow recession: 
at T2, 2 hours; T3, 3 hours; T5, 6 hours; T11, 10.5 hours; T12, 12 hours; T13, 13 hours. 

We evaluated groundwater recession following a brief peak of 7,200 cfs in mid-January 2010 
because conditions prior to this event were dry. Low flows (60-100 cfs) had prevailed during the 
three previous months. Groundwater levels rose sharply during the peak, with surface flow present in 
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many secondary channels, but dropped rapidly as surface flow receded. We evaluated groundwater 
recession as flows from this 7,200 cfs peak declined. In a 10-h period, QGM dropped from 907 to 
540 cfs (367 cfs). Groundwater levels during the next 24 hours declined by 16 cm (Table 8). The 
high rates of recession reflect surface water that occupied secondary channels at piezometers at the 
start of the period evaluated and also reflect the dry conditions preceding the peak flow of 7,200 cfs. 

Conversely, antecedent conditions during the month of April 2010 were wet, conditions described 
previously as extended moderate. QGM remained elevated in the range of 800–1,200 cfs through 
March and much of April. We selected two different periods when flows declined by about 350 cfs. 
The first occurred over 128 hours. The second tracks the entire receding limb of the snowmelt runoff 
period that year over 865 hours. Groundwater levels receded by 1.0 - 2.3 cm/day during these two 
periods of time. When antecedent conditions are wet, as they were in April 2010, groundwater levels 
recede slowly. 

Following the single peak event in August 2011, groundwater receded more rapidly than in extended 
moderate conditions. Rates of decline were calculated during the 24 hours following two different 
drops of ~350 cfs in QGM that occurred over 4.5 and 8 hours. Rates of decline ranged from 5 to 10 
cm per day (Table 8). The fastest recession rates occurred where secondary channels briefly carried 
surface flow next to piezometers. We also evaluated the tail end of the single peak flow, as QGM 
dropped by 342 cfs, from 504 to 162 cfs, over 5 hours. Groundwater declines ranged from 6 to 8 cm 
per day (Table 8). Single peaks raise groundwater levels, but groundwater drops more quickly than 
when antecedent conditions are wet. 

Rates of groundwater recession track declining surface flows. Slowly receding surface discharge is 
matched by slower rates of groundwater decline. Abrupt drops in surface flow are similarly reflected 
in steeper groundwater recession. Additional work is needed to distinguish the effects of antecedent 
condition, but data suggest that it has significant effects on rates of recession. 

Table 8. Observed rates of groundwater decline under differing conditions of reduction in QGM of ~350 cfs in 2010 
and 2011.  

Dates ∆QGM (cfs) Q reduction 
(h)* 

Eval. 
period 

(h)† 
Conditions‡ Average daily rate of recession (cm/24 hrs) 

     T2 T3 T5 T11 T12-T13 
1/23/2010-
1/24/2010 

907→540 10 24 D; post-peak 38 -- 16 -- 16 

4/19/2010-
4/25/2010 

1002→650 128 128 W, EM 2.3 -- 1.8 -- 1.8 

4/25/2010-
5/31/2010 

508→149 865 865 Tail, EM 0.9 -- 0.8 -- 1.0 

8/14/2011 1025→671 4.5 24 D, SP 10 8 § 8 5 

8/14/2011 800→456 8 24 D, SP 9 6 § 9 6 

8/14/2011 504→162 5 48 Tail, SP 8 6 § 6 6 

          *Duration in hours of flow recession shown in ∆QGM column. †Period over which groundwater recession was 
calculated from initial rate of discharge to or beyond lower rate of discharge in ∆QGM column. ‡D (dry), 
consistent low flows throughout > 2 months previous; W (wet), consistent elevated flow throughout > 2 months 
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previous; EM, extended moderate period; SP, single peak period. §T5 data from 2011 are excluded due to 
confounding effects of diversion upstream. No data are available for 2010 from T3 or T11. 

Floodplain Topography and Habitat 

Vegetation (Habitat) Classification 
Much of the vegetation that grows within the Gila River's corridor tends to occur in "stringers" of 
vegetation, roughly parallel with the river's channel, across the broad width of the floodplain. In 
order to estimate the extent and diversity of floodplain vegetation, we analyzed data from two 
sources: field data collected during the 2012 transect field surveys ("line" data), and data digitized 
from 2011 high-resolution aerial photography within 10-m bands centered on each transect (“habitat 
band” data). Each mapped transect spans the active floodplain and terrace features, including 
cultivated fields. Where possible, transects extend onto the lower elevations of hillslopes bracketing 
the Valley (Appendix 4, this report). Each vegetation or habitat type was classified according to the 
categories in Table 5. For transect data, the percentage of the total of all transect lengths occupied by 
each type was calculated. For the 10-m band data, the percentage of total band area (transect length x 
10 m; 5.6 hectares total) occupied by each type was calculated. Bare ground and surface water were 
assigned to separate categories. The results from each approach were similar (Figure 11); the largest 
difference in calculated percentages was 1.6%. In all, riparian and wetland species occupied 32% of 
the total area measured. 

 
Figure 11. Vegetation types (habitat classes) on the 15 survey transects (T1-T15) by percent of total transect 
length, and of 10-m band area. The total area occupied by all wetland/riparian species is about 1.8 hectares, or 
32% of the total area measured. Whiskers show the highest percent measured on any transect (e.g., grass/forb covers 
about 35% of all area measured, and nearly 55% of at least one transect measured). 
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Next, we analyzed the vegetation data for adjacency to the main channel. Much of the mesic and 
wetland vegetation within the Gila River's corridor appears to occupy areas distant from perennial 
flow in the main channel. For example, Populus and Salix, together covering more than 25% of total 
transect length and area, are found on the main channel's banks or adjacent floodplain on fewer than 
half of the 15 transects, and usually only on a single bank. Analysis of line and habitat band data 
produced similar results, finding less than 20% of riparian and wetland habitat adjacent (streamward 
edge within 15 m) to the channel (Figure 12). 

 
Figure 12. Percent of wetland and riparian vegetation bands adjacent (streamward edge < 15 m from) and 
distant from the main Gila River channel on 15 10-m transect bands. Whiskers show the highest percent 
measured on any transect (e.g., on at least one transect, 95% of mesic shrub habitat is adjacent to the channel and 
100% is non-adjacent on at least one transect). 
 
Topography 
Depth to groundwater is a primary control on vegetation survival and composition (Leenhouts et al. 
2006) and therefore on the distribution of the wetland and riparian habitats in the Cliff-Gila Valley. 
Depths to groundwater are partly dictated by topography. On a losing stream reach, for instance, 
groundwater levels at points distant from the stream are likely to be lower than those near it. Where 
the water table surface forms a relatively uniform plane, as on the Gila, the most important spatial 
control on depths to groundwater is floodplain topography. A level water table will be nearer the 
ground surface in a low spot than in a high one. 

Transects and their vegetation were re-mapped in early 2013. Transect topography and mapped 
habitat types are shown in Figures 13–19. Riparian and wetland indicator species are identified on 
the bottom axis (Table 5); PO/SX are mature/gallery cottonwood/willow trees; po/xs are sapling 
trees. River discharge and stage on the survey date are also shown. 
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Figures 13 and 14. Topography and habitat bands (vegetation communities) mapped in 2013 on T2 (top), and 
T3. Riparian and mesic indicator species are labeled; abbreviations are in Table 5. Water stage is shown as on date 
of survey. Main = main channel. 
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Figures 15 and 16. Topography and habitat bands (vegetation communities) mapped in 2013 on T5 (top), and 
T6 (bottom). Riparian and mesic indicator species are labeled; abbreviations are in Table 5. Water stage is shown as 
on date of survey. Main = main channel. Unshaded areas are cultivated fields or barren. 
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Figures 17 and 18. Topography and habitat bands (vegetation communities) mapped in 2013 on T11 (top), 
and T12 (bottom). Riparian and mesic indicator species are labeled; abbreviations are in Table 5. Water stage is 
shown as on date of survey. Main = main channel. Unshaded areas are cultivated fields or barren. 
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Figure 19. Topography and habitat bands (vegetation communities) mapped in 2013 on T13. Riparian and 
mesic indicator species are labeled; abbreviations are in Table 5. Water stage is shown as on date of survey. Main = 
main channel. Unshaded areas are cultivated fields or barren. 
 
The transect graphs are plotted with extreme vertical exaggeration, which can obscure the extent of 
the active floodplain providing potential riparian or other habitat. At T3, for example, the floodplain 
is 400 m wide; at T12, nearly 600 m. Although the main channel occupies only a very narrow 
corridor within the larger floodplain, most of the topographic lows on the graphs show where 
secondary channels cross the transect. The active floodplain is of such width because during each 
flow event of large enough magnitude to overtop one or more of these channels, it becomes a 
network of small rivers, each with its own floodplain. Extensive areas may be re-saturated and, at 
higher flows, geomorphologically re-worked. 

The floodplain adjacent to the main channel is often occupied by mesic grass/forb communities or 
seepwillow, or is simply barren of vegetation. Diverse habitat is found across the broader floodplain 
extent on most transects. Drier habitat types (xeric shrubs like rabbit brush, and many grasses) seem 
to occupy higher-elevation surfaces, while water-dependent species are common in or adjacent to 
topographic lows. Habitat diversity (i.e., varied habitats across short distances) appears to be 
positively correlated with topographic complexity on many transects. Topographically simpler 
(flatter) areas appear to be associated with higher-elevation or terrace surfaces, and with less 
diversity of habitat types. 

Habitat and Groundwater Relationships 
Vegetation recruitment and survival depend on water availability. Groundwater levels in the Cliff-
Gila Valley are tightly linked with seasonal rates of streamflow. We examined the relationships 
between habitat type and average depths to groundwater by season. We selected three-month sets of 
depths to groundwater from three hydrographic seasons. 
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 February-April: Includes the receding limb of the snowmelt period. This is the period of time 
when the majority of water would be diverted under CUFA (Chapter 5, this report). 

 August-October: Includes monsoon season into the beginning of fall-winter base flow period. 
CUFA diversion could also occur during this period of time (Chapter 5, this report). 

 May-July: The summer low flow period. The receding limb of the snowmelt period tails off 
and river discharge is most likely to approach zero. Groundwater levels in this period are 
largely dependent on the volume of alluvial water stored during the preceding snowmelt 
runoff, and recharge after this annual low depends on monsoon streamflow levels. 

For these seasons in 2009–2012, data are available from four transects (T2, T5, T12, and T13). 
Maximum, minimum, and median depths to water for each vegetation community type are listed in 
Table 9. Average median groundwater levels declined from the snowmelt runoff period to summer 
low flow season by about 0.2–0.3 m across most communities. Median depths to groundwater were 
least in areas supporting young cottonwood-willow forests and herbaceous wetland species, ranging 
from about 0.6–0.9 m and 0.4–0.7 m respectively. In all other communities, average median depth to 
water was > 1 m, and nearest to the surface in the mesic shrub and grass/forb communities. The 
greatest depths to water were in communities of native transition forest species (e.g., hackberry, 
walnut), typically found at the far edges of the floodplain. Median water levels below ground surface 
for these species were > 5 m. The greatest maximum depths to water shown in the table (e.g., 1.96 ± 
0.69 m for mature Populus/Salix) are those recorded at the periodically dewatered T5 site. 
Seasonally, maximum depths to water at this site were at least 0.7 to 1.1 m greater than at all other 
sites. 

Median depths to water of gallery cottonwood/willow forest and xeric shrub communities are similar: 
about 1.3–1.8 m. This is representative of the particular topography inhabited by each. Xeric 
vegetation tends to be sparsely distributed on high and relatively flat floodplain surfaces (Figures 13–
19). Only very high magnitude floods submerge these areas, and hence they experience little 
geomorphic change. Cottonwood/willow galleries, on the other hand, tend to occupy areas of 
complex topography, that is, the banks of secondary channels (Figures 13–19). Over time, flood 
deposition along the banks builds high natural levees, burying the root crowns well below ground 
surface (Figure 20). The roots of these trees extend laterally into the adjacent channels, but the 
inclusion of higher-elevation banks within the vegetation band raises their average elevations and 
thus increases the calculated depths to water. 

Figure 20. Cottonwoods, willows, and alder on 
the bank of a secondary channel on the Gila 
River. Here a tall bank buries the far edge of the 
trees' root crowns, while roots adjacent to the 
channel are exposed. The vegetation band is mapped 
as the extent of canopy cover, and so encompasses 
ground elevations across both the high bank and the 
channel.  
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Additional factors influencing inter-annual variation in the Gila River's hydrograph need to be 
considered. Table 9 shows that depths to groundwater varied most within the summer low flow and 
fall-winter base flow periods. The beginning of the summer low flow period coincides with the final 
tail of snowmelt runoff, and years with a substantial snowpack will be reflected in higher 
groundwater levels at the beginning of the low flow season. The fall-winter period incorporates the 
later monsoon season, and so reflects the effects of any monsoon peak flows on groundwater levels. 
Lack of snowmelt or monsoon flows will result in lower groundwater levels. Groundwater values in 
Table 9 must be considered in the context of the preceding seasonal block. 

Much of the variation in average summer low flow groundwater levels is the result of the effects of 
extended high flows during the late winter and spring months of a single year, 2010, described 
earlier. This single year of high flows substantially raised all average values for the snowmelt runoff 
period. Across all communities, median groundwater levels during snowmelt runoff were more than 
0.3 to 0.6 m higher in 2010 than averages from the same period in the drier years of 2009 and 2011-
2012. For instance, in 2009 and 2011-2012, median depths to water in the herbaceous wetland 
communities during the snowmelt runoff period ranged between 0.4 and 0.5 m, while in 2010 
groundwater was within 0.1 m of the ground surface in these communities for at least half of the 
period. Examining the data by year and season revealed that, while the 2010 snowmelt period had 
little effect on overall annual average groundwater levels, it strongly affected seasonal averages over 
the 4-year period. Figure 21 compares median groundwater levels for the spring snowmelt and 
summer low flow periods from 2010 and as averaged from 2009, 2011, and 2012. Groundwater 
levels were > 0.5 m higher in most communities in early 2010 than in the same period in the other 
years, and remained elevated throughout the early part of the summer low flow period in 2010, in 
comparison with the drier winters of 2009, 2011, and 2012. The wet spring of 2010 strongly 
influenced seasonal averages, a finding that is obscured when only annual averages are considered. 

 
 

Figure 21. Comparative median depths to groundwater during the snowmelt runoff (February-April) and 
summer low flow (approximately May-July) periods in 2010 versus averaged depths for the same periods in 
2009, 2011, and 2012. 
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Likewise, the average values shown in Table 9 obscure the effects of a single year—in fact, a single 
event—on groundwater levels during the months of August–October. Table 10 shows depths to 
groundwater during the summer low flow and fall–winter base flow periods in 2011 and 2012. The 
single peak (SP) flow event of 2011 discussed earlier was the only flow event > 1,000 cfs from 
August 2010 through December 2012, a period of 17 months. In fact, only in 2011 were there any 
peaks > 400 cfs during the fall–winter months. A 3-day series of small floods, 400-1,000 cfs, 
bracketed the brief 2,500-cfs peak in August 2011. These flows raised median groundwater levels in 
the fall-winter base flow period in 2011 compared to levels in 2012. 

The effects of this brief monsoon flow event are most evident when compared with relative 
groundwater levels during the previous hydrographic season each year (Figure 22). Median 
groundwater levels in May-July 2012 were higher than they had been in May-July, 2011, as a result 
of somewhat greater streamflow in early 2012 compared to 2011 (see Figure 5). However, 
groundwater levels dropped lower in August-October 2012 than during the same period in 2011. Part 
of the large decline in groundwater levels in August-October 2012 was probably due to the effects of 
ash, washed downstream after the large Whitewater-Baldy fire earlier that year, clogging alluvial 
pore spaces. A similar comparison of groundwater levels between May-July and August-October of 
2010 shows a slight decline in median groundwater levels; in August that year, a much smaller single 
peak (about 1,000 cfs) interrupted three months of  low flows. By comparison, the larger single peak 
in August 2011, following a much longer period of low flows, raised groundwater levels 0.2 to 
0.6 m. They remained elevated long enough to raise median values for the period as well. For 
instance, median levels rose more than 0.2 m in young cottonwood-willow and grass/forb 
communities. 

 
 

Figure 22. Comparative median depths to groundwater during the summer low flow (approximately May-
July) and late monsoon/early fall (August-October) periods in 2011 versus 2012. 
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Table 9. Average means and standard deviations for depths to water (m) in vegetation communities on four transects during three 3-month periods, 
2009-2012. Selected seasons generally coincide with the snowmelt runoff (February–April), summer low flow (May–July), and fall-winter base flow (August–
October) periods. “No.” is the total number of mapped bands of each habitat type. 

Habitat type No. Feb. – Apr. (snowmelt runoff) May-July (summer low flow) Aug.-Oct. (fall-winter base flow) 

   Depth to water (m)  

  Max Min Median Max Min Median Max Min Median 

Herbaceous wetland* 2 0.49±0.32 0.21±0.45 0.36±0.35 0.99±0.26 0.40±0.33 0.67±0.25 1.05±0.50 0.31±0.42 0.75±0.35 

po/sx (pole/sapling) 8 0.77±0.47 0.41±0.47 0.62±0.45 1.25±0.55 0.66±0.41 0.95±0.43 1.23±0.74 0.43±0.47 0.92±0.52 

PO/SX (gallery) 21 1.66±0.64 1.31±0.72 1.52±0.65 1.96±0.69 1.56±0.63 1.78±0.63 1.92±0.73 1.37±0.67 1.76±0.65 

Other native tree, 
riparian 0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

BC (mesic shrub) 10 1.29±0.51 0.84±0.40 1.13±0.46 1.45±0.31 1.08±0.23 1.30±0.19 1.31±0.14 0.80±0.25 1.19±0.14 

Grass/forb 34 1.49±0.85 1.12±0.86 1.34±0.85 1.85±0.75 1.35±0.80 1.61±0.76 1.81±0.77 1.16±0.79 1.59±0.76 

Xeric shrub 6 1.44±0.60 1.13±0.68 1.30±0.62 2.02±0.55 1.32±0.62 1.64±0.58 2.12±0.66 1.30±0.67 1.76±0.62 

Other native tree, 
transition 2 5.26±0.25 4.96±0.45 5.13±0.30 5.47±0.20 5.20±0.25 5.38±0.20 5.44±0.19 4.88±0.29 5.32±0.20 

Cultivated (current or 
historical) 2 3.43±1.07 3.15±1.09 3.29±1.07 3.94±0.78 3.41±1.03 3.68±0.94 3.98±0.83 3.14±1.00 3.66±0.93 

           

Max, maximum depth to water; Min, minimum depth to water; n.d., no data. *Excluding the constructed wetland on T5.
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Table 10. Depths to groundwater from 2011 and 2012, during the summer low flow and fall-winter base flow periods. In 2011, QGM peaked at 2500 cfs, 
during 3 days of streamflow > 400 cfs. No flows > 400 cfs occurred during either period in 2012. Table includes data from all transects on which continuous 
groundwater data are collected (T2, T3, T5, T6, T11, T12, T13). “No.” is the total number of mapped bands of each habitat type. 

Habitat type No. 2011 2012 

  May-July (summer low 
flow) 

Aug.-Oct. (fall-winter base 
flow) 

May-July (summer low 
flow) 

Aug.-Oct. (fall-winter base 
flow) 

  Depth to water (m) Depth to water (m) 

  Min Median Min Median Min Median Min Median 

Herbaceous wetland 
6 0.28±0.36 0.52±0.34 -0.05±0.40 0.35±0.27 0.20±0.32 0.42±0.30 0.37±0.33 0.66±0.41 

po/sx (pole/sapling) 
15 0.68±0.44 0.92±0.50 0.28±0.34 0.68±0.35 0.58±0.40 0.82±0.44 0.72±0.42 1.06±0.58 

PO/SX (gallery) 
33 1.90±0.79 2.00±0.77 1.41±0.76 1.86±0.77 1.81±0.78 1.97±0.77 1.86±0.80 2.09±0.82 

Other native tree, 
riparian 6 1.93±1.48 1.93±1.28 1.48±1.04 1.93±1.27 1.84±1.38 1.94±1.33 2.01±1.17 2.19±1.16 

BC (mesic shrub) 
15 1.45±0.48 1.54±0.48 1.08±0.60 1.45±0.56 1.39±0.52 1.54±0.50 1.40±0.65 1.60±0.62 

Grass/forb 
55 1.75±0.85 1.90±0.80 1.30±0.90 1.73±0.88 1.67±0.87 1.85±0.83 1.74±0.87 2.02±0.83 

Xeric shrub 
11 3.06±3.18 3.30±3.08 2.69±3.19 3.09±3.19 2.99±3.17 3.20±3.11 3.26±3.17 3.60±3.09 

Other native tree, 
transition 4 5.41±0.15 5.48±0.15 4.92±0.21 5.36±0.20 5.29±0.16 5.44±0.15 5.35±0.33 5.58±0.32 
Cultivated (current or 
historical) 4 3.18±2.16 3.36±1.49 2.58±1.02 3.09±1.46 3.03±1.85 3.26±1.60 3.08±1.45 3.42±1.44 



 

179 
 

Discussion 

Riparian and wetland ecosystems in the semi-arid West are anomalous features: communities of 
water-loving plants in a typically dry landscape. Their adaptations to disturbance and extremes of 
climate variability include opportunistic or seasonal reproduction timed to water availability and 
strategies for surviving drought. These adaptations enable these communities to persist and in 
favorable years, to expand into suitable, unoccupied niches within the landscape. 

On the Gila River, riparian and wetland vegetation occupied more than 1.8 hectares (> 32%) of a 
total of approximately 5.6 hectares of floodplain area mapped for this project. More than 10% of the 
total area mapped was occupied by young (pole or sapling) Populus or Salix species, and these 
younger trees accounted for 38% of all cottonwoods and willows mapped. Most riparian trees and 
other wetland plant species occur on floodplain areas distant from the active channel rather than 
adjacent to it, typically in or next to topographic lows on the floodplain. 

Additionally, geomorphological and hydrologic data collected on the Gila River from 2009 through 
2012 show that: 

 A network of secondary channels creates highly complex floodplain topography. 
 Great spatial heterogeneity characterizes both floodplain vegetation and depths to 

groundwater across the floodplain. Depths to water in wetland and riparian vegetation 
communities vary from zero to about 1.6 m, except at one periodically dewatered site. Where 
maximum depths reach > 2.6 m at this site, no young trees are present. 

 High temporal variability also characterizes alluvial groundwater levels. Water moves rapidly 
through the coarse sand, gravel, and cobble that comprise much of the floodplain and 
groundwater responds rapidly to changing river stage. Seasonal averages mask frequent 
abrupt peaks in the river's hydrograph that are matched by increased groundwater levels. 

 In general, the Gila River at base flow is confined to a single channel through the project 
reach. The main channel's flow capacity is sufficient to contain all but relatively infrequent 
floods (e.g., > 5 year RI, 5,600 cfs). 

 Nonetheless, the river's pattern expands into multiple floodplain channels as discharge 
increases during smaller, more frequent floods. Piezometer data, aerial photography, and 
personal observation confirm surface flow in some secondary channels at flows of < 1,200 
cfs. 

Floodplain topography strongly influences the presence or absence of surface flow during small and 
moderate floods, as well as depths to groundwater below the floodplain surface. In conjunction with 
field observations over the years, this leads us to suggest three mechanisms by which elevated 
surface flow in the Gila River interacts with the network of secondary floodplain channels. 

 Surface→alluvial→surface: Surface flows in the main channel infiltrate the floodplain 
through porous streambank materials, particularly at abrupt meander bends (see Figure 5, 
Chapter 4, this report). Flow through the alluvium travels down-valley and is "intercepted" by 
one or more secondary channels to re-emerge as surface flow. Permeability of the substrate 
influences the velocity and direction by which subsurface water moves down-valley. Coarse 
substrate allows rapid subsurface flow, while localized subsurface deposits of silts and clays 
occlude movement, or force groundwater through buried channel features. Regardless of 
substrate, as elevated river flows increase, surface water connectivity and total floodplain 
inundation likewise increase. 
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 Surface→surface: Secondary channels are directly overtopped at the point of divergence 
from the active channel. Which channels overtop in any given event is controlled by local 
channel morphology, flood discharge (moderated by the volume of flow absorbed into 
alluvium upstream), and the relative elevations of the main and secondary channel at their 
confluence. Floods that instigate surface→surface flow occur with relative frequency on the 
Gila River. At our study sites, surface flow diverged into secondary channels at two sites 
when QGM was < 1,500 cfs (< 2 year RI). 

 Floodplain saturation: Very high-magnitude floods (> 20,000 cfs), or an extended period of 
moderately high flows saturate the entire floodplain. In the latter case, higher-elevation ridges 
between secondary channels remain above the water surface. Surface flow occupies all 
secondary channels, resulting in complete floodplain saturation. As flood flows recede in the 
main channel, floodplain channels carry surface flow for as long as alluvial groundwater 
levels remain higher than these topographic lows across the floodplain. 

Similar interactions in multi-channel systems are observed in other rivers. Tockner et al. (2000) 
expanded on Junk's (1989) seminal "flood pulse" concept after studying river-floodplain interactions 
in varied, "near-natural" temperate river systems. Junk's (1989) work describes floods as "the 
principal driving force responsible for the existence, productivity, and interactions of the major biota 
in river–floodplain systems" [p. 100]. His flood pulse paradigm, however, is mostly derived from 
lowland rivers and the "classic" bankfull flood: one of sufficient magnitude to fill the river's channel 
and then inundate parts of the floodplain by spilling over the river's streambanks. After bankfull stage 
and overtopping, floodplain inundation progresses laterally across a topographically simple 
floodplain, implying an "edge" interface between flood stage in the river's channel and floodplain. 
Junk terms this the "aquatic/terrestrial transition" [p. 100]. The dynamic "edge" pulses or extends 
onto the floodplain as streamflow increases, providing "lateral exchange" between the floodplain and 
river. However, such overbank flooding is unpredictable (Poff and Ward 1989), and as described 
earlier, rarely occurs on the Gila River. 

Inundation of Complex Floodplains 

Hughes (1980) examined patterns of inundation on complex floodplains, particularly those that occur 
under "breach flow" conditions. Breach flow is initiated when water overtops the floodplain via 
anastomosed channel inlets before the river reaches bankfull stage to overtop the main channel's 
banks. Figure 23 compares a hypothetical example of floodplain inundation under such conditions 
with those under a "classic" bankfull channel scenario. An anastomosed floodplain channel that 
begins to capture surface flow as stage reaches 60% of bankfull discharge, for instance, funnels 
surface flow across a small proportion of the floodplain. The curve steepens when rising stage 
overtops additional secondary channels. It may flatten (as, for example, between 90% and 100% 
bankfull in the figure) as rising mainstem stage increases wetted area in channels already overtopped, 
but fails to overtop additional channels, or as some floodplain surface flow discharges back into the 
mainstem. 

With a less complex channel form virtually no surface flow inundates the floodplain below bankfull 
channel stage. By contrast, anastomosed floodplains are characterized by a network of channels 
separated by depositional ridges (natural levees); these ridges may remain exposed even at very high 
flow magnitudes. Personal observation confirms that on the Gila, discharge of even 20,000 cfs is 
insufficient to inundate some of these higher-elevation surfaces. 
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Figure 23. Hypothetical patterns of inundation relative to mainstem river stage across a floodplain associated 
with complex (anastomosed) channels, and one associated with a single overtopping channel ("classic" 
bankfull). Adapted from Hughes (1980). 
 
Tockner et al. (2000) coined the term "flow pulse" to describe interactions between the floodplain 
and the range of flows below bankfull stage. Their work underscores the biochemical and ecological 
importance of the hydrologic "expansion and contraction" that occurs during elevated flows of less 
than bankfull magnitude in multiple-channel systems. These smaller events do not create large or 
rapid changes in geomorphology, but are nonetheless important for "creating and maintaining habitat 
heterogeneity and for ecosystem processes" (van der Nat et al. 2003, p. 1800). Such flows correspond 
to what we have here termed "small" and "moderate" floods. Tockner et al. (2000) attribute 
differences in the ecological functions associated with each pattern of flow pulse to the different 
water sources and flow paths associated with each, noting that fluctuating river stages "well below 
'bankfull' may considerably enhance floodplain productivity" (p. 2875). 

Biochemical Implications of the Variable River "Flow Pulse" 

While it has long been widely recognized that a river's entire range of flows "organizes and defines" 
its aquatic and riparian ecosystems (Poff et al. 1997), unraveling the specifics of the biotic, chemical, 
temperature, and geomorphic linkages responsible for the diversity of these systems is challenging. 
As one researcher put it, "floodplain processes can be considered as a four-dimensional jigsaw (x ± y 
± z through time) in which most of the pieces (data) are missing" (Anderson et al. 1996; cited in 
Tockner et al. 2000). 

Rivers and their alluvial groundwater form a single connected system (Covino and McGlynn 2007; 
Junk et al. 1989; Petts 2009; Richter et al. 1997). Both spatially and temporally, surface water 
continually diffuses into and re-emerges from the alluvium via stream banks, in-channel hyporheic 
zones, and the floodplain. The perpetual exchange of water, with its oxygen, nutrients, and other 
solutes, is a crucial biochemical and temperature-mediating component of the river's aquatic and 
floodplain ecosystems (Ficklin et al. 2013). This exchange occurs at small scales within the larger 
river corridor, and therefore is continual whether the river as a whole is gaining surface flow from 
water stored in the floodplain alluvium or losing water to it. Small and moderate floods, occurring 
with much greater frequency than large ones, are important elements of this exchange. The 
hydrologic expansion and contraction associated with these events creates and sustains "a shifting 
mosaic of aquatic and terrestrial habitats" (Tockner et al., 2000) and thus the characteristic diversity 
of floodplain habitats (Junk et al. 1989; Naiman and Decamps 1997; Ward and Stanford 1995). 
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Nutrients and temperature are probably the most important variables following flow magnitude and 
variability in structuring floodplain ecosystems and biodiversity (Tockner et al. 2000). Naiman and 
Decamps (1997) noted the bi-directional subsurface transfer of water and materials across the 
terrestrial–aquatic boundary, where "oxidized hyporheic water from the streambed mixes with (often 
reduced) interstitial water coming from the riparian zone." Waterborne transport of nutrients from the 
floodplain surface to the aquatic ecosystem is also important. For instance, Naiman and Decamps 
(1997) noted that tree litter transported by overland flow from the floodplain into the river had a 
higher nutrient content than vegetation litter dropping directly into the stream. Additionally, they 
found that much of the dissolved organic matter available for the aquatic ecosystem was delivered 
from the floodplain, often "indirectly from the saturated through-flow at medium discharge rates…or 
through macropore transfer of subsurface water" [p. 633]. 

Heffernan and Sponseller (2004) found that in situ nutrients re-mobilized during floods were an 
important component of the riparian and aquatic ecosystems along with those delivered by 
floodwaters (Baker et al. 2000). A flow pulse that Tockner et al. (2000) call the "seepage connection 
phase" occurred as rising river stage infiltrated floodplain alluvium, and nutrient-rich groundwater 
emerged as surface flow in floodplain channels. These events resulted in the highest rates of primary 
production and algal biomass. They speculate that this may be connected with seasonal temperature 
variations, when warmer temperatures accelerate organic decomposition and nutrient uptake is 
highest. 

Nutrient inputs are associated with sediment deposition during floods (Curran and Hession 2013), an 
important feedback mechanism for vegetation vigor. Hefferman and Sponseller (2004) describe 
evidence that riparian trees in arid lands utilize nutrients transported during flow-pulse events, citing 
Shrade et al.'s (2002) finding that rising groundwater during floods was associated with higher levels 
of foliar nitrogen in riparian willows, and work by Adair and Binkley (2002) showing that 
cottonwood seedling growth was limited by nutrient availability as well as water. This may be true 
for other vegetation species as well. Mouw et al. (2009) concluded that upwelling alluvial water 
exerted more influence on plant species richness at the floodplain scale than did surface flood 
regularity. 

Floodplain Vegetation 

Vegetation Effects on Geomorphology 
Floodplain vegetation is a primary link in the feedback loop that influences riparian and aquatic 
ecosystems. Its composition, distribution, and vigor are shaped by interactions between the 
floodplain and surface flows, and it in turn shapes channel and floodplain geomorphology. Indeed, 
evolutionary geomorphology is structured around vegetation as a primary geomorphic force 
(Corenblit and Steiger 2009; Corenblit et al. 2007). 

In multiple-channel systems, vegetation established on secondary channels provides an important 
control on lateral stability. Dense vegetation on near-channel streambanks is a "very effective 
sediment trap," profoundly altering the hydraulics of surface water flow (Gurnell 2014). Both 
vegetation type and stem density are important roughness factors that reduce rates of erosion and 
enhance deposition (Curran and Hession 2013; Stromberg et al. 1991). The subsurface biomass of 
roots also stabilizes non-cohesive sediments, like those predominant in the Gila River's floodplains. 
Naiman and Decamps (1997) cited work by others showing the susceptibility of unvegetated 
streambanks to mass wasting that resulted in extreme channel widening; unvegetated banks 
experience 30 times greater erosion than vegetated ones (Beeson and Doyle 1995). Tooth et al. 
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(2008) studied floodplain channels in a dryland anabranching system inhabited by complex 
vegetation communities. They conclude that vegetation establishment occurs opportunistically in 
floodplain channels, and during subsequent floods, captures sediment that over time extends 
vertically, laterally, and longitudinally to form stable ridges and islands separating floodplain 
channels. Vegetation also funnels erosive forces during high-magnitude floods, re-scouring channel 
beds or unvegetated areas of the floodplain. 

Geomorphic Effects on Vegetation 
Preferential establishment and survival of riparian vegetation in secondary channels has been 
documented by many researchers (e.g., Braatne et al. 1996; Fenner et al. 1984; Polzin and Rood 
2006; Rood et al. 2003; Scott et al. 1996; Stromberg et al. 1993). During periods of riparian seed 
dispersal, surface flow (or near-surface groundwater infiltration) in these topographic lows provides 
freshly wetted soils. These areas provide off-channel refugia or nursery sites removed from the 
scouring effects of streamflow on the main channel. Stromberg et al. (1993) examined survival of 
young Populus and Salix across the Hassayampa River floodplain following a 10-year RI event (ca. 
13,000 cfs), and found the highest rates of survival in areas removed from the active channel, 
including secondary channels, where flood flows were shallowest. A seedling's early survival is 
determined mainly by the ability of its roots to maintain contact with moist soil or groundwater 
(Braatne et al. 1996; Mahoney and Rood 1998; Siegel and Brock 1990), and the topographic position 
of these channels lies nearer the groundwater level than the higher ridge surfaces across the 
floodplain, improving seedling contact with moisture below ground. Following the 10-year flood 
described above, Stromberg et al. (1993) documented survival of seedlings that germinated that year. 
Immediately post-flood, seedlings were widespread and dense across the floodplain, but density 
declined throughout the summer months, with most seedling death attributed to desiccation. By fall, 
Populus seedling density remained greatest in the lowest areas, < 1 m above the water table. 
Similarly, Salix seedlings were densest 0.5–0.6 m above the water table. Deposition of finer materials 
(silt, sand) during moderate surface flows along these channels is also important. Where finer-
grained inputs are impeded by dams or major water diversion, floodplain sediments may coarsen, 
potentially reducing herbaceous cover and richness (Stromberg et al. 2007). Soil capillary action is 
enhanced in these fines, further improving access to soil moisture (Bendix and Hupp 2000; Naiman 
and Decamps 1997). Soil texture, moisture, and geomorphic landform within the floodplain were 
highly correlated with vegetation community in a semi-arid river system (Higgins et al. 1997). 

Vegetation and Hydrology 
Connections between alluvial groundwater levels, floods, and the health and recruitment potential of 
typical Southwestern riparian species are well established (Amlin and Rood 2002; Busch and Smith 
1995; Rood et al. 2003), and continuing research has elucidated some of the factors responsible. 
Populus seed release coincided with spring peak flows, while Salix seed release coincided with 
spring peak flow recession in a semi-arid riparian system (Stella et al. 2006). Work by Siegel and 
Brock (1990) showed that both water stress and temperature had significant effects on successful 
germination and initial survival of seedlings of Arizona sycamore (Platanus wrightii), cottonwood 
(Populus fremontii), and willow (Salix gooddingii). The temperature range allowing successful 
germination was smallest for Arizona sycamore and slightly greater for the other two species. 
However, at the higher temperatures tested (33 to 38C), even when germination occurred, seedlings 
died within seven days. Velvet mesquite (Prosopis velutina) seeds successfully germinated under a 
much wider range of temperatures. Water stress induced similar responses. Velvet mesquite 
germination was successful under conditions of greater water stress than for the other three species, 
with sycamore showing the least tolerance for water stress. At nine sites in Arizona, Stromberg 
(2001) found significant relationships between water availability and Platanus wrightii reproduction 
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and vigor. Water requirements for Arizona sycamore seedlings were greater than for older trees. 
Seedlings were largest and grew most densely where groundwater was < 0.5 m below the ground 
surface. Older trees showed the highest productivity where depths to water were < 2 m during the 
growing season and annual fluctuation in groundwater levels was < 1 m; overall riparian forest 
diversity was also highest in these areas. Similarly, water stress is a probable factor in conditions on 
the San Pedro River, where Leenhouts et al. (2006) showed that saltcedar shrublands replaced 
cottonwood-willow forests where average groundwater depths exceeded 3 m. They reported that 
"dense, multi-aged cottonwood-willow forests" were maintained by groundwater levels that 
fluctuated less than 1 m annually. 

Variation in floodplain topography and the resulting patterns of vegetation establishment create 
highly diverse habitat (e.g., Gregory et al. 1991; Higgins et al. 1997). The floodplains associated with 
anabranching channels are characterized by extreme topographic complexity. Our work on the Gila 
River documents vegetation communities across the floodplain that alternate between wetland, 
riparian, and xeric species. This variation creates a high proportion of ecotones, or interfaces between 
ecotypes, relative to total floodplain area. Naiman and Decamps' (1997) review of riparian zones as 
ecological interfaces notes of similar systems that: "in riparian floodplains having a ridge-and-swale 
topography, vegetative patch types alternate between those on topographic lows adapted to long 
hydroperiods and those on topographic highs with species also found in mesic uplands." Further, they 
note that in such systems, moderate floods can set "patterns of ecosystem structure" that persist for 
decades or centuries [p. 626]. 

Variability and Potential Diversion Effects 

Variability, both spatial and temporal, is the defining characteristic of the Gila River ecosystem. 
Attempting to define the ecosystem needs of the river and its associated habitats requires close 
evaluation of hydrologic interactions during specific seasons and flow events. Interactions between 
floods of relatively high frequency and moderate discharge (< 4,000 cfs) and the Gila River's 
complex floodplain topography are fundamental to the creation, regeneration, and survival of highly 
diverse floodplain habitat. Both subsurface and surface flows during these events (Mertes 1997) 
inundate discrete, low-elevation areas. These anabranching channels were formed during earlier 
high-magnitude floods. Because of complex dynamics, the consequences of CUFA diversion would 
also be complex. 

Observations and potential impacts include: 

 The river's existing flow regime has resulted in successful recruitment and survival of early-
successional vegetation species across large areas of the floodplain since the mid-1990s. 
Newly established vegetation survives near topographic lows, where groundwater is nearest 
the surface. 

 Predicted climate change will raise temperatures, increase extreme events, and reduce overall 
streamflows, particularly during the snowmelt runoff period. Retaining soil moisture for 
riparian species with temperature-sensitive germination requirements will become 
increasingly important for seedling survival, since the frequency of recruitment events will 
decrease (Chapter 6, this report). 

 Groundwater levels generally reflect changing river stage. Extended periods of elevated flow 
attenuate declines in groundwater levels, lengthening the groundwater level recession limb. 
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 Abrupt (5-10 h) reductions of 350 cfs in surface discharge were matched by abruptly 
receding groundwater levels (5-16 cm/day). More gradual 350-cfs reductions in streamflow 
(e.g., over 128 hours) resulted in more gradual groundwater recession (1-2 cm/day). 

 Surface flow appears in secondary channels as river discharge increases above ca. 500-1,000 
cfs. Increasing discharge increases the areal extent of floodplain inundation even during less 
than bankfull condition, when most surface flow remains confined within the main channel. 

 Geomorphic factors, subsurface preferential flow paths, and anthropogenic effects create 
complex subsurface hydrology. 

 Small and moderate floods that diverge into floodplain channels deposit fine sediments 
important for enhancing soil capillary action and moisture levels. Diverting small and 
moderate floods will reduce deposition of fine sediments. 

 Streamflow reduction of 350 cfs will lower river stage in the main channel. When very small 
floods (e.g., 500 cfs) are reduced by 350 cfs, reduced groundwater levels will mirror surface 
stage reduction. Reduced river stage also creates less wetted streambank area during these 
smaller flow events, therefore reducing infiltration and exchange potential. 

 The total volume of water that enters the valley affects the volume of groundwater stored and 
therefore the rate at which groundwater declines as surface flows decrease. For instance, 
average discharge of 500 cfs over 10 days is equivalent to nearly 9,920 acre-feet (AF). A 
diversion under CUFA reducing discharge to 150 cfs over the same period reduces the total 
volume by nearly 7,000 AF, to slightly less than 3,000 AF. In the simplest terms, this 
amounts to a potential reduction of more than one foot of vertical storage within the study 
area (Subreaches 1 through 5) where the total Valley bottom acreage, including agricultural 
fields, is about 6,000 acres. The actual total vertical change in groundwater level is of course 
greater, as sediment particles occupy part of the space infiltrated by groundwater.  

 A brief, 2-year return interval flow event substantially raised groundwater levels across the 
floodplain during an extended drought. Such events may provide crucial re-wetting of 
floodplain soils. Diverting flow during similar isolated flow events may have more profound 
ecological effects than the identical diversion during an extended period of similar flow. 

 Channel dewatering due to complete diversion of streamflow creates much greater and 
steeper declines in groundwater levels than is typical through most of the Cliff-Gila Valley. 
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Chapter 8. Riparian Vegetation of the Upper Gila River and 
Southwestern Streams 
Kelly Kindscher, Kansas Biological Survey, University of Kansas. 

Summary 

This chapter provides an overview of riparian vegetation in the southwestern United States with 
emphasis on characteristics of vegetation in the Cliff-Gila Valley of the Gila River in New Mexico. 
More specifically, this work focuses on how these riparian corridors may be affected by future 
reductions in streamflow. Riparian vegetation in the Cliff-Gila Valley comprises several plant 
community types that occur along a hydrological gradient from wettest to driest communities, 
including: jurisdictional wetlands, marshlands and herbaceous wetland vegetation, channel bar 
wetlands, cottonwood-willow forest, mixed broadleaf forests, mesic and xeric shrubby riparian areas, 
grass/forb plant communities, and agricultural vegetation. Several factors influence the community 
type: 

 Large floods create the substrate for cottonwood willow germination, roots of cottonwood-
willow seedlings follow the snowmelt recession limb, and subsequent mid-sized flows 
support survival of sapling and adult trees. 

 Secondary channels are important sites for riparian vegetation recruitment, including 
wetlands. Groundwater levels are elevated in topographic lows on the floodplain. 

 Dense multi-aged riparian forests are maintained by groundwater that fluctuates less than 1 m 
annually. 

Reduced streamflow from CUFA diversion and climate change may negatively influence these flow 
dynamics and riparian vegetation. Key concerns include: 

 decrease in cottonwood/willow establishment; 
 decline in overall canopy cover, age-class diversity, and individual tree vigor; 
 reduction in the acreage and quality of wetlands; and 
 increase in saltcedar and nonnative vegetation. 

Historical Overview of Riparian Vegetation in Southwestern Streams 

The Gila River headwaters start at over 3,050 m (10,000 ft) in the montane coniferous forest in the 
Gila Wilderness in southwestern New Mexico. The river is similar to other streams in the Sky Island 
area of the Southwest in that it flows from high mountainous regions into the desert below and 
crosses several vegetation zones, thereby providing a variety of habitats for plants and animals. This 
review will focus on the vegetation of the 35-km (22-mi) floodplain reach of the Gila River in the 
Cliff-Gila Valley (Figure 1). 

Because the flow regime of the Gila River in New Mexico persists in a relatively natural state (i.e., 
unrestricted by major impoundments or permanent diversions), channel configurations are widely 
variable and vegetation communities are a diverse mosaic of many communities rather than a long 
continuum of a single type (Durkin et al. 1996). The vegetation of the floodplain is structured by 
geology, flood disturbance, and water availability. In addition to these physical processes, plants 
themselves are recognized as river system engineers as their biomass modifies flows, retains 
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sediment, and creates below-ground biomass (Gurnell 2014). Riparian vegetation in the Cliff-Gila 
Valley is also influenced by agricultural practices such as grazing, cultivation, and levees. 

 
 

Figure 1. Vegetation sampling sites along the Gila River, New Mexico, sampled in 2007 (Kindscher et al. 
2008). Circles designate 0.1 ha plots from which cover for all plant species was recorded and a wetland index was 
used to calculate where wetland vegetation predominated at the site. The large oval indicates the Cliff-Gila Valley; 
data from this reach of the river was used for this chapter. 
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In this dynamic and complex system, the wide floodplain of the Cliff-Gila Valley supports 
considerably more riparian and wetland vegetation than areas upstream and downstream which are 
canyon-bound (Kindscher et al. 2010). Riparian forests are dominated by Fremont cottonwood 
(Populus fremontii), Goodding’s willow (Salix goodingii), seep willow (Baccharis salicifolia), and 
coyote willow (Salix exigua), also known as the sandbar or narrowleaf willow (Tables 1 and 2). 

Table 1. Plant communities and some dominant species in plant communities along the Gila River, New 
Mexico, in the Cliff-Gila Valley. Additional species associated with plant communities are listed in the text. 
 
Plant Community Description  
 Bare ground / no vegetation Barren riparian shorelines where located next to the active channel; also 

used to denote any areas in floodplain devoid of vegetation, between other 
habitat types 

Wetland*  
       A. Side and secondary channel ponds or pools Marshland and herbaceous wetland vegetation adjacent to the active 

channel and secondary channels. Species include rushes (Juncus torryii), 
cattails (Typha latifolia), and rice cutgrass (Leersia oryzoides). 

        B. Ephemeral pools and wetlands Also called channel bar wetlands. Species include cocklebur (Xanthium 
strumarium), smartweed (Persicaria maculosa), and a perennial sedge 
(Carex senta). 

Grass/forb  Xeric floodplain grasslands.  
Shrub   
       A. Mesic riparian Species: Primarily seep-willow (Baccharis salicifolia).  
       B. Xeric riparian  Species: rabbitbrush (Hymenoclea monogyra), desert broom (Baccharis 

sarathroides). 
Cottonwood/willow   
      A. Gallery Mature Salix-Populus woodland-forest (gallery forest) 
      B. Pole/sapling Sapling Salix-Populus woodland-forest (young forest). Includes coyote 

willow (Salix exigua). 
Other native tree  

Riparian  Native mixed deciduous forest. Species include sycamore (Platanus 
wrightii), alder (Alnus oblongifolia), velvet ash (Fraxinus velutina), and 
Box elder (Acer negundo).  

Upland/transition  Arizona walnut (Juglans major), Mesquite (Prosopis glandulosa), 
hackberry (Celtis reticulata), and desert willow (Chilopsis linearis).  

Nonnative tree Saltcedar (Tamarix chinensis), Russian olive (Elaeagnus angustifolia), 
tree-of-heaven (Ailanthus altissima), and Siberian elm (Ulmus pumila). 

Cultivated Agricultural field, historical or current. Cover is nonnative or native 
pasture grass or alfalfa. 

*During surveys and within the data, wetland type (secondary channel ponds/pools vs. ephemeral pools/wetlands) was not 
delineated. Both types were classified as wetlands. Similarly, herbaceous wetlands were classified as wetlands, rather than the 
grass/forb habitat type. 
 
Floodplain vegetation has varied considerably over time. Soles (2003) calculated the extent of 
floodplain inhabited by riparian vegetation in the Cliff-Gila Valley during each of six aerial photo 
dates from 1935 to 1996 using photogrammetry from each aerial photo series. Analyses showed that 
a pulse of riparian regeneration occurred between 1980 and 1996 and that large floods (12,500 – 
35,000 cubic feet per second [cfs]) cleared vegetation through a combination of mechanical 
reworking of the floodplain and also flood scouring. Abandoned and secondary channels provided 
ideal nursery sites for riparian establishment (Soles 2003). Groundwater proximity, presence and age 
of floodplain vegetation, substrate composition, and the relative discharge carried by the main 
channel, tributaries, and secondary channels during flood events are all important variables 
influencing conditions in the riparian corridor (Asplund and Gooch 1988; Braatne et al. 1996). 
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Table 2. Cover of riparian floodplain habitat mapped by habitat bands during 2012 annual transect surveys. 
 

Habitat type % of total Area (m2) Area (acres) 
Aquatic habitat 2.8% 1,549.2 0.38 

None (barren)  7.3% 4,078.9 1.01 

Herbaceous wetland/wet meadow 0.5% 261.1 0.06 

Grass/forb (upland) 34.4% 19,371.1 4.79 

Riparian shrub 2.6% 1,446.7 0.36 

Upland shrub 6.3% 3,565.5 0.88 

Riparian forest: cottonwood/willow – Pole or sapling 16.6% 9,323.7 2.30 

Riparian forest: cottonwood/willow – Gallery, mature 10.2% 5,729.2 1.42 

Riparian (mesic) forest: native mixed broadleaf 2.5% 1,389.7 0.34 

Transition/upland forest (native) 1.8% 1,009.2 0.25 

Nonnative forest 0.2% 92.1 0.02 

Cultivated (historical or present) 15.0% 8,413.9 2.08 

TOTAL  100% 56,230.4 13.90 

Gila River Riparian Vegetation Types 

This chapter describes plant community types using two recent data sets from the Cliff-Gila Valley 
(Soles and Cooper 2013; Kindscher et al. 2008). A diverse mix of riparian forests and shrublands 
occupy channels and terraces at specific positions and heights across the floodplain (Durkin et al. 
1998; Chapter 7, this report). The main vegetation types of the Gila River floodplain are discussed 
below in order from wetter to drier habitats (Table 1). Habitat sensitivity to streamflow decline 
follows the same descending order. Plant community types were modeled after work in the Verde 
River (Stromberg 2008) and San Pedro River (Lite and Stromberg 2005) in Arizona. 

Methodology associated with monitoring transects (Appendix 4) surveyed from 2009-2013 is 
described in Chapter 7 of this report. To evaluate the relationships between topography and 
floodplain habitat, Soles and Cooper characterized vegetation on line transects within one of 11 
habitat types listed in Table 1. This analysis was expanded by overlaying 10-m bands centered on 
each surveyed transect on georeferenced aerial photography. Habitat types within each band were 
digitized and ground-truthed. This data is referred to within this chapter as “habitat bands” and is 
summarized in Table 3. The relationship between habitat type and depths to groundwater was also 
evaluated using topographic mapping and piezometer data in conjunction with vegetation data 
collected during the field surveys (Table 4) and is described in Chapter 7 of this report. 

Kindscher et al. (2010) studied wetland vegetation along the New Mexico portion of the Gila River; 
plots were surveyed in 2007. The presence and abundance of plant species from 19 riparian plots in 
the Cliff-Gila Valley (Figure 1) is included in this chapter. This data is referred to within this chapter 
as “plot data.” This data set provides additional information on the abundance of specific species 
(Table 2) and wetland attributes of the Cliff-Gila Valley. 
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Table 3. Average percent cover and wetland status of species found in 57 plots (1 ha) sampled in riparian 
areas in July 2007 in the Cliff-Gila reach of the Gila River (Kindscher et al. 2008, 2010). The symbol * 
designates a nonnative species, OBL = Obligate wetland species, FACW = facultative wetland, FAC = facultative, 
FAU = facultative upland species, UPL = upland species, and NI = species not included in the wetland species list 
(USDA NRCS 2013). Number of plots refers to the number of plots within which a species occurred at least once. 
 

Species Common Name Wetland Indicator Avg. % Cover Number of plots  

Populus fremontii Fremont cottonwood FACW  20.35% 52 

Salix gooddingii Goodding's willow FACW 9.06% 42 

Baccharis salicifolia Seep willow FAC 5.76% 49 

Salix exigua coyote willow FACW 4.34% 25 

Platanus wrightii Arizona sycamore FACW 3.13% 25 

Salsola tragus* Russian-thistle FACU 3.03% 51 

Melilotus albus* white sweet-clover  FACU 2.33% 53 

Aristida ternipes Hook threeawn UPL 2.05% 29 

Ericameria nauseosa rabbitbrush UPL 1.85% 31 

Sporobolus contractus spike dropseed UPL 1.81% 24 

Acer negundo boxelder FACW 1.75% 10 

Chenopodium neomexicanum New Mexico goosefoot NI 1.49% 31 

Artemisia carruthii Carruth's sagewort UPL 1.46% 49 

Kochia scoparia* Mexican fireweed FAC  1.37% 20 

Sporobolus cryptandrus sand dropseed FACU 1.25% 29 

Conyza canadensis horseweed FACU 1.20% 53 

Heterotheca subaxillaris camphorweed UPL 0.92% 44 

Chenopodium berlandieri pitseed goosefoot UPL 0.82% 37 

Eriogonum wrightii bastard-sage NI 0.79% 29 

Parthenocissus vitacea thicket creeper FACW 0.75% 16 

Ambrosia acanthicarpa bur ragweed UPL 0.73% 49 

Juglans major Arizona walnut FAC 0.71% 14 
 
 
Table 4. Median and standard deviations for depths to water (m) in vegetation communities on four transects 
from 2009-2012 (Table 8, Chapter 7, this report). Range of values reflects seasonal variation in depth to 
groundwater. Table organized from least to greatest depth to water. 
 

Habitat type Depth to water (m) 
Herbaceous wetland/wet meadow 0.36–0.75 ± 0.35 
Cottonwood/willow – Pole or sapling 0.62–0.95 ± 0.52 
Riparian (mesic) shrub 1.13–1.30 ± 0.46 
Upland (xeric) shrub 1.30–1.76 ± 0.62 
Grass/forb (upland) 1.34-1.61 ± 0.85 
Cottonwood/willow – Gallery, mature 1.52–1.78 ± 0.65 
Cultivated (historical or present) 3.29–3.68 ± 1.07 
Transition/upland forest (native) 5.13-5.38 ± 0.30 
Riparian (mesic) forest: native mixed broadleaf no data 
Nonnative forest no data 
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Wetlands 

For regulatory purposes under the Clean Water Act, wetlands are defined as "those areas that are 
inundated or saturated by surface or groundwater at a frequency and duration sufficient to support, 
and that under normal circumstances do support, a prevalence of vegetation typically adapted for life 
in saturated soil conditions” (Environmental Protection Agency 2013). Vegetation can serve as an 
indicator of hydrologic and soil conditions of a site. Species richness and abundance can indicate 
where wetlands occur, even if at the time of observation the area is essentially dry. 

In previous work Kindscher et al. (2010) studied wetland vegetation along the New Mexico portion 
of the Gila River. All plant species found in the Gila River riparian plots were assigned one of five 
wetland values as defined in the 1987 Wetlands Delineation Manual (Environmental Laboratory 
1987) and updated with a list from USDA NRCS (2013) Plants database. These categories include: 
1) obligate wetland plants; 2) facultative wetland plants; 3) facultative plants; 4) facultative upland 
plants; and 5) obligate upland plants. These scores were used to calculate average wetland values 
where OBL = 1, FACW = 2, FAC = 3, FACU = 4, and UPL = 5. More detail on how wetland values 
were calculated can be found in Kindscher et al. 2010. 

For the 19 sites (57 plots) along the river in the Cliff-Gila Valley, 300 plant species were recorded. 
The riparian area contained forests dominated by cottonwood (Populus fremontii) at over 20% of 
total cover and willow species (S. goodingii and S. exigua) comprised over 13% of total cover (Table 
3). Using the procedure detailed in Kindscher et al. 2010, over 42% of these downstream plots are 
considered wetlands (Figure 2). 

 
Figure 2. Wetland index scores for 57 sites (all 0.1 ha riparian plots) at 19 sites (3 plots each) along the Gila 
River in the Cliff-Gila Valley as shown on Figure 1. Scores based on plant cover data collected in 2007, using the 
wetland index described in the text. Plots with scores below 3.0 have a prevalence of wetland vegetation, and could 
potentially be classified as regulatory wetlands. 
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A major driver in the delineation of wetlands is frequency and abundance of obligate wetland 
species. Categorization of obligate wetland species in the Cliff-Gila Valley shows that they are 
relatively infrequent. Facultative wetland species - occurring in wetlands 66-99% of the time - 
include Fremont cottonwood, Goodding’s willow, coyote willow, and Arizona sycamore. Because of 
the dominant cover of these species, over 40% of the plots sampled were classified as wetlands. 

Soles and Cooper mapped wetland habitat bands along monitoring transects (Chapter 7, this report), 
but excluded woody facultative wetland species. Wetlands were identified by obligate and facultative 
herbaceous species. Similar to Kindscher et al. 2010, wetland habitat was rare, covering only 0.5% of 
the entire habitat band surveyed. This habitat type had the shallowest depth to groundwater: 0.36-
0.75 m. 

The two classifications that most accurately describe wetlands in the Cliff-Gila Valley are described 
below. Because numerous authors within this report refer to wetland habitat, it is valuable to 
distinguish between these two types. 

Marshland or Herbaceous Wetland Vegetation / Obligate Wetlands 
Marshlands are the wettest habitat and one of the least common plant communities in the Cliff-Gila 
Valley. They require a constant source of standing water or soil moisture, and occur in old river 
channels, depressions in the floodplain where the water table is high, or where seeps or springs occur. 

Vegetation in marshlands has roots that extend less than a meter into the soil. These areas are 
classified as wetlands due to their relatively consistent moist soils that are at times saturated, and the 
occurrence of wetland obligate plant species. Common species are considered wetland graminoids or 
emergent herbaceous species and include hardstem bulrush (Schoenoplectus acutus), rushes (Juncus 
torryii), cattails (Typha latifolia), spikerush (Eleocharis spp.) and rice cutgrass (Leersia oryzoides). 
Two large wetlands at the upper end of the Cliff-Gila Valley occur in a historic river channel and are 
being studied by Jeffery Samson and Dr. Mark Stone at University of New Mexico. 

Channel Bar Wetlands / Facultative Wetlands 
These wetlands are typically created by scouring during large floods and occur in small discrete 
bands in off-stream secondary channels or in other depressions where the water table is very high and 
silt and sand have been deposited over time. In addition, the vegetation often has considerable 
amounts of annual biomass, comprising the following species: yellow nutsedge (Cyperus esculentus), 
cocklebur (Xanthium strumarium), and smartweed (Persicaria maculosa). Perennial species, 
including sedges and notably a large clump-forming sedge (Carex senta), also occur here. These 
areas also serve as nurseries for seedlings of cottonwood, willows, and other species. Because 
channel bar wetlands typically occur in secondary channels not adjacent to the active channel, 
vegetation is protected from scouring, although infrequent large floods may reduce vegetative cover. 

Historically, beaver played an important role in the Gila in increasing wetland acreage due to their 
dam building operations (Chapter 13, this report). Further study is needed to determine historic and 
current acreage of wetlands in the Cliff-Gila Valley. Methodology tested in the Gila and described in 
Muldavin et al. (2011) would be useful, particularly if expanded to cover a greater portion of the 
Valley. 

Cottonwood-Willow 

The most mature communities, such as a Fremont's cottonwood-Arizona sycamore/seepwillow 
forest, develop on the highest sites such as larger island bars or sidebars. These sites are within the 
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25-year floodplain, where the force of flows averaging 18,000 cfs can readily remove large trees and 
destabilize the bars, leading to radical changes in the floodplain landscape.  

Cottonwoods and willows are the dominant class of vegetation in the floodplain (Kindscher et al. 
2010). From 2012 habitat bands, they occupy 26.8% of total band area (Table 2). The most common 
species in this vegetation class are Fremont cottonwood (Populus fremontii) and Goodding’s willow 
(Salix gooddingii), but it includes other cottonwood (Populus angustifolia) and willow species (Salix 
irrorata), as well as other riparian and upland tree species. Cottonwood-willow forests in the habitat 
bands are classified as pole sapling stands and gallery forest (Table 1). 

Gallery forests are characterized by large stems and an expansive distinct canopy. Old-growth 
cottonwoods primarily occur when they are stranded on higher stream banks, or when the meander 
channel they established on is removed from the greatest intensity of flooding (Durkin et al. 1996). 

The youngest community, consisting of cottonwood, willow, and seepwillow, occurs on the lowest bars 
bordering the main channel or secondary channels (Durkin et al. 1996; Chapter 7, this report). 
Approximately one-third of this vegetation occurs within 15 m of the main channel, while 
approximately two-thirds grow greater than 15 m from the river along secondary channels (Chapter 
7, this report). In contrast to trees in gallery forests which have typically self-thinned over time, 
saplings typically grow densely together. Tree crowns are highly variable but are individually much 
less dense than gallery forests, providing more foliage in the mid-canopy. Developing cottonwood 
forests are typically within the 2-year floodplain (Durkin et al. 1996). 

Riparian Shrub 

In places near stream and secondary channels and in full sun where groundwater is high, strands of 
coyote willow (Salix exigua) and/or seepwillow occur. Both mesic species occur extensively in the 
Cliff-Gila Valley (Kindscher et al. 2008). Seep-willow is a common evergreen shrub (to 4 m) that 
occurs in bands along the river channel or in cobble. This vegetation type often occurs in very sandy 
or cobble-strewn deposits. In the habitat bands, coyote willows were included in the cottonwood-
willow pole/sapling habitat type, rather than as a riparian shrub habitat type (Table 1). Young 
cottonwoods and coyote willows typically occur together so it is difficult to map them separately; 
this habitat band covered 16.6% of the entire area mapped (Table 2). 

Seep willows were the primary species included in the riparian shrub category, covering 2.6% of the 
entire area mapped. However, from plot data, seep-willow ranked third in terms of percent cover, 
following cottonwood and willow (Table 3). 

Grass/Forb 

Floodplain grasslands typically occur in areas of full sun with sandy or fine-textured soils. They are 
found throughout the Cliff-Gila Valley, having the highest percent cover within habitat bands 
collected along monitoring transects (Table 2). However, the cover within this habitat band is often 
quite sparse. In terms of habitat bands mapped along monitoring transects, Soles and Cooper (2013) 
used wetland indicator species to identify herbaceous wetland cover (see above). Therefore, the 
grass/forb habitat band reflects xeric sites, with greater depths to groundwater than wetland species 
(Table 4). 

The most frequently observed grass species included hook three-awn (Aristida termipes—30 plots), 
barnyard grass (Echinochloa crus-galli—28), sand dropseed (Sporobolus cryptandrus—28), tall 
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fescus (Festuca arundinacea—28), and bermuda grass (Cynodon dactylon—28) (Table 2) 
(Kindscher et al. 2008). Terraces where grass occurs adjacent to the active channel are often 
composed of Canada wild rye (Elymus canadensis), sand dropseed (Sporobolus cryptandrus), and 
spike dropseed (Sporobolus contractus) (Kindscher et al. 2008). 

Other Native Riparian Trees 

This vegetation type is some of the most diverse wooded habitat in both species richness (Table 1) 
and structure. Deciduous forests are generally located in areas with consistently moist soils that do 
not experience flood scouring due to their position to the river channel. These protected areas may be 
distant from the main channel or sit above or adjacent to it. The understory supports numerous native 
shrubs, such as three-leaf sumac (Rhus trilobata) and indigo bush (Amorpha fruticosa). In general, 
these groupings reflect different water needs of these species, although there is overlap in where the 
species are found. 

Mixed deciduous riparian trees often occur in late successional cottonwood-willow forests. Many of 
these native trees are also found along the earthen irrigation ditches in the Cliff-Gila Valley. Arizona 
sycamore (Platanus wrightii) and alder (Alnus oblongifolia) are early-successional trees included in 
this category. Late-successional trees include box elder (Acer negundo) and velvet ash (Fraxinus 
velutina). These two species require moist soils and areas protected from flooding to reach maturity. 

Because most of these trees occur in small, isolated stands or as individual trees, their overall cover is 
quite low on the study transects (Table 2). In addition, if these native riparian trees were beneath an 
overstory of cottonwood/willow, the habitat bands would have been recorded as cottonwood/willow. 

Upland Shrub 

Shrubby riparian xeric sites occur on dry terraces or flood-disturbed areas with dry soils or cobbles 
and where seasonal maximum depth to groundwater is 2-4 m (Leenhouts et al. 2006). Rabbitbrush 
(Chrysothamnus naseousus), burro bush (Hymenochlea monogyra), and desert broom (Baccharis 
sarathroides) form in patches or in linear thickets. These species access groundwater by developing 
deep roots, tolerate low soil moisture, and have the ability to re-sprout after being laid flat by intense 
flooding. Upland shrubs often co-existed with upland grass/forb cover on terraces and had very 
similar depths to groundwater (Table 4). Many riparian species commonly found on high terraces of 
floodplains in arid regions are considered upland species (Durkin et al. 1996; Stromberg et al. 1996). 

Other Native Upland Trees 

Species grouped in the upland transition woodland include Arizona walnut (Juglans major), honey 
mesquite (Prosopis glandulosa), soapberry (Sapindus saponaria), netleaf hackberry (Celtis 
reticulata), desert willow (Chilopsis linearis), Emory oak (Quercus emoryi), and junipers (Juniperus 
monosperma and Juniperus deppeana) and occupy the driest sites on the floodplain. These trees, 
especially desert willow, occur on terraces in the active floodplain but most commonly develop at the 
edge of the floodplain against the toeslope of adjacent hillsides (Durkin et al. 1996). Flooding is now 
rare on sites like this (> 100-year return intervals) and also on terraces adjacent to the river out of the 
active floodplain. 

Along monitoring transects, this habitat occurred in only 2% of the habitat band area. One 
explanation for this very low value is that many of these species occur in the understory of gallery 
cottonwood forests; in this situation the dominant band would be recorded as mature cottonwood 
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rather than native upland tree. Arizona walnut is a common species in the Valley bottom: it occurred 
in 26% of the plots sampled by Kindscher et al (2010). Emory oak are typically found on the alluvial 
fans of drainages in the Cliff-Gila Valley. Some of these species, particularly hackberry, junipers, 
and mesquite, are also found along irrigation ditches. This is the most mature forest community of 
the site, and in time the riparian canopy trees will be replaced by facultative upland trees in the sub-
canopy, particularly juniper (Durkin et al. 1996). Typically an upland tree and shrub, juniper is also 
found on the floodplain, although it rarely occurs along study transects. 

Exotic and Invasive Species 

Woody exotic and invasive species occur throughout the riparian area but their cover is very limited 
(Table 2). Saltcedar (Tamarix chinensis), Russian olive (Elaeagnus angustifolia), tree-of-heaven 
(Ailanthus altissima), and Siberian elm (Ulmus pumila) all occur in the Cliff-Gila Valley, often as 
single plants but in some cases as localized stands (e.g., Russian olive downstream of Hwy. 211 
bridge). From 2012 10-m habitat bands, nonnative trees occupy less than 0.2% of total band area, 
which is only .02 of 13.90 acres (Table 2). Saltcedar is currently only a minor component of the 
vegetation along the Gila River in New Mexico. It only occurred in 5 of 57 plots and had very small 
percent cover in plots surveyed in 2007 (Kindscher et al. 2008). 

In 2007 plot data, the most common exotic species encountered were three annual species: Russian 
thistle (Salsola tragus), sweet clover (Melilotus alba), and mullein (Verbascum thaspus) (Table 3). 
Many nonnative annuals are a legacy of a long history of agriculture in the Cliff-Gila Valley. 

Cultivated Land 

A significant amount of acreage in the Cliff-Gila Valley is associated with current or past agricultural 
practices, including crops such as alfalfa. Much of the existing acreage within this habitat type is 
pasture grass or abandoned cropland. Introduced exotic grass species are common throughout the 
Valley. 

Life Histories of Plant Communities and Species 

The following discussion focuses on life history characteristics of plant communities and woody 
species in the Cliff-Gila Valley. They are arranged according to their relative dependence on 
groundwater. 

Cottonwood (Populus fremontii and Other Populus Species) and Willow (Salix 
gooddingii and Other Salix Species) 

Cottonwood and willow require a consistent source of groundwater; their distribution is restricted to 
where this exists. In Arizona they are typically found where the groundwater is within only 1-3 m of 
the surface (Leenhouts et al. 2006; Stromberg 2008). In addition, the water table beneath these trees 
is relatively stable and near the ground surface, not varying by more than 2 m (Lite and Stromberg 
2005). In the Cliff-Gila Valley, depth to groundwater of cottonwood/willow habitat varied 
considerably by season and condition (Tables 9 and 10, Chapter 7, this report). When groundwater is 
not sufficiently high, these species decline along Southwestern streams (Shafroth et al. 1998; 
Shafroth et al. 2000; Stromberg 2008). Cottonwood trees of all ages and sizes are known to die from 
severe water stress (Tyree et al. 1994). Another effect of large or sudden drops in groundwater is that 
as successful recruitment events occur more infrequently, age-class diversity is reduced. 
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Older stands can tolerate greater depths to groundwater than young stands (Table 4). The depth to 
groundwater for gallery forests ranges from 1.5-1.8 m (Table 4). Rooting depths in the Cliff-Gila 
Valley appear to be shallower than for mature stands observed in Arizona (3-5 m (9.8-16.4 ft)) 
(Braatne et al. 1996; Stromberg 1993). 

Young pioneer forests are found in greatest abundance along secondary river channels on the 
floodplain. Recruitment is most successful in these areas because groundwater is available and these 
sites are typically protected from scouring (Chapter 7, this report). Cottonwoods and willows often 
occur in distinct age classes and even-aged heights reflecting they established at the same time. 
Depth to groundwater is closer (0.62-0.95 m) than for mature trees (Table 4). 

The two main irrigation diversions in the upper end of the Cliff-Gila Valley dewater the river 
immediately downstream, causing large fluctuations in groundwater, particularly on transect 5 
(Chapter 7, this report). Consequently, little cottonwood-willow recruitment occurs in this reach 
along or near the active channel. And over the course of the past decade, older trees have been dying. 

Mature cottonwoods and willows flower in the early spring. Cottonwoods produce seeds in March 
through April. Goodding’s willow are very similar, with seed releases beginning slightly later and 
lasting longer (from late March into June) (Shafroth and Beauchamp 2006). 

Seedling establishment is linked to flood disturbance for cottonwood and willow trees (Stromberg 
1998; Shafroth et al. 1998). Large floods create bare, disturbed areas. Silt provides a site for short-
lived cottonwood and willow seeds to establish in the spring. Roots grow quickly to find moisture in 
the upper parts of the water table or from the capillary fringe. Root growth of young Fremont 
cottonwood seedlings is rapid: average growth rate is 4-12 mm (0.16-0.47 inch) per day (Stromberg 
1993; Braatne et al. 1996). A growth rate of 13.5 mm (0.5 inch) per day has been observed over a 4-
day period (Fenner et al. 1984). Because the upper layers of the moist alluvium dry rapidly with the 
onset of warmer summer temperatures, rapid root growth is essential to reach depths where a supply 
of water is available. Fremont cottonwood seedlings die if their roots do not reach seasonal alluvial 
water tables (Braatne et al. 1996). Successful cottonwood recruitment may occur only once every 5 
or 10 years (Stromberg et al. 1997). 

The extraordinarily wet spring of 2010 in southwest New Mexico provides an example of conditions 
conducive to cottonwood recruitment. In the upper portion of the Cliff-Gila Valley, Soles (2013) 
identified and mapped a band of cottonwood seedlings, 10-35 cm tall, in June and July 2011. Due to 
their size, seedlings were determined to be at least a year old (Braatne et al. 1996), with recruitment 
having occurred in 2010. Cottonwood seeds were dispersed between about April 21 and May 25, 
2010 (Soles, pers. comm.). 

Heavy snowpack in the upper watershed in the winter of 2009-2010 generated one peak event of 
nearly 8,000 cfs in January 2010, and sustained elevated rates of streamflow (ca. 300-800 cfs) 
through mid-May 2010. Rates of groundwater recession on each of the three transects from May 1 
through mid-June 2010 declined during the period of early seedling establishment. Rates were 8-14 
mm per day. 

A recruitment box model was established for sites in Arizona (Mahoney and Rood 1998). Based on 
2010 groundwater data and observations of seed release, a similar model was created for the Cliff-
Gila Valley (Figure 3). An extended period of snowmelt runoff in 2010 elevated groundwater levels 
and supported cottonwood recruitment throughout the Cliff-Gila Valley. 
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Figure 3. Change in groundwater levels at three transects (T13, T12, T5) during April to early June of 2010. 
Cottonwood and willow seed dispersal occurred that year April 21-May 25 (within the gray box). The black 
diagonal line indicates a groundwater recession rate of 4 cm per day. 
 

Steeper declines in groundwater depth led to seedling death as the sites became too dry for survival. 
Seedlings received the benefit of a few days of flow in the range of 300-600 cfs in early August 2010 
and 400-2,500 cfs again in August 2011. As a result of these flows, most of the seedlings persisted 
through at least early 2013 and were re-located in January-February 2013. However, due to more 
extreme declines in groundwater levels later in the spring, only a few seedlings remained viable. 
Seedlings cannot survive rates of decline that exceed 4 cm/day (Mahoney and Rood 1998). During 
September 2013, major flooding (ca. 30,000 cfs) scoured or buried all of the recruitment sites, 
underscoring how infrequently seedlings survive through sapling stage. Cottonwood seedlings were 
not found at these sites in February 2014. 

Riparian Shrub 

Seep-willow often co-occurs with coyote willow. Both grow from seeds or vegetatively propagate, 
especially following floods (Stromberg 2008). Seep-willow can produce seeds in the spring or fall 
(Shafroth and Beauchamp 2006). Coyote willow releases short-lived seeds in the spring. 

As facultative wetland species, both shrubs make use of groundwater. On the upper San Pedro River 
(Leenhouts et al. 2006), these species tend to be found at sites where annual maximum depth to 
groundwater ranged between 1.0 and 3.5 m, similar to values for the Cliff-Gila Valley (Table 4). 
Since the groundwater table is high and soils are saturated for 10-14 days during the year, these areas 
are classified as wetlands (Kindscher et al. 2010). 
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Other Native Trees - Riparian 

Sycamore, alder, and box elder are found within or adjacent to cottonwood and willow stands. These 
trees may occur as stringers, like alder; in stands, like box elder; or as isolated trees, like sycamore. 
Depth to groundwater for this habitat band ranges from 1.48-2.19 m. 

Sycamore occurs as single trees or small stands on the floodplain (Table 2). Like cottonwood and 
willow, saplings are frequently located next to secondary channels. Sycamore is most productive 
when groundwater is less than 2 m below the soil’s surface (Stromberg 2001). Along various rivers 
in Arizona, successful seedling establishment was associated with years that had larger winter floods 
(Stromberg 2002). Water stress and temperature are significant factors influencing successful 
germination and initial survival of sycamore, cottonwood and willow seedlings; sycamore had the 
smallest temperature range for germination and showed the least tolerance for water stress (Siegel 
and Brock 1990). Water availability has a significant impact on sycamore reproduction and vigor 
(Stromberg 2001). Water requirements for seedlings were greater than for older trees (Stromberg 
2001). 

Boxelder (Acer negundo) is tolerant of shade and often found in the understory of riparian forests. It 
requires significant moisture, is deep-rooted, and does not need to be adjacent to perennial water. It 
produces large amounts of large seeds. The mechanisms of germination and successful reproduction 
are not well understood. 

Other Native Trees – Upland/Transition 

Trees within this habitat are probably maintained by tapping groundwater through the sandy soils and 
accessing moisture from adjacent hill slope (Durkin et al. 1996). Where fine soils accumulate 
seedling and saplings, roots rely on capillary action for moisture, as well as precipitation. Like 
hackberry (Celtis reticulate), Arizona walnut (Juglans major) tends to occur in floodplain areas far 
distant from the active channel. They are both deciduous species that can remain dormant in dry 
spring times and make extensive use of summer precipitation in addition to making use of 
groundwater. After a wet monsoon season and fall in 2013, numerous walnut and hackberry 
seedlings germinated beneath the canopy of other trees (Cooper, pers. comm.). 

Two juniper species (Juniperus monosperma and J. deppeana) occur rather commonly in the riparian 
areas. They do not depend on groundwater and so make use of drier sites. In fact, Juniperus 
monosperma is more drought tolerant than saltcedar (Whiteman 2006). Birds spread their seeds by 
eating the fleshy pulp. Junipers are abundant throughout the Gila watershed due to lack of fire 
historically and tolerance of grazing. 

Upland Shrub 

Rabbitbrush (Ericameria nauseosa) is common on floodplain terraces (Table 2). It often forms 
thickets that have grasses and other forbs between clumps. It establishes by seeds produced in late 
fall or vegetatively propagates. Rabbitbrush is a facultative phreatophyte and can tolerate lower 
groundwater depths and go dormant during dry spells. Along the San Pedro River in Arizona it is 
often found where the groundwater is 2-4 m deep (Leenhouts et al. 2006). 
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Nonnative Trees 

Monocultures of saltcedar (Tamarix) can develop in floodplains, particularly in altered hydrosystems 
throughout the Southwest. Along the San Pedro River in Arizona, saltcedar increased as streamflows 
became more intermittent and groundwater deepened and became more variable (Lite and Stromberg 
2005). When surface flow was reduced to less than 75% of the year on the San Pedro, saltcedar 
became co-dominant with cottonwood (Lite and Stromberg 2005). Saltcedar is a facultative 
phreatophyte with deeper rooting ability than native species. It is often found where depth to 
groundwater is at least 1-1.5 m (3-5 ft) (Leenhouts et al. 2006). Unlike cottonwoods and willows, it 
can produce seeds continuously throughout much of the growing season (Shafroth and Beauchamp 
2006). 

Hydrologic Influences on Riparian Plant Diversity 

Interactions between surface water, groundwater, and riparian systems support the Cliff-Gila 
Valley’s biodiversity. Specifically, riparian vegetation patterns are closely linked to groundwater 
levels, and the mosaic of vegetation shapes the floodplain topography. Periodic large floods re-work 
the floodplain and support nutrient cycling, both of which are important to life stages of plants. Mid-
size floods sustain riparian vegetation. Relationships between flows and habitat are described in 
greater detail in Chapter 14 of this report. 

Groundwater availability and soil type are also major determinants of vegetation type and diversity 
(Muldavin 2011). Moist soils are essential for germination and establishment of riparian trees. In the 
San Pedro River in Arizona, cottonwood-willow forests had high density and high age-class diversity 
where the mean depth to groundwater was less than 3 m (10 ft) and did not vary seasonally or 
annually by more than 1 m (Lite and Stromberg 2005). These same depth-to-groundwater values are 
generally reported along other desert rivers in the Southwest (Stromberg et al. 1991; Shafroth et al. 
1998; Shafroth et al. 2000; Horton et al. 2001), including the Cliff-Gila Valley (Table 4). 

Riparian tree vigor declines in response to groundwater decline (Stromberg et al. 2004). Dry periods 
shape riparian vegetation, determining which species survive as seedlings, juveniles, and adults. 
Annual species are abundant in the floodplain of the Cliff-Gila Valley (Kindsher et al. 2008); many 
are dependent upon rainfall for establishment and survival. 

Patterns of secondary channels that flow through the floodplain in the Cliff-Gila Valley create 
extreme topographic complexity and diversity. Vegetation communities across the floodplain 
alternate between wetland, riparian, and xeric species. Numerous habitat bands occur within small 
distances, creating a high proportion of ecotones relative to total floodplain area. Riparian species 
establish in the lower topographic areas, while vegetation on higher elevations relative to the active 
channel tends to be xeric species like upland shrubs, grasses, and forbs. 

Impacts of CUFA Diversion 

Reduced flow in Arizona streams has been studied extensively; with well-documented impacts to the 
active channel, secondary or abandoned channels, wetlands, floodplain forests, and floodplain 
terraces (Stromberg et al. 2005; Stromberg et al. 2007; Stromberg et al. 2010). When floodplain 
inundation is reduced by diversion, cover of obligate and facultative wetland species is reduced 
(Stromberg et al. 2005). 
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Reduction in Cottonwood Recruitment and Growth 

Flooding events and extended periods of time with moist soil are essential for establishment of 
cottonwoods (Populus spp.) and other wetland-dependent species (Lytle and Merritt 2004; Shafroth 
et al. 2000). If the water table is significantly reduced by additional diversion or climate change, 
many wetland species, including trees, may not germinate or survive. 

If CUFA diversion occurs, 14,000 acre-feet of water per year on average could be diverted. Changes 
to the hydrograph by the proposed diversion are described in Chapter 5 of this report. Diverting small 
to moderate flows will reduce median floodplain inundation frequency by 10% (Chapter 6, this 
report), with most pronounced reductions in the late winter/early spring. Consequently, the number 
of riparian recruitment events is also predicted to decrease (Chapter 6, this report). 

Loss of Wetland Plant Communities  

Reduction of flows in the 400-4,000 cfs category will considerably diminish the amount of 
groundwater supporting marshlands (Chapter 7, this report). Obligate wetland species, such as 
cattails (Typha latifolia) and spikerush (Eleocharis spp.), may be replaced by grasses and other non-
wetland species that can tolerate drier conditions. On the San Pedro River in Arizona in areas where 
there was a lower water table, native herbaceous and graminoid wetland species were replaced with 
the exotic species Bermuda grass (Cynodon dactylon) and white sweetclover (Melilotus alba) 
(Stromberg et al. 2005). Both of these species are present along the Gila River, and thus the potential 
exists for these problematic exotic species to become more dominant.  

Invasive Species Colonization 

Saltcedar is a woody species that would likely increase in cover in the Cliff-Gila Valley if the natural 
hydrograph changes. Finally, there could be a cascade of other impacts on overall plant growth if 
stress due to water limitation occurs. Drier conditions decrease rates of leaf decomposition and 
nutrient cycling (Chapter 2, this report). 

A more comprehensive discussion of changes to riparian habitat with CUFA diversion and climate 
change is found in Chapter 15, this report. 

Changes in Ecosystem Functions and Services 

Riparian areas provide many ecosystem functions and services that can benefit both humans and 
wildlife, including reducing the scouring effects of flooding, capturing sediments and nutrients, and 
creating habitats for other organisms (Stromberg 2008). The role of shading and evapotranspiration 
as a service to humans can be understood more fully when one encounters the impacts of large trees 
dying, where shading is reduced and less moisture is available in the local environment. Graphically, 
a house in a cottonwood forest is much cooler in the summer than one surrounded by no trees or dead 
trees. In Arizona, residents will pay more to live near a densely vegetated river bank (Bark-Hodgins 
et al. 2006). In addition, Soles (2003) documented that dense bands of multi-aged vegetation absorb 
flood energy and resist scouring (more so than levees). CUFA diversion and climate change could 
reduce the future ecosystem functions and services of the Gila River in the Cliff-Gila Valley. 
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Research Needs 

Riparian Vegetation 

A primary limitation for understanding riparian vegetation patterns in the Cliff-Gila Valley is the 
absence of a high resolution vegetation map linked to elevation data such as LiDAR imagery. People 
have assessed overall vegetation cover and changes in cover over time, but we are unable to 
characterize the species and structural diversity that exists in the riparian corridor in the Cliff-Gila 
Valley. 

For many riparian tree species, the specific hydrological conditions, within a year and over the course 
of years, necessary for recruitment and survival are not known. Studies that reconstruct recruitment 
history by tree coring and relate this history to hydrological conditions will assist in identifying the 
hydrological requirements for establishment of these species. Diversion and climate change will alter 
the timing and shape of the snowmelt recession limb, a critical period of time for cottonwood 
recruitment. In addition, the summer low-flow period will be longer or drier, a period that reduces 
survivorship of riparian vegetation. With better data on the hydrological requirements for 
establishment and survival of tree species, we could better understand potential impacts. 

Wetlands 

Wetland mapping for the Cliff-Gila Valley is inadequate. The techniques of Muldavin et al. (2011) 
would be a useful model for this work.  The basic question of how many hectares of wetlands occur 
in the Gila River is not known.  Data indicate that there are quite a few areas with wetland 
vegetation, although not all wetland boundaries correspond to plant community boundaries.  Because 
wetland vegetation integrates both wetland hydrology and soils, it is assumed that many of these 
areas could be defined as regulatory wetlands.  How is the composition and abundance of wetland 
plant communities related to surface water levels? 

Flora 

A complete flora of the Cliff-Gila Valleyis needed. While there has been some documentation of 
plant species (Kindscher et al. 2008, Muldavin et al. 2000), a complete flora by river reach and for 
specific habitats has not been completed.  Questions include: Which species are rare in the area?  
Which plant species are truly obligated to the wettest habitats and are at most risk due to dewatering 
of the riparian area? What is the current abundance of salt cedar and other exotic species? 

A comprehensive description of research needs related to riparian vegetation is found in Appendix 
13, which integrates information gaps identified by participants at the January 2014 workshop and 
within this chapter. 
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Chapter 9. Aquatic Invertebrates of the Cliff-Gila Valley, NM: 
Effects of Flow Regime on Invertebrate Community Structure 
Michael T. Bogan, Department of Environmental Science, Policy & Management, 
University of California, Berkeley 

Summary 

Aquatic invertebrates serve many essential ecosystem functions in riverine ecosystems, including 
processing coarse and fine organic materials, serving as food sources for fish, and providing trophic 
linkages between aquatic and terrestrial ecosystems. Aquatic invertebrate species are also well 
adapted to the natural flow regimes of their dynamic lotic habitats. The upper Gila River is one of the 
few remaining streams in the southwestern United States with a natural flow regime, and it supports 
diverse aquatic invertebrate communities. These communities are composed of a unique blend of 
Neotropical and Nearctic species, along with rare local endemics like the Gila mayfly (Lachlania 
dencyannae). Limited surveys have identified over 175 aquatic invertebrate taxa from the Cliff-Gila 
Valley of the upper Gila River, and it is likely that more than 300 species actually occur there. This 
high species diversity is due in part to the river’s dynamic flow regime and in part to the wide variety 
of floodplain habitat types. In general, sensitive taxa that require a flowing channel (e.g., most 
stoneflies, mayflies, caddisflies) are found in the active river channel, while taxa preferring lentic 
habitat conditions (e.g., beetles, true bugs, crustaceans) dominate in backwaters, secondary channels, 
beaver ponds, and ephemeral pools and wetlands. 

In this report, I discuss the relationships between physical habitat and flow and aquatic invertebrate 
communities in the Gila River. I focus on four factors, water temperature, reduced flow volume, 
snowmelt hydrology, and floodplain habitat dynamics that are most likely to be altered by flow 
diversions and climate change. Specifically, I address: 1) the effects of warmer water temperatures 
on aquatic invertebrates, 2) how anthropogenic flow reductions can alter benthic habitat conditions 
and invertebrate communities, 3) the effects of snowmelt-dominated flow regimes on benthic habitat 
conditions and invertebrates, and 4) how mosaics of floodplain habitats promote invertebrate 
biodiversity. 

Many aquatic invertebrate species in the Gila River are sensitive to increased water temperatures. 
Higher temperatures can lead to decreased growth rates, increased maturation rates, earlier 
emergence times, and direct mortality of many stonefly and mayfly species. However, other taxa 
(e.g., blackflies) may thrive when water temperatures are high. Reduced flow volume can cause 
stranding mortality when flow levels drop quickly, but often the indirect effects of flow diversions on 
invertebrates are greater than direct effects. These indirect effects include increased water 
temperature and conductivity, deposition of fine sediments, and shifts in basal algal resources, all of 
which affect invertebrate community structure. The snowmelt-dominated hydrograph of rivers like 
the Gila also shapes aquatic invertebrate communities. Peak flows and flow recession limbs during 
snowmelt runoff flush and sort benthic substrates to provide fresh surfaces for algal growth, 
increased nutrient availability, and new areas for invertebrate colonization. Shifts in the timing or 
magnitude of the snowmelt runoff peak and truncation of the recession limb can result in reduced 
abundances, smaller sizes, and earlier emergences of stonefly and mayfly species. Increased 
temperatures and sedimentation due to truncation of the snowmelt recession limb will favor 
invertebrate species tolerant of warm, sluggish water (e.g., midges, worms) in late spring and 
summer. Finally, flooding from snowmelt and monsoons physically maintains a diversity of 
floodplain habitats and the invertebrate species that rely on those habitats. Reductions in flood 
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inundation duration or frequency will reduce the size of perennial pools in secondary channels and 
reduce the hydroperiod of ephemeral pools and wetlands in the floodplain, thus reducing the 
abundance and diversity of lentic invertebrates in those habitats. 

As aquatic invertebrates are highly adapted to, and dependent upon, the local flow regimes of the 
rivers they inhabit, it is difficult to prioritize flow needs for so many taxa. However, any New 
Mexico Consumptive Use and Forbearance Agreement (CUFA) diversions under the terms of the 
Arizona Water Settlements Act will entail disruptions of the natural flow regime in the Cliff-Gila 
Valley. To maintain as diverse an invertebrate community as possible, managers must strive to 
maintain the snowmelt hydrograph that flushes fine sediment, reinvigorates primary productivity, and 
provides optimal abiotic conditions and life history cues for aquatic invertebrate species. 
Additionally, flushing flows which activate and recharge secondary channels and ephemeral wetland 
habitats on the floodplain are essential to the persistence of lentic invertebrate taxa in the Cliff-Gila 
Valley. Finally, near-natural summer base flows should be maintained to prevent invertebrate 
communities in the main channel from shifting from their current diverse condition to ones 
dominated by a few taxa tolerant of warm, sluggish water. Maintaining water in the channel during 
low flow periods is also essential for preventing the extinction of rare invertebrate species like the 
Gila mayfly. 

Introduction 

Aquatic invertebrates serve many essential ecosystem functions in riverine ecosystems. They process 
coarse and fine organic materials, serve as food sources for fish and amphibians, facilitate the 
transfer of basal resources (e.g., algae) to higher trophic levels, and provide trophic linkages between 
aquatic and terrestrial ecosystems through the terrestrial adult stage of most aquatic insects 
(Cummins et al. 2008). Aquatic invertebrate species are also well adapted to the natural flow regimes 
of their dynamic lotic habitats (Poff and Ward 1989; Poff 1997; Poff et al. 1997; Lytle and Poff 
2004). Local adaptations to flow disturbance can even occur at the subpopulation level within a 
species when flow regimes are highly variable from stream to stream or reach to reach (Lytle et al. 
2008). 

The upper Gila River is one of the few remaining rivers in the southwestern United States with a 
natural flow regime. Aquatic invertebrate communities in the Gila River Basin are strongly shaped 
by natural disturbance events, including destructive flash floods and droughts (Molles 1985; Lytle 
2000; Bogan and Lytle 2011; Bogan et al. 2013a). While these flow disturbances can temporarily 
reduce local abundances of some species, this strong seasonal flow variability also plays an essential 
role in promoting riverine biodiversity. High spatial and temporal variability in habitat types can 
allow different faunas to coexist across time in a single place or across space in a complex riverine 
floodplain (Hutchinson 1961; Townsend 1989; Winemiller et al. 2010; Shimadzu et al. 2013). For 
example, in headwater streams of the Gila River Basin, high seasonal flow variability allows “time-
sharing” of stream habitats by favoring lotic invertebrate species during the high-flow season and 
lentic invertebrate species during the low-flow season (Bogan and Lytle 2007). 

The Gila River Basin supports a rich aquatic invertebrate fauna in New Mexico and Arizona, with 
well over 600 species documented from the drainage (Bruns and Minckley 1980; Gray 1981; 
McCafferty et al. 1997; Bogan 2005; Blinn and Ruiter 2006; Jacobi et al. 2005; Cary and Jacobi 
2008; NMED 2010; Bogan 2012; Bogan et al. 2013a,b,c). As with plants and mammals in the region, 
the aquatic invertebrate fauna of the Gila River Basin is a distinct blend of Nearctic and Neotropical 
species, with numerous regional endemics as well (McCafferty et al. 1997; Bogan and Lytle 2007; 
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Cary and Jacobi 2008). Regional endemics include a number of stoneflies (Plecoptera) such as 
Taenionema jacobii, Capnia caryi, and Amphinemoura apache (Cary and Jacobi 2008), mayflies 
such as Lachlania dencyannae (Koss and Edmonds 1970), beetles including Heterelmis stephani and 
Psephenus montanus (Brown 1972; Murvosh 1993), mites such as Diamphadoxoma cavecreekensis 
(Smith and Cook 2006), and worms such as Rhynchelmis gilensis (Fend and Brinkhurst 2000). 

The aquatic invertebrate fauna of the upper Gila River in New Mexico exhibits the same patterns of 
high diversity and endemism that has been noted from the greater Gila River drainage of Arizona and 
New Mexico. For example, 48 species of mayflies are known from the upper Gila River in New 
Mexico, 10 of which have not been collected elsewhere in the state (McCafferty et al. 1997). In fact, 
the upper Gila River supports the highest basin-level diversity of mayfly species in the state, despite 
the small size of the basin. The river also supports a number of mayfly species that are normally 
found only in Mexico, such as Cloeodes macrolamellus (Baetidae) (McCafferty et al. 1997). Other 
aquatic invertebrate species known from the upper Gila are at the extreme southern end of their 
distributions there. The stonefly Isogenoides colubrinus (Perlodidae) is normally found in streams of 
the central and northern Rocky Mountains (Baumann et al. 1977). The upper Gila River population 
of this species is disjunct from its more northerly conspecifics by more than 350 km (210 mi). The 
upper Gila also supports highly localized endemic aquatic invertebrate species. The mayfly 
Lachlania dencyannae (Oligoneuriidae) is known from only two locations in the world, one in the 
Cliff-Gila Valley and the other at the junction of the East Fork and mainstem Gila River (Koss and 
Edmunds 1970). This extremely rare mayfly was petitioned for listing under the Endangered Species 
Act in 2010. 

No published studies have specifically quantified aquatic invertebrate communities of the upper Gila 
River in the Cliff-Gila Valley, but some invertebrate data do exist for the area. The New Mexico 
Environment Department (NMED) collected benthic invertebrate samples from four locations in the 
Cliff-Gila Valley between 1987 and 2007 (Table 1; Figure 1) as part of the state’s Benthic 
Macroinvertebrate & Bioassessment Program (Jacobi et al. 2006; NMED 2010). The variability in 
sampling season and year preclude using these data for any spatial or temporal analyses of 
invertebrate community structure within the Cliff-Gila Valley, but the data are useful for illustrating 
the species diversity of the area. More than 175 aquatic invertebrate taxa were identified from 
samples collected in the Cliff-Gila Valley, all of which were documented from flowing, primary 
channel habitats (Appendix 6, this report). The 10 most abundant taxa collected by NMED across the 
Cliff-Gila Valley include: the mayflies Tricorythodes, Leptohyphes (Leptohyphidae), Baetis 
tricaudatus, Acentrella insignificans (Baetidae), Thraulodes, and Traverella albertana 
(Leptophlebiidae); the caddisflies Hydropsyche and Chematopsyche (Hydropsychidae); the riffle 
beetle Microcylloepus (Elmidae); and the blackfly Simulium (Simuliidae) (NMED, unpublished 
data). 

Table 1. New Mexico Environment Department’s aquatic invertebrate sampling sites in the Cliff-Gila Valley. 
Invertebrate data from these sampling sites and dates were used to create the aquatic invertebrate species list found 
in Appendix 6 of this report. 
 

Sampling Site  Latitude Longitude Elevation (m) Sampling Dates 
Gila River below Mangas Creek  32.833 -108.61156 1,322 11/8/2007 
Gila River above Mangas Creek  32.8655 -108.592 1,334 9/22/2000 
Gila River at NM Hwy 211 Bridge  32.96926 -108.58727 1,374 10/16/2007 

Gila River below Mogollon Creek 33.04298 -108.52825 1,412 7/22/1987; 8/16/1991; 7/18/2000; 
9/15/2000;  11/7/2001 
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Figure 1. New Mexico Environment Department sampling stations for aquatic invertebrates. Topographic 
imagery from Google Maps. 

Many of the taxonomic determinations of the NMED samples from the Cliff-Gila Valley were only 
to genus, suggesting that species-level diversity of the area is greater than 175 taxa. Additionally, 
lentic habitat units in secondary channels of the river and the floodplain, such as beaver ponds and 
ephemeral pools and wetlands, were not sampled by NMED (Figure 2). However, I have collected 
more than 130 additional beetle (Coleoptera) and true bug (Hemiptera) species from stream pool and 
standing water habitats in the Gila River Basin, and any of these taxa could potentially be found in 
the Cliff-Gila Valley (Appendix 7, this report). Finally, no comprehensive surveys of adult stage 
aquatic invertebrates (e.g., dragonflies) have been conducted in the Cliff-Gila Valley; many 
additional species would likely be detected via such surveys. Thus, a conservative estimate of aquatic 
invertebrate species richness in the Cliff-Gila Valley would be at least 300 taxa. 

Gila River above Mangas Creek

Gila River below Mogollon Creek

Gila River at Highway 211

Gila River below Mangas Creek

Cliff-Gila Valley
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Figure 2. Shifting mosaic of aquatic habitat types in the Cliff-Gila Valley over a 6-year period. Satellite 
imagery from Google Earth. 
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While quantitative comparisons of aquatic invertebrate community composition among the NMED 
study sites within the Cliff-Gila Valley cannot be made, NMED Biological Index (BI) scores provide 
some indication of how these sites compare with other streams in New Mexico. BI scores at the 
Highway 211 and below Mangas Creek sites in the Cliff-Gila Valley were 64.7 and 64.9, 
respectively, indicating “good” biological conditions and low amounts of fine sediments at these sites 
(Jacobi et al. 2006; NMED 2010). According to the NMED (2010), the main cause for concern 
regarding water quality conditions in the Cliff-Gila Valley and adjacent reaches of the Gila and San 
Francisco rivers is high water temperatures. Thus, aquatic invertebrate communities of the Gila River 
in the Cliff-Gila Valley appear to be in relatively good condition, but may be sensitive to further 
increases in water temperature or fine sediment deposition. 

Ecology, Habitat, and Flow Relationships 

In the following sections, I discuss the relationships between physical habitat and flow and aquatic 
invertebrate communities. I focus on four factors, water temperature, reduced flow volume, 
snowmelt hydrology, and floodplain habitat dynamics, which are most likely to be altered by flow 
diversions and climate change. Specifically, I will address: 1) the effects of warmer water 
temperatures on aquatic invertebrate populations, 2) how anthropogenic flow reductions can alter 
benthic habitat conditions and invertebrate communities, 3) the effects of snowmelt-dominated flow 
regimes on benthic habitat conditions and invertebrates, and 4) how mosaics of floodplain habitats 
promote aquatic invertebrate biodiversity. While studies addressing these factors have not been 
conducted on the Gila River, there is a rich literature from other regions. These published studies can 
inform predictions of what could happen to aquatic invertebrate communities if these physio-
chemical factors, such as water temperature and flow regime, are altered in the Cliff-Gila Valley. I 
especially highlight the results of studies featuring aquatic invertebrate taxa that are known to occur 
in the Valley. 

Effects of Water Temperature on Aquatic Invertebrates 

As noted in NMED (2010), the upper Gila River regularly exhibits higher water temperatures than 
similar-sized streams in other parts of New Mexico. The upper Gila’s southerly latitude, sparse 
riparian cover, and low base flow volume all contribute to high water temperatures during summer 
and fall. Water temperature has an extremely important role in regulating the types of aquatic 
invertebrates found in a stream, as well as their biomass and reproductive success (productivity). 
Increased water temperatures are associated with increased metabolic costs, which in turn depress the 
growth and accelerate the development of aquatic invertebrates (Vannote and Sweeney 1980; Hogue 
and Hawkins 1991). As a result, the adult size of aquatic insects is generally greatest under the 
coldest environmental conditions, while warmer habitats produce smaller, and less fecund, adults 
(Hogue and Hawkins 1991; Brown et al. 2012). 

For many aquatic insects, the final two months of growth preceding emergence into the adult stage 
are the most important ones—often little growth occurs in preceding months (Hogue and Hawkins 
1991). Many aquatic insects also have narrow temperature ranges for which adult body size and 
fecundity are maximized, and water temperature increases of just 2-3°C can lead to extirpation of 
some populations (Sweeney and Vannote 1978). This suggests that even short-term changes in water 
temperature could have significant impacts on aquatic insect production in a stream reach for certain 
seasons. In spring, water temperatures in temperate streams are generally cold due to snowmelt and 
lower air temperatures, while water temperatures during late summer and fall base flow are generally 
higher. Because of these seasonal patterns, adult size of aquatic insects that emerge in late winter or 
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spring is more likely to be reduced under increased water temperatures than summer or fall emergers, 
which already are adapted to higher water temperatures (Hogue and Hawkins 1991). 

Despite these generalities, all aquatic invertebrate species do not respond uniformly to increased 
water temperatures. Hemimetabolous insects (those that become adults directly from the larval stage) 
like mayflies and stoneflies may be far more sensitive to increases in water temperature than 
holometabolous insects (those that go through a pupal stage) like caddisflies, true flies, and beetles 
(Hogue and Hawkins 1991; Brown et al. 2012). For example, the mayfly Baetis (Baetidae) has been 
shown to be particularly sensitive to increased temperatures. Water temperature increases of 1.8°C 
led to significantly earlier emergence times for Baetis populations in Colorado (Harper and 
Peckarsky 2006). Additionally, yearly production of Baetis may be depressed by high summer water 
temperatures in some streams. Baetis has been documented as being univoltine (one generation per 
year) at sites with cold winter temperatures and warm summer temperatures, but bivoltine (two 
generations per year) at sites with more stable, and consistently cool, thermal regimes (Rader and 
Ward 1990). The mayflies Drunella and Ephemerella (Ephemerellidae) are also sensitive to high 
temperatures. Growth and development of these two taxa were positive when water temperatures 
ranged from 2 to 10°C, but slowed or ceased above 10°C (Rader and Ward 1990). Stoneflies also 
tend to be very sensitive to increased water temperatures. Spring stoneflies (Nemouridae) emerge 
earlier, and at smaller adult sizes, in response to warmer water temperatures (Sweeney et al. 1986; 
Hogg and Williams 1996; Brown et al. 2012). 

The effects of increased temperature on the production and emergence timing of holometabolous 
insects are far less uniform. Some caddisflies have been found to emerge earlier, and with decreased 
adult size and weight, in warmer temperature regimes (Brown et al. 2012), while other species 
exhibit considerable variability in their responses to water temperature (Wagner 2005). In a stream 
warming experiment, Hogg and Williams (1996) found that Lepidostoma (Lepidostomatidae) did not 
emerge at smaller adult body sizes under warmer conditions. In Oregon streams affected by 
agricultural water withdrawals, water temperature increases of up to 4.6°C did not affect the 
emergence timing of Helicopsyche (Helicopsychidae) or Glossosoma (Glossosomatidae) (Brown et 
al. 2012). In contrast, increased water temperatures in the same Oregon streams caused the caddisfly 
Brachycentrus occidentalis (Brachycentridae) to exhibit slower growth rates and reduced population 
biomass (Miller et al. 2012). 

Other holometabolous insect orders present in the upper Gila River, such as true flies and moths, also 
exhibit variable responses to increased water temperatures. While blackflies (Simuliidae) can be 
abundant at lower water temperatures (< 7°C), they also thrive in warmer temperatures and can 
rapidly complete their life cycles in 2 weeks or less when temperatures approach 30°C (Hauer and 
Benke 1987). While some midge (Chironomidae) species thrive at warmer temperatures, other 
species are sensitive to warm water. Hogg and Williams (1996) demonstrated overall decreased 
abundances of larval midges under warmer stream temperatures in their stream warming experiment. 
Aquatic moths in the genus Petrophila (Crambidae) appear to be fairly resistant to higher water 
temperatures. Brown et al. (2012) found that water temperature increases of up to 4.6°C did not 
affect the emergence timing of Petrophila in Oregon, although adult Petrophila females at their 
warmest study sites were 31% smaller than at their coolest study site. 

Given these taxon-specific responses to increased water temperatures, it is clear that aquatic 
invertebrate community structure would also be affected by increased temperatures. As temperatures 
increased in Oregon streams following flow diversions, the species richness of mayfly, stonefly, and 
caddisfly taxa decreased, while the richness of non-insect taxa, including worms and mites, increased 
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(Miller et al. 2007). In a 25-year study of warming stream temperatures in England, Durance and 
Ormerod (2007) found that overall abundances of aquatic invertebrates decreased with rising 
temperatures. Specifically, they predicted that the abundance of invertebrates during the spring 
runoff period might decrease by 21% for each 1°C rise in water temperature. Durance and Ormerod 
(2007) also found that the most common taxa were resistant to water temperature increases of up to 
3°C, but that many rare taxa could be extirpated by further temperature increases. One of the 
difficulties in tracking the responses of aquatic invertebrate communities to higher temperatures is 
that inter-annual variability in temperature can mask longer-term temperature trends for decades 
(Isaak and Rieman 2013). Thus, careful long-term observation and monitoring of aquatic species and 
stream temperatures is essential for predicting how stream communities will respond to increasing 
temperatures resulting from climate change or water diversions. 

Effects of Flow Diversion on Habitat Conditions and Aquatic Invertebrates 

Flow diversion in streams like the upper Gila River can have a number of direct and indirect impacts 
on aquatic invertebrates. The most detrimental direct impact of flow diversion is stranding of 
individuals in peripheral habitats when flows are reduced rapidly (Dewson et al. 2007a). Such 
stranding can lead to mass mortality events in both fish and invertebrates. Decreases in discharge 
also result in decreased water depth, velocity, and area of the wetted channel, the magnitudes of 
which are proportional to the amount of streamflow diverted. Despite this reduction in wetted habitat, 
many measures of aquatic invertebrate community structure are not strongly impacted by reduced 
flows alone (Miller et al. 2007). For example, month-long diversions resulting in discharge 
reductions of 89-98% in New Zealand streams did not decrease invertebrate species richness or 
evenness, but rather invertebrates accumulated in the decreased habitat area available (Dewson et al. 
2007b). Water diversions alone are also unlikely to shift many invertebrate species’ life histories 
significantly. Baetis in Colorado did not emerge into their aerial adult stage earlier in response to 
decreased flows unless water temperatures increased as flow decreased (Harper and Peckarsky 2006). 
Also, Brown et al. (2012) found that flow volume decreases of up to 93% did not affect the 
emergence timing of the caddisflies Helicopsyche and Glossosoma or the moth Petrophila in Oregon 
streams. 

When flow diversion scenarios are irregular through time, or when diversions turn on or off 
repeatedly on a weekly, biweekly, or monthly timescale, taxa with adaptations to flashier flow 
regimes may even benefit from diversions. For example, blackflies (Simuliidae) are quick to colonize 
rewetted substrates following dry periods (Bogan et al. 2013a) and grow fastest during the initial 
stages of high flow periods (Hauer and Benke 1987), making them ideally suited to streams with 
flashier hydrographs. Other similarly “weedy” species with rapid life cycles on the order of a month 
or less, such as the mayflies Fallceon (Baetidae), Leptohyphes and Tricorythodes (Leptohyphidae), 
might also thrive under flashier flow regimes caused by frequent changes in the volume of flow 
diversion (Gray 1981; Gray and Fisher 1981). 

Most of the impacts of flow diversion on aquatic invertebrates occur via indirect effects. As altered 
thermal regimes were examined in the previous section of this chapter, my focus here will be on the 
physio-chemical and indirect biological effects of flow reduction. For example, discharge reduction 
can greatly alter algal productivity, as well as increase water conductivity and sedimentation rates in 
affected reaches (Dewson et al. 2007a). During water diversion-induced low flow periods, algal 
communities can change from low-biomass, diatom-dominated assemblages to high-biomass, 
filamentous green algae-dominated assemblages (Dewson et al. 2007a). Truncation of winter high 
flow periods due to flow diversions may lead to increased biofilm quality and biomass in the spring 
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months, but then result in decreased biofilm quality later in the summer (Davis et al. 2013). The 
availability, quality, and type of algal resources available to consumers are some of the primary 
determinants of invertebrate community composition in streams (Vannote et al. 1980), so any 
changes in algal resources will certainly cascade through the invertebrate community. 

The impacts of flow diversions on aquatic invertebrate communities can also vary between wet years 
and dry years. Miller et al. (2007) studied the impacts of summer irrigation diversions on invertebrate 
communities in an eastern Oregon river and found that, in an average water year, community changes 
were driven by the combined and interactive effects of increased conductivity and decreased flow. 
However, increased water temperature, an indirect effect of flow diversion, was the primary cause of 
invertebrate community impacts in a drought year. In both average and drought years, increased 
abundances of Helicopsyche, Fallceon, Tricorythodes, Cheumatopsyche, and Oecetis were observed 
through the summer, indicating that these taxa are fairly tolerant of diversion-altered flow regimes. In 
the drought year, though, the study site with the most water diverted became dominated by 
Helicopsyche, Turbellaria, and Microcylloepus larvae by late summer, all of which are indicative of 
warm, slow-moving water. Importantly, Miller et al. (2007) noted that during normal years species 
replacements that occurred because of flow diversion mostly involved functionally equivalent taxa 
(e.g., Cheumatopsyche for Hydropsyche (both Hydropsychidae); Fallceon for Diphetor (both 
Baetidae)). However, species turnover during diversions in drought years involved non-functionally 
equivalent taxa, such as the replacement of collector-gatherers by scrapers and predators. Finally, 
Miller et al. (2007) found that invertebrate community recovery from flow diversion disturbances 
may take up to 1 year; no recovery was observed in the first month after flow diversions ceased. 

Effects of Snowmelt Recession Hydrology on Aquatic Invertebrate Populations 

In many river systems, including the upper Gila River, the snowmelt recession limb portion of the 
annual hydrograph is essential for maintaining both physical processes in the channel and the 
integrity of lotic communities (Poff and Ward 1989; Yarnell et al. 2010). Peak snowmelt flows 
modify channel morphology and transport substrate, create and maintain a diversity of benthic 
habitats, and provide cues for aquatic taxa to initiate different life history stages (Yarnell et al. 2010). 
Snowmelt peak flows and snowmelt recession limbs flush and sort benthic substrates to provide fresh 
surfaces for algal growth and new areas for invertebrate colonization (Peterson et al. 2001; Yarnell et 
al. 2010). Snowmelt floods temporarily reduce algal and invertebrate grazer densities, but the 
subsequent snowmelt recession limb is characterized by increased nutrient levels, which promotes 
rapid growth, greater grazer densities, and higher algal and invertebrate diversity (Peterson et al. 
2001). The biomass of diatoms and biofilms is also significantly related to timing of peak flow from 
snowmelt (Davis et al. 2013). Slower snowmelt recession limbs are associated with longer 
connectivity to floodplain habitats (which has numerous ecosystem benefits) and increased 
variability in benthic substrate and flow conditions, both of which increase invertebrate diversity 
(Ward and Stanford 1995; Yarnell et al. 2010). 

If flow diversion results in a truncated spring recession limb and a more rapid rate of flow change 
between peak snowmelt and base flow, this is likely to lead to more homogenous channel conditions 
and a reduced diversity of aquatic invertebrate species (Yarnell et al. 2010). Since native aquatic 
organisms are adapted to their local flow regime, truncation of the snowmelt recession limb could 
favor nonnative species in some systems (Lytle and Poff 2004). Additionally, snowmelt runoff can 
initially cause high mortality of aquatic organisms during peak flood events; without the 
accompanying recession limb and its high nutrient conditions, biological communities may recover 
very slowly (Peterson et al. 2001). Increased rate of change in discharge during the recession limb 
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also results in stranding of aquatic invertebrates, increased temperature stress on survivors, plus 
decreased arthropod abundance and diversity due to increased substrate embeddedness (Yarnell et al. 
2010). Shifts in the timing of snowmelt runoff peaks can also affect biofilms, the matrices of diatoms 
and other microalgae and single-celled organisms that coat stream substrates and provide an 
important food source for invertebrates. Earlier runoff peaks, a possible outcome of flow diversions 
later in the snowmelt-runoff season, may lead to increased biofilm quality and biomass in the early 
spring, but decreased biofilm quality later in the summer (Davis et al. 2013). 

Many aquatic invertebrate species in the upper Gila River depend on the indirect benefits of 
snowmelt floods and ensuing recession limbs. For example, the mayfly Baetis relies on the warmer 
water temperatures that occur near the end of the snowmelt recession as a cue to emerge (Harper and 
Peckarsky 2006). A truncated snowmelt recession limb would result in earlier emergence of Baetis, 
meaning adults would emerge at smaller sizes and with reduced fecundities (Peckarsky et al. 2001). 
Altered biofilm and algal quantity and quality due to truncated snowmelt recession limbs would also 
affect which invertebrate species were able to thrive in the Gila River. Abundances of grazing 
mayflies like Baetis and Thraulodes would be reduced in late spring and summer because of reduced 
biofilm quality. Finally, increased deposition of fine sediment due to truncated snowmelt recession 
limbs would have an overall negative impact on aquatic invertebrates in the Gila River. Higher 
amounts of fine sediment are usually associated with decreased abundances of sensitive taxa (e.g., 
mayflies and stoneflies), decreased diversity of invertebrates, increased drift of invertebrates, and 
changes in community composition (Wood and Armitage 1997). Of the dominant invertebrate taxa in 
the Gila River, filter-feeders (e.g., Hydropsychidae, Simuliidae) would be especially sensitive to 
increased fine sediment loads, while a few midge (Chironomidae) and non-insect taxa, such as 
worms, would thrive with increased sedimentation (Dudgeon 1994; Wood and Armitage 1997). 

Mosaics of Floodplain Habitats Promote Aquatic Invertebrate Diversity 

The ecological integrity and diversity of biotic communities in rivers like the Gila is partly due to the 
variety of aquatic habitat types that occur across their floodplains (Ward and Stanford 1995). In the 
Cliff-Gila Valley, the wetted river channel, secondary channels, beaver dam ponds, and perennial and 
ephemeral lentic habitats are all components of the dynamic mosaic of floodplain habitats (Figure 2). 
Periodic flood pulses are needed to maintain the diversity of aquatic habitats across the floodplain 
and the biological communities living in them (Junk et al. 1989). These flood pulses transfer 
nutrients between terrestrial and aquatic habitats and increase aquatic productivity, reset successional 
trajectories for communities in the active channel, and help maintain high aquatic invertebrate 
species diversity by creating a variety of habitats across the floodplain (Ward et al. 1999). 

Some invertebrate taxa are not very sensitive to floodplain regulation and flow diversions (e.g., 
Gastropoda), while other taxa are much more sensitive (e.g., Mollusca, Odonata) (Ward et al. 1999). 
Overall, communities in regulated reaches tend to be less diverse than in unregulated floodplain 
reaches. Some floodplain aquatic invertebrates have dormant resting stages, such as diapausing eggs 
or larvae, and wait in situ in dry sediments for the next flood pulse to rewet their floodplain habitats 
(Tronstad et al. 2005; Chessman and Hardwick 2014). Other aquatic invertebrates, including beetles, 
true bugs, and true flies, use aerial dispersal to colonize floodplain habitats isolated from the main 
channel (Tronstad et al. 2007; Bogan and Boersma 2012). In general, lower invertebrate diversity is 
observed in more ephemeral floodplain habitats, but communities in these short hydroperiod pools 
and wetlands often support communities that are distinct from those in perennial habitats (Chessman 
and Hardwick 2014). Thus, this mosaic of different types of aquatic habitat across the floodplain 
promotes increased species diversity of aquatic invertebrates in any given river reach. In the Cliff-
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Gila Valley, taxa requiring flowing water, including most stoneflies, mayflies, and caddisflies, are 
found in the active channel. In contrast, taxa preferring lentic habitat conditions, such as beetles and 
true bugs, dominate in backwaters, pools in secondary channels, and floodplain wetlands (Figure 3). 
Though some taxa may occur in both mainstem river pools and off-channel pools and ponds, there is 
only minor overlap between faunas in these different environments. Additional specialization can be 
found between the lentic habitat types. Longer-lived beetles and true bugs may specialize on 
perennial off-channel pools, while microcrustaceans or true flies with faster life cycles and/or 
dessication-resistant stages may be found only in ephemeral pools and wetlands (Figure 3). Thus, a 
variety of floodplain habitats, created and maintained by a naturally variable flow regime, are needed 
to maximize aquatic invertebrate production and diversity in the Cliff-Gila Valley. 

 
Figure 3. Typical aquatic invertebrate taxa encountered in some of the major aquatic habitat types along the 
Gila River in the Cliff-Gila Valley. Circles indicate the degree of taxonomic overlap of invertebrate communities 
in major habitat types 
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Impacts of the CUFA Diversion and Climate Change 

Scenario 1: CUFA Diversion with 150 cfs Minimum Bypass 

Considering the 76-year flow record at the USGS Gila near Gila gage, CUFA diversions with 150 
cubic feet per second (cfs) minimum bypass (Scenario 1) would have occurred in 75% of years in the 
gage record, mostly in December to April, and to a lesser extent in August and September (Chapter 
5, this report). In diversion years, flows would be significantly reduced in February through April 
during the snowmelt runoff period, and in some years > 20% of all flow during this period would be 
diverted. The most important potential impact of Scenario 1 on aquatic invertebrate communities in 
the Cliff-Gila Valley would be the truncation of the snowmelt recession limb in average and wet 
years. Abrupt reductions in flow during the snowmelt recession limb in those years would result in 
shifts in algal resources, reduced flushing of fine sediments from substrates, and increased water 
temperatures in late spring. Though earlier return to base flow from snowmelt high flows would 
increase the abundance of algal resources early in the spring, any benefits from this earlier peak in 
productivity would likely be offset by increased sedimentation and life history responses to truncated 
flow recession. For example, Baetis mayflies may grow faster with increased algal resources earlier 
in the spring, but truncation of the snowmelt recession limb and increased water temperatures would 
trigger faster maturation rates and earlier emergence timing. These changes would likely lead to no 
net gain, or even a net loss, in the average adult size and weight of Baetis mayflies. Additionally, 
both the truncation of the snowmelt recession limb and the reduction in maximum flows in February 
through April predicted under Scenario 1 would increase fine sediment deposition in the Cliff-Gila 
Valley. This increased sedimentation would likely reduce the abundance of mayflies like Baetis, 
Acentrella, and the endemic Lachlania dencyannae, as well as that of unique populations of 
stoneflies like Isogenoides colubrinus. Increased deposition of fine sediments would also negatively 
impact filter-feeding invertebrates like the net-spinning caddisflies (Hydropsyche, Cheumatopsyche), 
which are currently among the 10 most abundant aquatic taxa in the Cliff-Gila Valley. In contrast, 
increased fine sediment loads would likely result in higher abundances of midges (Chironomidae) 
and worms (Oligochaeta). Additionally, increased water temperature in late spring (due to the 
snowmelt influence ending earlier) would impact populations of sensitive mayfly and stonefly taxa 
via reduced growth rates or earlier emergences. Increased temperatures would also favor taxa that 
tolerate warm water, such as Helicopsyche, Turbellaria, and Microcylloepus. While no changes in 
invertebrate community structure would be expected in years without flow diversion, legacy effects 
of flow diversion on invertebrate populations can last as long as a year or more. 

Since the largest flow events (i.e., flood events > 10,000 cfs) would not be significantly impacted by 
the CUFA diversion, physical maintenance of the mosaic of secondary channel and floodplain 
habitats would not be impaired. However, Scenario 1 would entail a 27% reduction in median 
inundation frequency and reduced inundation periods for secondary channels and temporary 
floodplain habitats, including during the late monsoon period. This would likely mean that habitat 
area would be reduced in off-channel perennial pools and wetlands in secondary channels, and 
ephemeral pools and wetlands across the floodplain would experience shorter hydroperiods. Since 
pool size is often the primary predictor of invertebrate species richness in pools of the Gila River 
Basin (Bogan 2005), reduced area of these pools would likely mean fewer lentic species (e.g., 
beetles, true bugs) in these habitats. Reduced hydroperiod in ephemeral aquatic habitats would also 
place a strong filter on communities occupying those habitats, and only the most resistant or highly 
vagile taxa would persist there (e.g., some microcrustaceans, mosquitos). 



 

221 
 

Scenario 2: CUFA Diversion with No Minimum Bypass 

CUFA diversions with no minimum bypass flow would result in the same effects on invertebrate 
communities as described for Scenario 1, but with additional localized impacts due to the potential 
for complete dewatering in some sections of the Cliff-Gila Valley downstream of the diversion point. 
It is unknown exactly how long of a reach could be dewatered under Scenario 2; groundwater inflow 
and irrigation return inputs would likely result in flow resumption at some point further downstream 
in the Valley. However, dewatering of the affected reach would likely represent an unprecedented 
disturbance to aquatic life, as the USGS Gila near Gila gage in the Cliff-Gila Valley has not recorded 
flow cessation at any point in its 76-year record (lowest daily mean flow = 9.8 cfs). In headwater 
streams of the Gila River Basin, complete drying of isolated habitats results in dramatic shifts in 
invertebrate community structure and the extirpation of large, flightless, and long-lived invertebrate 
species (Bogan and Lytle 2011). These impacts may be permanent if drought and flow diversion 
cause streams to transition from perennial to intermittent flow (Bogan et al. in press). Similar 
biological impacts, including the loss of sensitive and long-lived species, could be observed in the 
Gila River under Scenario 2, but the duration of these impacts may be shorter than those observed in 
isolated streams. In the case of the Gila River, perennial portions of the river would still be found 
immediately upstream (and an unknown distance downstream) of the diversion structure, so those 
perennial reaches would serve as a source of colonists for the reach affected by diversion. If total 
diversion and subsequent stream drying events were short in duration and occurred infrequently in 
time (e.g., once a year or less), then most invertebrate taxa could recolonize the affected reach from 
adjacent unaffected reaches. However, an increase in “weedy” taxa, such as blackflies and midges, in 
the affected reach would be expected, as well as a compositional shift from montane taxa (e.g., 
Baetis and Hydropsyche) to desert taxa (e.g., Fallceon and Cheumatopsyche) more adapted to 
intermittent flows. Additionally, the exact distribution of the rare, endemic Gila mayfly (Lachlania 
dencyannae) is currently unknown, but the only recent record (i.e,. post-1970) of the species is from 
the Cliff-Gila Valley. The species was formerly known from the confluence of the East Fork and 
mainstem Gila River upstream of the Cliff-Gila Valley, but has not been found there since it was 
originally described by Koss and Edmunds (1970). If this rare species’ limited range is now 
completely restricted to the Cliff-Gila Valley below the proposed diversion structure, then CUFA 
diversion with no minimum bypass could severely reduce abundances of the Gila mayfly. If the 
distribution of the Gila mayfly is further restricted to the reaches immediately below the proposed 
diversion structure, then implementation of Scenario 2 could result in the extinction of this rare 
species. 

Scenario 3: Future Climate as Predicted by the UA-HADCM3 Model 

The UA-HADCM3 model predicts that the greatest impacts of climate change to the Gila’s flow 
regime in the future period (2041-2070) will occur during the fall-winter base flow and snowmelt 
runoff periods (Chapters 3 and 5, this report). Under Scenario 3, median monthly flows will decrease 
in January through May, November, and December, with percentage reductions ranging from 20 to 
76%. Additionally, floods in the 400-1,000 cfs range will decrease 19% but those in the 1,000-4,000 
cfs range will increase 8%, and maximum monthly streamflows will increase in March and 
September. Finally, under Scenario 3, snowmelt recession limbs are predicted to be steeper than 
current conditions and summer low flows will begin as early as April rather than in late May or June. 
Given all these predictions, floodplain maintenance is unlikely to be dramatically impacted under 
Scenario 3. However, sediment transport in the active channel will be significantly reduced during 
snowmelt runoff given the predicted reduced flow volumes and truncated recession limbs, and 
deposition of fine sediment in the active channel will increase. This sedimentation could lead to the 
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same biological impacts as described in Scenario 1 (e.g., reduction of mayfly, stonefly, and filter-
feeding invertebrate populations). Also, the increased maximum flows in March and September may 
alter successional dynamics in the mainstem of the river and favor “weedy” taxa that can colonize 
quickly following large floods (e.g., blackflies and midges). Finally, a truncation of the snowmelt 
recession limb under Scenario 3 will result in the same impacts to aquatic invertebrates as described 
for Scenario 1, including reduced algal resources available to grazing invertebrates during the 
summer, earlier emergence times and smaller adult sizes for mayfly taxa, and increasing dominance 
of tolerant worm and midge taxa. 

For the summer season, Scenario 3 forecasts decreases in maximum flows in June, a reduction in 
median flows for July through October, and an overall longer low-flow season since snowmelt runoff 
flows will likely end in April or early May rather than late May or June. Though the model does not 
predict water temperatures, it is nearly certain that with reduced base flow during the hot summer 
season, water temperatures will increase. Under these conditions, it is likely that the invertebrate 
community will experience compositional changes similar to those described in Miller et al. (2007). 
The currently dominant mayfly species (e.g., Baetis, Acentrella) will likely be replaced by taxa 
tolerant of warm, sluggish water such as the caddisfly Helicopsyche, the moth Petrophila, the riffle 
beetle Microcylloepus, and worms. These warm-water taxa currently occur in the Gila, but in lower 
abundances; however, under Scenario 3 they may become the dominant taxa. Since these are not 
functionally-equivalent taxonomic replacements, ecosystem-level processes (e.g., grazing of algal 
resources) could also be affected during summer under Scenario 3. Furthermore, prey availability to 
riparian animals such as birds and toads would likely be altered given the increased dominance of 
aquatic invertebrate taxa lacking terrestrial adult stages such as riffle beetles and worms, in place of 
the mayflies that currently dominant the Gila. This effect would be especially pronounced at the end 
of the snowmelt runoff season and early in the summer low flow season, as mayflies often produce 
large swarms at these times. However, increased abundances of the more tolerant taxa Helicopsyche 
and Petrophila could produce large emergences of adult insects later in the summer. Therefore it is 
difficult to say if the total biomass of aquatic insect prey available to riparian animals would be 
reduced, but the seasonal availability of that prey would certainly be affected. 

The late summer monsoon season is predicted to be mildly affected under Scenario 3, with a 
reduction in maximum flows in August and an increase in median flows and maximum flows in 
September. In general, this slight shift in flow timing would have little impact on aquatic invertebrate 
communities. However, reduced flood inundation frequency in the monsoon-early fall period could 
reduce the hydroperiod of ephemeral pools and wetlands in the floodplain, thus reducing the diversity 
of lentic species across the floodplain. 

Scenario 4: Climate Change plus CUFA Diversion with 150 cfs Minimum Bypass 

When climate change predictions and flow diversions are considered simultaneously (Scenario 4) for 
the years 2041-2070, flow reductions are more severe than in the other three scenarios (Chapter 5, 
Appendix 14, this report). As with Scenario 1, much of the flow diversion occurs in the winter base 
flow and snowmelt runoff periods, with up to 42% of flow diverted during March. Also, given 
climate change-induced decreases in flow, diversions in Scenario 4 also occur during months that 
were not significantly affected in Scenario 1 (e.g., median flow diverted of 15% in October for 
Scenario 4). Diversions during the snowmelt runoff period would occur in approximately 63% of the 
years examined (2041-2070). The most significant impacts to aquatic invertebrates under Scenario 4 
would result from decreased frequency of flows in the 400-4,000 cfs range, decreased ephemeral 
aquatic habitat in secondary channels, and lower summer base flows with concomitant water 
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temperature increases. As described for Scenarios 1 and 3, reduced snowmelt runoff volume and a 
truncated snowmelt recession limb would drive changes in sediment deposition, resulting in reduced 
abundances of sensitive taxa (e.g., mayflies, stoneflies), as well as decreased adult sizes and earlier 
emergence times for these taxa. Earlier winter high flow peaks and truncated snowmelt recession 
limbs would also result in reduced algal resource quality later in the summer. This reduced resource 
base, combined with lower flows and warmer temperatures during the summer, would cause a shift in 
the dominant invertebrate species of the Gila River. Taxa tolerant of higher temperatures and 
conductivities, such as Helicopsyche, Petrophila, and Microcylloepus, would replace sensitive 
mayflies and stoneflies. Because the occurrence of very high flows would not be significantly 
reduced under Scenario 4, and could even increase in some months (e.g., September), the mosaic of 
floodplain habitats is unlikely to be affected. However, significant reductions of flows in the 400-
4,000 cfs range predicted under Scenario 4 would mean that secondary channels would be inundated 
less frequently. Also, reduced groundwater levels would mean that ephemeral pools and wetlands on 
the floodplain would have shorter hydroperiods. Both of these changes in floodplain habitat 
dynamics would negatively impact lentic invertebrate diversity in the Gila River as described under 
Scenarios 1 and 3. 
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Chapter 10. Effects of Altered Flow Regimes and Habitat 
Fragmentation on Gila River Fishes 
Thomas F. Turner and David L. Propst, Department of Biology and Museum of 
Southwestern Biology, University of New Mexico 

Summary 

In this chapter, we assessed fish biodiversity patterns and relationships of physical habitat features 
and flow regime to fish abundance and distribution at local, reach-wide, and basin-wide scales in the 
Gila River Basin. We characterized local-scale relationships using a 25-year time series of annual 
fish community samples obtained from a permanent monitoring site in the Cliff-Gila Valley. 
Analyses revealed a critical threshold in the effect of mean spring discharge on fish densities. For 
example, autumn spikedace density was independent of spring discharge when it exceeded 300 cubic 
feet per second (cfs). However, densities of both spikedace and loach minnow exhibited a steep 
linear decline as discharge values became lower than 300 cfs. Likewise, inter-annual variance in fish 
density was greater across samples collected in years where spring discharge < 300 cfs for native 
species examined than it was for spring discharge > 400 cfs. 

Using this information, we evaluated potential effects of water diversion on the upper Gila River 
proposed in accordance with the Arizona Water Settlements Act (2004) under four scenarios. 
Scenario 1 considered flow, fish, and habitat relations during a baseline period of 1988-2012. In 
Scenario 2 (Consumptive Use and Forbearance Agreement [CUFA] with 150 cfs minimum bypass 
flows for 1988-2012) we found little evidence that fish densities would be negatively affected when 
considering changes to mean discharge values, but considerable evidence that discharge would 
decrease below critical values (i.e., spring flows reduced by > 20%) in specific years. Severity of 
these events depended, in part, on flow conditions in preceding years. Negative impacts of diversion 
on spring discharge were much more pronounced in Scenarios 3 (climate change simulated) and 4 
(discharge under climate change and CUFA diversion). Only 9 of 30 years were observed with spring 
mean daily discharge > 185 cfs in projected flows for 2041-2070 without diversion and 7 years for 
projected flows with diversion, and there was notable loss of large spring runoff flow pulses (> 5,000 
cfs) under the climate-change-only simulation. But with climate change and CUFA diversion, 
considerable water is diverted during each of multiple spring discharge peaks. Aside from negative 
effects of multiple flow pulses during spawning and early life history, reduction of flows during 
spring runoff recession is thus likely to further compound negative effects of flow modification on 
native fish fauna. 

Diversion and impoundment are also expected to reduce connectivity of stream habitats and fish 
populations in the upper Gila Basin. Comparative genetic analysis revealed that connectivity and 
movement was an important component of the population dynamics of five native species, including 
spikedace and loach minnow. Regarding spikedace, restriction of adult fish movement from a core 
population in the Cliff-Gila Valley to a satellite population in the Gila Forks Area would diminish 
probabilities of local persistence there, and in turn, expose the Cliff-Gila Valley population to greater 
risk of loss from local effects. Finally, fragmentation and dewatering in other tributaries in the Basin 
have reduced connectivity for more abundant species such as longfin dace, Sonora sucker, and desert 
sucker, and thus increased vulnerability to reach-wide extirpation due to catastrophic events (e.g., 
mega-wildfires). Placement of a proposed diversion in the Cliff-Gila Valley would exacerbate this 
risk. 
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The native fish fauna of the Gila-Salt River Basin is evolutionarily and ecologically unique and 
rapidly disappearing from most major tributaries. The upper Gila River from the Arizona-New 
Mexico border upstream is the longest remaining free-flowing reach and supports a largely intact 
native fish fauna. Nonnative species are a problem for native species locally (e.g., in canyon-bound 
reaches), but the natural flow regime limits their abundance and thus impact in reaches that continue 
to support viable populations of spikedace and loach minnow. Based on ecological and genetic data, 
we show that a diversion structure would compromise critical spring flows and population 
connectivity. Loss of genetically unique populations of protected species in the upper Gila River 
would be a major impediment to their recovery. Uncertainties regarding the impact of climate change 
on the flow regime compound the risk of water diversion to native species. The upper Gila River is a 
biodiversity stronghold. Additional stresses on this endemic and imperiled fauna will expose it to 
greater extinction risk. 

Introduction 

Dams, diversions, and other water regulatory structures affect fishes and other obligate aquatic 
organisms at a variety of spatial and temporal scales (Poff et al. 1997; Bunn and Arthington 2002; 
Dudgeon et al. 2006). Impoundments have local effects by altering abiotic environmental 
components such as flow regime, water temperature, and nutrient and sediment supply in 
downstream habitats (Magilligan and Nislow 2006). Diversions tend to homogenize naturally 
variable river systems, and challenge organisms that are adapted to variation in flow (Poff et al. 
2007; Mims and Olden 2013). Fishes may respond to altered and homogenized river habitats through 
adaptation or phenotypic plasticity and persist locally, retreat to unaffected areas, or be locally 
extirpated. Extirpation or changes in local abundance patterns lead to changes in strengths of biotic 
interactions among species, such as competition, predation, and facilitation that, in turn, reinforce 
alteration of fish community structure. Other local effects include upstream transformation from lotic 
to lentic conditions, which is also expected to alter distributions of individual fish species and 
communities via changes in abiotic and biotic interaction strengths. For example, impoundments 
have led to increased densities of nonnative predatory fishes and reduced densities of native species 
through duel impacts of increased predation and native habitat degradation (Winston et al. 1991; 
Martinez et al. 1994; Johnson et al. 2008; Pool and Olden 2014). 

Depending on the nature of the structure, diversions also have important impacts at the river reach 
scale (100s of river kms) by impeding movement, disrupting recolonization dynamics, restricting 
migratory cycles, and changing nutrient and energy flows through the system (Fausch et al. 2002). 
Rivers, especially those in the arid American Southwest, are notoriously unpredictable and highly 
variable with respect to flow regime, and naturally occurring events such as fires and floods can have 
dramatic effects on fish abundance, distribution, and community composition patterns at the river-
reach scale (Dunham et al. 2003; Lytle and Poff 2004). In such cases, local abundance and 
community composition are restored by recolonization of fishes once local conditions have 
recovered. The degree to which the restored community reflects the pre-disturbance community 
depends, in part, on the availability of refuge habitat and presence of functional corridors for 
movement of fishes along the riverscape. Furthermore, restricted movement can alter fish community 
structure in otherwise undisturbed habitat. For example, migratory fish species, species with 
dispersive larval stages, and those with ontogenetic changes in resource requirements require habitats 
that are separated by long distances along the river course. Diversions and dams disrupt these species 
directly. For non-migratory species, impoundment can affect them indirectly by altering community 
interactions and enabling or enhancing establishment of nonnative species (Winston and Taylor 
1991). 
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In this chapter we explore direct and indirect effects of a proposed diversion structure on local (e.g., 
the Cliff-Gila Valley) and reach-scale (the upper Gila River) processes that shape native fish species 
abundance, distribution, and community structure. We synthesize and use ecological data on 
distribution and abundance, ontogenetic changes in habitat use, and genetic data to evaluate 
population connectivity at each scale, response of species to flow regime attributes, and potential 
effects of flow modification on critical life history stages. Finally, by summarizing distributional and 
genetic data on fishes throughout the Gila-Salt River Basin, we show that impairment of species 
ability to persist in the Cliff-Gila Valley reach of the Gila River as a result of diversion or water 
operations has critical implications for conservation of fish biodiversity in the Gila-Salt River Basin 
as a whole. Because fishes of the Gila River are evolutionary distinct, this has implications for 
maintenance of aquatic biodiversity globally. 

Geological History and Origin of Gila River Fauna 

The Gila River Basin is located within the south-central portion of the Basin and Range Tectonic 
Province, which is bounded to the west by mountains of the Coastal Province (the Sierra Nevada 
Range was uplifted by tectonic activity in the middle Miocene) and to the east by the Rocky 
Mountains (arose in the late Cretaceous to early Tertiary during the Laramide uplift) (Spencer et al. 
2008; Minckley and Marsh 2009; Ross 2013). The Basin and Range Province extends from northern 
Nevada southward through Arizona and New Mexico, and terminates in Sonora and Chihuahua. 

Present-day fish diversity in the Gila-Salt River Basin reflects geological history of the Basin and 
Range Province and probably arose from three speciation episodes that accompanied major changes 
in drainage connections (Minckley et al. 1986; Spencer et al. 2008). The first occurred in the 
Miocene, more than 10 million years ago (mya), and included diversification of spikedace Meda 
fulgida and loach minnow Tiaroga cobitis (Dowling et al. 2002; Spencer et al. 2008). These species 
have evolutionary relatives in the Virgin River system in the northwestern part of the Basin and 
Range province. 

A second radiation occurred during the Pliocene following the integration of the Gila and Colorado 
Rivers that began around 5 mya (Spencer et al. 2008). Molecular data (mtDNA sequences) suggest 
that Sonora sucker Catostomus insignis and desert sucker C. clarkii diverged from ancestral forms in 
the Colorado and Los Angeles Basins around 3 to 5 mya, and share close evolutionary (i.e., sister-
species) relationships with Colorado River (i.e., flannelmouth sucker C. latipinnis) and Los Angeles 
River (i.e., Santa Ana sucker Catostomus santaanae) forms, respectively (Spencer et al. 2008; 
Doosey et al. 2010; Unmack et al. 2014). The Gila robusta complex (roundtail Gila robusta, Gila G. 
intermedia, and headwater G. nigra chubs) colonized and radiated within the Gila Basin probably 
around the same time the suckers diversified. Headwater and Gila chubs are probably descendants of 
a roundtail chub-like ancestor in the Colorado River (Schwemm 2006; Schönhuth et al. 2014). 
Speckled dace Rhinichthys osculus colonized the Gila River Basin from the Los Angeles River or 
Lower Colorado River more recently than suckers and chubs, around 2 to 3 mya (Smith and Dowling 
2008). Longfin dace Agosia chrysogaster probably arrived in the Gila Basin at roughly the same time 
as speckled dace based on molecular evidence (Tibbets 1998). Longfin dace shares common ancestry 
with the Mexican longfin dace Agosia sp. (Miller et al. 1991; Miller 2005) that occurs in rios Yaqui, 
Mayo, and Sinaloa in northwestern Mexico. There is little mtDNA sequence divergence of Gila 
topminnow (due to severe population bottlenecks) compared to its sister taxon, Yaqui topminnow P. 
occidentalis sonoriensis, which occurs in coastal rivers of Sonora (see Quattro et al. 1996), but it 
seems reasonable, based on considerable divergence at other genes, such as those within the major 
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histocompatibility complex (MHC), that these two taxa diverged within the last 3 million years (Hurt 
and Hedrick 2004). 

A third and more recent diversification involved two species in the upper Gila River that probably 
colonized at distinct times during the late Pleistocene or early Holocene. Gila trout Oncorhynchus 
gilae gilae (and closely related Apache trout O. gilae apache) colonized the Basin from the 
California coast in the late Pleistocene, probably within the last 0.6 to 1.4 million years (Wares et al. 
2004; Wilson and Turner 2009). These trout taxa share a common ancestry, probably with a southern 
California coastal steelhead (Oncorhynchus mykiss) lineage. Rio Grande sucker C. plebeius 
colonized the upper Gila River more recently, perhaps within the last 15,000 years. Molecular data 
(mtDNA sequence data and microsatellite DNA markers) suggest that this event involved headwater 
capture and faunal exchange from the Mimbres River east of the Continental Divide to Sapillo Creek 
(a major tributary of the upper Gila River) west of the Divide (McPhee et al. 2008; T.F. Turner and 
D.L. Propst, unpublished data). Rio Grande sucker subsequently dispersed from Sapillo Creek into 
the upper San Francisco River. 

Nonnative species arrived with European settlement in the late 1800s, and occur throughout much of 
the upper Gila River Basin. Other than rainbow trout O. mykiss and brown trout Salmo trutta in high 
elevation streams, most nonnatives are uncommon. Noteworthy exceptions are western mosquitofish 
Gambusia affinis, smallmouth bass Micropterus dolomieu, yellow bullhead Ameiurus natalis, 
channel catfish Ictalurus punctatus, and flathead catfish Pylodictus olivaris, which are comparatively 
common in several stream reaches. 

Gila River Species Endemicity 

Throughout this section, we use the term “narrow endemic” to refer to Gila River fishes that occur 
only in the Gila-Salt River Basin. The term “widespread endemic” refers to species that originated in 
and are endemic to the Gila-Salt River Basin, but have expanded their ranges to adjacent (e.g., lower 
Colorado River) river systems (Spencer et al. 2008). “Widespread natives” are species with more 
extensive geographic ranges that include other major drainage basins. Six species are narrow 
endemics: spikedace, loach minnow, Gila chub, headwater chub, Gila trout, and Gila topminnow 
(Lee et al. 1980; Propst et al. 1985; Minckley and DeMarais 2000; Dowling et al 2008; Minckley and 
Marsh 2009). All species in this category are federally protected as either endangered or threatened, 
with the exception of headwater chub, which is a candidate for federal listing as a threatened species. 
Widespread endemics include longfin dace, Sonora sucker, and desert sucker that also occur in 
Lower Colorado River tributaries such as the Bill Williams River (Lee et al. 1980; Minckley and 
Marsh 2009). None of these species is federally protected. Widespread natives include speckled dace, 
roundtail chub, and Rio Grande sucker with distributions that extend into the upper Colorado River 
(speckled dace and roundtail chub), the Klamath, Columbia, and Lahontan basins (speckled dace), 
and the Rio Grande and Guzmán basins (Rio Grande sucker). Although widespread natives exhibit 
broad geographic distributions, there is considerable genetic divergence among all species in this 
category across populations in the Gila Basin. 

Recent History of Fishes of the Gila River in New Mexico 

Although the United States and Mexican Boundary Survey collected fishes from the Mimbres River 
in 1851, it apparently did not obtain specimens from the adjacent Gila River drainage (Girard 1859). 
The first documented collections of fish in the Gila River drainage in New Mexico occurred during 
the Wheeler Survey of the early 1870s (Cope and Yarrow 1875). These collections yielded longfin 
dace from Duck Creek, spikedace from the San Francisco River, Gila chub from Apache and Duck 
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creeks and the San Francisco River, roundtail chub from the San Francisco River, and desert sucker 
from the San Francisco River. Except for a single collection of desert sucker in 1908 (USNM 
132253.504), no scientific collection was made in the upper Gila River drainage in New Mexico until 
the 1930s (Miller et al. 1991). Among the fishes collected were the type specimens of Gila trout from 
Main Diamond Creek in 1939 (Miller 1950). By the mid-1950s, the native fish fauna of the upper 
Gila River drainage was largely documented (Huntington 1955; Koster 1957). It consisted of seven 
minnow (Cyprinidae), two sucker (Catostomidae), one trout (Salmonidae), and one livebearer 
(Poecillidae) species (Table 5). Recently, the native occurrence of Rio Grande sucker in the Gila 
River drainage was documented (T.F. Turner and D.L. Propst, unpublished data). In addition, the 
occurrence of Colorado pikeminnow Ptychocheilus lucius and razorback sucker downstream at Fort 
Thomas in Arizona (Kirsch 1889; Miller 1955; Minckley 1973) suggests these two likely entered the 
New Mexico portion of the Gila River periodically (LaBounty and Minckley 1972). 

Over the next 25 years, additional surveys inventoried stream reaches not previously sampled and in 
several instances documented extirpation of native species (LaBounty and Minckley 1972; Parish 
1974; Anderson 1978). For example, roundtail chub, spikedace, and Gila topminnow historically 
occurred in the San Francisco River, but were absent by the mid-1970s (Anderson and Turner 1977). 
During the early 1980s, a drainage-wide systematic survey was conducted to document distribution 
of native and nonnative fishes in the drainage (Propst et al. 1986; Propst et al. 1988). Since then, no 
drainage-wide surveys have occurred, but several surveys sampled stream reaches not previously or 
sparsely sampled, thus providing a more complete picture of the distribution of native and nonnative 
fishes in the Gila River drainage (Springer 1995; Paroz et al 2009). 

The upper Gila River drainage in New Mexico currently supports 11 of the 12 species historically 
documented (including Rio Grande sucker). Roundtail chub, historically present in lower mainstem 
San Francisco River and mainstem Gila River, has not been collected for at least 20 years and may be 
extirpated (D.L. Propst, unpublished data). Two species, Gila chub and Gila topminnow, were 
restored (E.I. Gilbert, NM Department of Game and Fish [NMDGF], personal communication). 
Among native fishes, longfin dace has the broadest distribution, occurring throughout the drainage in 
low- to mid-elevation (1,130 to 2,100 m) stream reaches. Both desert and Sonora suckers are also 
broadly distributed, having a range similar to that of longfin dace. Speckled dace occurs in higher 
elevation streams (to about 2,300 m) than any other native, except Gila trout, but is largely absent 
from the mainstem Gila River downstream of East Fork Gila River confluence (Springer 1995). Gila 
chub occurs only as a restored population in Redrock Ciénega (in Redrock Valley on NMDGF 
Redrock Wildlife Area) and Mule Creek, a San Francisco River tributary. Headwater chub persists in 
lower West, lower Middle, and East forks Gila River (Paroz et al. 2009) as well as Turkey Creek 
(previously believed to be a Gila chub population, Propst 1999). Loach minnow currently occurs as 
scattered populations in middle reaches of the San Francisco River, lower Tularosa River, lower-
most West Fork Gila River, lower Middle Fork Gila River, lower East Fork Gila River, the Cliff-Gila 
Valley reach of the Gila River, and upper reaches of Gila River Redrock Valley (Propst et al. 1988; 
Paroz et al. 2009). Spikedace is now limited to lower-most West Fork Gila River and Cliff-Gila 
Valley reach (Propst et al. 1986; Paroz 2009). Rio Grande sucker occurs in Sapillo Creek (a Gila 
River tributary) and tributaries (e.g., SA and Trout creeks) to the upper San Francisco River (T.F. 
Turner and D.L. Propst, unpublished data). Gila topminnow exists as a single restored population in 
Burro Ciénega. High elevation streams (all but one > 1,880 m and most > 2,100 m) in the Black 
Range and Mogollon Rim support several populations of Gila trout (Propst et al. 1992; Propst and 
Stefferud 1997; U.S. Fish and Wildlife Service 2003). 
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Cliff-Gila Valley Fishes 

The historical native fish fauna of the Gila River, including Mogollon, Duck, and Mangas creeks, in 
the Cliff-Gila Valley consisted of seven species (Table 1). In addition, Gila trout may have occurred 
irregularly in the upper-most reaches of the Valley (Miller 1950) and speckled dace apparently never 
occurred in the Valley, except as a rare vagrant from upstream reaches. Gila chub was extirpated 
from New Mexico by the 1950s and roundtail chub has not been found in the Cliff-Gila Valley reach 
since 1991 (Paroz and Propst 2007). Spikedace and loach minnow currently occupy mainly mid- to 
lower-portions of the Valley. Longfin dace, desert sucker, and Sonora sucker are the most generally 
distributed native fishes in the Cliff-Gila Valley (D.L. Propst, unpublished data). 

Table 1. Native fish fauna of the Gila River drainage (including San Francisco River drainage) and the Cliff-
Gila Valley reach (including tributaries) of Gila River in New Mexico. 
 
 Gila-San Francisco Cliff-Gila Valley 
Species Historical Current Historical Current 
Longfin dace Agosia chrysogaster X X X X 
Gila chub Gila intermedia X X1 X  
Headwater chub Gila nigra X X   
Roundtail chub Gila robusta X  X  
Spikedace Meda fulgida X X X X 
Colorado pikeminnow Ptychocheilus lucius ?    
Speckled dace Rhinichthys osculus X X   
Loach minnow Tiaroga cobitis X X X X 
Desert sucker Catostomus clarkii X X X X 
Sonora sucker Catostomus insignis X X X X 
Rio Grande sucker Catostomus plebeius X X   
Razorback sucker Xyrauchen texanus ?    
Gila trout Oncorhynchus gilae X X ?  
Gila topminnow Poeciliopsis occidentalis X X1   
1Populations restored 
 
In 1938, when the Carl Hubbs family sampled the Gila River near Cliff, no nonnative fish was 
captured (University of Michigan Museum of Zoology [UMMZ] records). In 1949, however, four 
nonnative predators (black bullhead Ameiurus melas, channel catfish, smallmouth bass Micropterus 
dolomieu, and largemouth bass M. salmoides) were found. In subsequent years, eight additional 
nonnative fishes, including three more predators and red shiner Cyprinella lutrensis, were collected 
in the Cliff-Gila Valley (D.L. Propst, unpublished data; Table 2). In addition to nonnative fishes, 
alien bullfrog Lithobates catesbeiana and northern crayfish Orconectes virilis are present in the 
Valley and sometimes quite abundant (D.L. Propst, unpublished data). Both prey on native fauna. 
Each nonnative species was likely present in the system prior to its first formal record. 

General Approach to Fish Ecology and River Flow Alteration 
Characterization 

Information on the distribution, status, and biology of Gila River fishes, native and nonnative, was 
obtained from published articles, agency reports, and unpublished data (D.L. Propst, T.F. Turner, and 
K.R. Bestgen). Much of the information presented on the biology and habitats of individual species 
was obtained during a systematic survey of the Gila and San Francisco rivers in the early 1980s (e.g., 
Propst et al. 1986; Propst et al. 1988; Bestgen and Propst 1989; Propst and Bestgen 1991), and other 
data were collected during annual fish assemblage sampling at a permanent site near Riverside (see 
below). For this report, only data from fishes collected in the Gila Cliff-Gila Valley reach are 
presented in the individual species accounts, unless otherwise noted. 
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Table 2. Nonnative fish fauna of Gila River in the Cliff-Gila Valley reach, New Mexico. Species documented in 
the past 10 years are considered members of current Cliff-Gila Valley fish community. 
  
Species First Occurrence Current 
Red shiner Cyprinella lutrensis  1981 X 
Fathead minnow Pimphales promelas 1961 X 
Black bullhead Ameiurus melas 1949 X 
Yellow bullhead Ameiurus natalis 1971  
Channel catfish Ictalurus punctatus 1949 X 
Flathead catfish Pylodictus olivaris 1973 X 
Rainbow trout Oncorhynchus mykiss 1964  
Brown trout Salmo trutta 1971  
Western mosquitofish Gambusia affinis 1953 X 
Green sunfish Lepomis cyanellus 1971 X 
Bluegill Lepomis macrochirus 1983  
Smallmouth bass Micropterus dolomieu 1949  
Largemouth bass Micropterus salmoides 1949 X 
 
Detailed information on the life history of native fishes considered in this chapter was obtained 
mainly during 1983 and 1984 from several locations within the Cliff-Gila Valley reach of the Gila 
River (Propst et al. 1986; D.L. Propst and K.R. Bestgen, unpublished data). Reports associated with 
this work provide specific information on methods used to obtain data (i.e., Propst et al. 1986; Propst 
et al. 1988). In these reports, fish size is reported as “standard length” (SL), whereas “total length” 
(TL) is the size metric used in subsequent collections and associated reports and publications. 
Roughly, for fishes considered herein, standard length (distance from tip of snout to caudal fin base) 
is about 80% of total length (distance from tip of snout to longest caudal fin lobe). 

Annual monitoring of Gila-San Francisco Basin fish assemblages began in 1988 and continues to the 
present (Paroz et al. 2006; D.L. Propst, unpublished data). Among the sites, that on the Gila River 
near Riverside has been sampled each year, except 2000, in October (Figure 1). At this location, the 
Gila River was usually within a single channel, but low-relief sand-gravel islands were sometimes 
present. Habitat ranged from shallow backwaters and embayments to moderately steep gradient 
cobble-bottomed riffles. Pool habitat, if present, was typically in association with uprooted trees. 
Moderate velocity and depth runs and shoals were the most common mesohabitat in all years. Annual 
monitoring data were reported in annual federal aid reports (e.g., Propst 2005). Data from the 
Riverside site were used to characterize long-term trends or patterns in fish density and fish 
assemblage dynamics. Fish were collected from each mesohabitat (e.g., pool, eddy, run, riffle, and 
backwater) present at the site and each type was sampled in rough proportion to its availability. Fish 
density (or abundance) was number of individuals of a species collected per total area sampled each 
year at Riverside. Autumn density was the response variable used in regression analyses to 
characterize the influence of different Gila River flow regime attributes on resident fishes. 
Information on methods was presented in Propst et el. (2008) and Stefferud et al. (2011). 

Over the course of our study (1988-2012) at the Riverside site, the active river channel has moved 
laterally in response to high flow events, but these movements were rarely more than 10-20 meters. 
Ash- and sediment-laden flows, a consequence of wildfires in upland portions of the catchment, 
occurred in several years, especially after 2000. From 1988 through 1998, annual mean daily 
discharge was 218 cfs (range = 75-428 cfs) and exceeded 200 cfs in 7 of 11 years, but from 1999 
through 2012 annual mean daily discharge was 133 cfs (range = 51-346 cfs) and exceeded 200 cfs in 
only 2 of 15 years. The latter period represented a drought arguably as severe as that of the 1950s 
(USGS 09430500 Gila River near Gila, NM gage). 
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Figure 1. Gila River, New Mexico (inset) and Cliff-Gila Valley reach of Gila River. The permanent study site 
referenced in text is located near Riverside. 
 
A broad array of discharge attributes has been used to relate effects of streamflow on aquatic fauna. 
We reviewed Richter et al. (1996) and Olden and Poff (2002) to select attributes we believed likely 
to be most helpful in understanding these relationships. Discharge data were from the USGS Gila 
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near Gila gage. Fifteen flow attributes were examined to characterize influence of flow on species 
abundances. Attributes were: spring (February – April) mean daily discharge, spring mean daily 
discharge < 300 cfs, spring mean daily discharge > 300 cfs, summer (June – July) mean daily 
discharge, monsoon season (August – September) mean daily discharge, winter (November – 
January) mean daily discharge, annual mean daily discharge (October – September), number days 
mean daily discharge ≤ 50 and ≤ 30 cfs, number days mean daily discharge > 3 times median annual 
daily discharge (1988-2012 median), number days mean daily discharge < 50% annual median 
discharge, number of days spring mean daily discharge < 300 cfs, number days spring mean daily 
discharge > 750 cfs, number days mean daily spring discharge > study period (1988-2012) mean 
spring discharge, and number of days spring mean daily discharge > study period median discharge. 
Regression analysis was used to evaluate the relationship (α = 0.05) between each flow attribute and 
autumn density of each species. Where there was an apparent break in a relationship between an 
attribute and autumn density, regression tree analysis was used to determine if the visual perception 
was correct. If regression tree analysis substantiated the perception, regression analysis was used to 
characterize each subset of discharge – autumn density relationships. 

The Nature Conservancy provided flow regime data for evaluation of effects of flow modification 
under the Consumptive Use and Forbearance Agreement (CUFA) of the Arizona Water Settlements 
Act (AWSA). These data were derived from the University of Arizona WRF-HADCM3 climate 
model. To illustrate the effects of flow modification on fishes, four scenarios were considered: 
Scenario 1 was the historical flow regime for 1988-2012, Scenario 2 was the historical 1988-2012 
flow regime with diversion under terms of CUFA and a 150 cfs minimum bypass flow requirement, 
Scenario 3 was the projected flow regime for 2041-2070 with no diversion, and Scenario 4 was the 
projected flow with diversion under terms of CUFA and a 150 cfs minimum bypass flow 
requirement. In addition, historical flows for 1971-2000 were compared to projected flows for a 30-
year period (2041-2070) 

Shannon’s Diversity Index (H′), Jaccard’s Coefficient of Similarity (J), and Morisita’s Index (IM) 
were used to compare assemblage structure (species richness and evenness) across 1988-2012 
(Morisita 1959; Kwak and Peterson 2007) to provide measures of long-term change, or its lack, in 
fish assemblage structure. High H′ values indicate high richness and high evenness (theoretical 
maximum about 3.0), J maximum is 1.0 indicating no differences in species present in each 
assemblage, and IM maximizes about 1.0 indicating high similarity (both species and proportion of 
each species) between assemblages. 

Assemblage Dynamics and Flows 

During 1983 and 1984, the Gila River in the Cliff-Gila Valley reach was sampled in all seasons at 
locations from Mogollon Creek confluence downstream through the Gila National Forest Bird Area 
(Propst et al. 1986). Collectively, these samples yielded seven native and 12 nonnative species. Two 
native species, roundtail chub and speckled dace, were rare in these collections. Speckled dace has 
not been collected since 1984 and roundtail chub since 1991. Remaining native fishes tend to be 
more common in downstream reaches of the valley. Large-bodied nonnative predators (e.g., 
smallmouth bass, flathead catfish, and channel catfish) are found mainly at either end of the valley, 
but small-bodied nonnative fishes are more generally distributed in the valley. None, however, are 
common. From 1988 (when systematic annual autumn monitoring of the fish assemblage at 
Riverside began) through 2012, five native fishes were regularly found at Riverside. Western 
mosquitofish was the most frequently collected nonnative species at the site and nonnative predators 
were infrequently found, represented by only one or a few individuals when present. 



 

237 
 

Year-to-year differences in the fish assemblage at Riverside, as measured with Jaccard’s Index of 
Similarity, were comparatively negligible in some instances, in that most species were present in 
both years, but comparatively large in others when there were fewer shared species (Figure 2). 
Usually, Morisita’s Index, considered a more quantitatively robust index of similarity (Wolda 1981), 
indicated greater dissimilarity between years than did Jaccard’s Index (Figure 3). In each comparison 
that yielded IM ≤ 0.3, there was a substantial change in proportion of at least two species between 
years. For 1990-1991 and 1996-1997, longfin dace and spikedace were the main drivers of 
dissimilarity; in 1993-1994 it was longfin dace, spikedace, and western mosquitofish; for 1990-1991 
it was spikedace and western mosquitofish; and for 1994-1995 Sonora sucker and western 
mosquitofish were responsible. Assemblages were similar (IM ≥ 0.9) in 2004-2005, 2007-2008, 2008-
2009 when all native species (except roundtail chub) were present in roughly equal proportions. The 
Shannon Diversity Index (H′) ranged from 1.01 (1994) to 1.84 (1991) and averaged 1.43, indicating 
low assemblage richness and evenness (Figure 4). The comparatively high H′ values for 1991 and 
1998 were largely a consequence of more nonnative species being present (6 and 5, respectively) 
than in most other years, but in 2006 and 2011, also years with comparatively high H′, the spread 
between lowest and highest proportions was relatively modest. The influence of discharge on 
similarity and diversity indices was ambiguous (Table 3. The lowest Jaccard’s Index value (0.40) 
was for the 1997-1998 comparison when flow was quite similar between years. In contrast, high 
similarity (≥ 0.80) comparisons included high versus low mean daily discharge years as well as years 
with similar discharge. Results of comparisons using Morisita’s Index were more consistent in that 
years of low similarity (≤ 0.30) were always years of low-high flow contrasts. Flow comparisons 
were more variable for high IM value years. Low Shannon Diversity Index values (≤ 1.20) occurred 
in years of comparatively high (> 300 cfs) and low (< 110 cfs) mean daily discharge, but three of 
four high H′ value (≥ 1.75) years occurred in comparatively high mean daily discharge (≥ 170 cfs, 
annual mean daily discharge for period of study) years. 

 
Figure 2. Jaccard’s Coefficient of Similarity (J) for the fish assemblage at Riverside, Gila River, 1988-2012. 
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Figure 3. Morisita’s Index (Im) of the fish assemblage similarity at Riverside, Gila River, 1988-2012. 
 

 
Figure 4. Shannon Diversity Index (H′) values for the fish assemblage at Riverside, Gila River, 1988-2012. 
 

Table 3. Similarity (J and IM) and assemblage diversity (H′) values of fish assemblage at Riverside, Gila 
River, New Mexico. Shaded values indicate low metric scores whereas unshaded are high scores. 
 

 J IM H′ Mean Daily Q 
1997-1998 0.40   211-204 
1995-1996 0.87   313-87 
2002-2003 0.86   59-66 
2003-2004 0.87   66-107 
2008-2009 0.86   195-78 
1990-1991  0.30  80-308 
1996-1997  0.27  87-211 
1993-1994  0.19  428-75 
1994-1995  0.13  75-313 
2004-2005  0.92  107-346 
2007-2008  0.93  151-195 
2008-2009  0.98  195-78 
1990   1.16 80 
1992   1.17 331 
1994   1.01 75 
1995   1.09 313 
1996   1.18 87 
1999   1.03 103 
1991   1.84 308 
1998   1.78 204 
2006   1.75 186 
2011   1.75 65 
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Species Abundance Patterns 

There was no apparent trend in abundance of the five commonly collected native fishes at Riverside 
from 1988 through 2012 (Table 4). Nor was there a consistent response of any native species to high 
or low flow years. From 1988 through 1998, longfin dace abundance was ≤ 0.3 individuals/m2 in all 
years and none was collected in 1997 (Figure 5). Low abundances were noted in both high and low 
flow years. After 1998, its abundance was more variable and averaged 0.359/m2. In the years (n = 5) 
its abundance exceeded its mean for 1999-2012, annual mean daily discharge was less than the mean 
(170 cfs) for 1988-2012 in three of those years. Density of spikedace likewise was relatively constant 
and low from 1988 through 1999 (mean = 0.065/m2), but from 2001 through 2012 was quite variable, 
ranging from zero (2002) to almost 0.8/m2 (2008, Figure 6) and averaged 0.185/m2. In the years (n = 
5) its density was greater than the 1999-2012 mean, annual mean daily discharge was less than the 
mean for the period in three. Loach minnow density was < 0.1/m2 in all years, except one (1989), 
from 1988 through 1998, but exceeded that in 5 of the next 13 years (Figure 7). Similar to longfin 
dace and spikedace, density of loach minnow was more variable among years after 1998 (mean = 
0.102) than prior (mean = 0.042). Whereas densities of other native fishes remained within a 
relatively narrow band from 1988 through 1998, that of desert sucker varied markedly among years 
in both periods (Figure 8). Nonetheless, its mean density (0.084/m2) during 1988-1998 was less than 
that between 1999 and 2012 (0.138/m2). Sonora sucker density changed comparatively little from 
year to year, except in 1995 when it exceeded 1.5/m2 (Figure 9). Like native fishes, there was no 
evident trend in nonnative fishes abundance from 1988 through 2012. Nonnative fishes were 
typically uncommon at Riverside and exceeded 0.1/m2 in only three years, 1994 and 1999 when 
western mosquitofish was common and 1998 when red shiner and western mosquitofish were 
common (Figure 10). 

Table 4. Abundance metrics of fishes collected at Riverside, Gila River, New Mexico, 1988-2012. 
 

 Longfin dace Spikedace Loach 
minnow 

Desert 
sucker Sonora sucker Nonnative fishes 

1988-1998       
Mean density 

(#/m2) 0.090 0.065 0.042 0.084 0.196 0.144 

Range 0.0-0.279 0.005-
0.151 0.0-0.165 0.008-0.325 0.003-1.539 0.002-1.157 

Coefficient of 
Variation 1.04 0.707 1.04 1.17 2.31 2.37 

1999-2012       
Mean density 

(#/m2) 0.359 0.185 0.102 0.138 0.076 0.073 

Range 0.010-1.488 0.0-0.785 0.003-0.457 0.008-0.427 0.004-0.2129 0.007-0.458 
Coefficient of 

Variation 1.19 1.38 1.24 1.13 1.01 1.63 

1988-2012       
Mean density 

(#/m2) 0.236 0.130 0.075 0.113 0.131 0.105 

Range 0.0-1.488 0.0-0.785 0.0-0.457 0.008-0.427 0.003 0.002-1.157 

Coefficient of 
Variation 1.45 1.51 1.35 1.18 1.539 2.31 
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Figure 5. Density of longfin dace at Riverside, Gila River, New Mexico, 1988-2012. Blue line represents annual 
mean daily discharge and green line indicates density of longfin dace. 
 

 
Figure 6. Density of spikedace at Riverside, Gila River, New Mexico, 1988-2012. Blue line represents annual 
mean daily discharge and green line density of spikedace. 
 

 
Figure 7. Density of loach minnow at Riverside, Gila River, New Mexico, 1988-2012. Blue line represents 
annual mean daily discharge and green line loach minnow density. 
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Figure 8. Density of desert sucker at Riverside, Gila River, New Mexico, 1988-2012. Blue line represents annual 
mean daily discharge and green line represents desert sucker density. 
 

 
Figure 9. Density of Sonora sucker at Riverside, Gila River, New Mexico, 1988-2012. Blue line represents 
annual mean daily discharge and green line indicates Sonora sucker density. 
 

 
Figure 10. Density of nonnative fishes at Riverside, Gila River, New Mexico, 1988-2012. Blue line represents 
annual mean daily discharge and green line indicates nonnative fishes density. 
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Cliff-Gila Valley Fishes Autecology 

Information presented herein on the biology of native fishes is derived mainly from that obtained on 
the species in the Cliff-Gila Valley reach of the Gila River from 1983 through 2012 (e.g., Propst 
2005). Specific life history attribute data were gathered mainly during intensive sampling from early 
1983 through 1984 (e.g., Propst and Bestgen 1991). 

Spikedace Meda fulgida 
As spring snowmelt-driven flows recede, spikedace spawning begins in early to mid-April when 
mid-day water temperature is about 15°C (Figure 11). Spawning occurs in shallow (< 25 cm deep), 
moderate velocity (20-40 cm/sec) water over small gravel to small cobble substrates. Fertilized eggs 
settle among the gravel, from which fine sediments have been cleansed by the clear water 
characteristic of descending spring flows. Movement of oxygenated water among interstitial spaces 
of the substrate is essential to egg survival. Measured as autumn density, reproductive success 
increases as spring mean daily discharge increases to about 300 cfs but thereafter does not change 
(Table 5, Figure 12). The low autumn density (0.011/m2), when mean daily spring flow was almost 
900 cfs, occurred in 2005 and followed a year of low reproductive success as measured by 2004 
autumn density (0.007 spikedace/m2). In addition, mean daily discharge exceeded 15,500 cfs in 
February and likely displaced some spikedace downstream. Autumn density of spikedace was also 
positively associated with higher summer base flows (excluding 1992 when mean summer daily 
discharge was 162 cfs, substantially greater than study period summer mean of 58 cfs) and with the 
number of days spring mean daily discharge was greater than spring median discharge. Autumn 
density was negatively associated with number days mean daily discharge < 30 and < 50 cfs and to 
number of days mean daily discharge was less than 50% of median (Table 5). 

 
Figure 11. Spikedace life stages and Gila River flow regime. Green circle-bar represents spawning, red triangle-
bar indicates larvae, blue diamond-bar diamond represents juveniles and sub-adults, and tan square-bar represents 
adults. Mean daily discharge (blue line) is 1995 Gila River USGS Gila near Gila gage. Horizonal line = mean daily 
discharge for period of study. 
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Figure 12. Relationship between spikedace autumn density at Riverside and spring discharge of the Gila 
River, 1988-2012. Densities within the ellipse were significantly related to mean daily spring discharge (p ≤ 0.02). 
Y-axis values of 0.001 = 0 (no individuals collected). 
 
Table 5. Regression analysis of effects of Gila River discharge attributes on autumn abundance of native 
fishes at Riverside, 1988-2012. Significant relationships (α = 0.05) are shaded. 
 

 
Depending upon water temperature, spikedace emerge in about 5 days as 5 to 6 mm total length (TL) 
protolarvae. Larval spikedace were found almost exclusively in shallow (< 10 cm deep) stream 
margins in low velocity (< 5 cm/sec) water over silt, sand, and gravel substrates. Daytime water 
temperatures may exceed 20°C, but by early evening shoreline water temperatures decline and young 
fish move to deeper and warmer waters and some may be entrained in the current and displaced 
downstream. As days lengthen and water warms, there is reduced tendency for young spikedace to 
drift. The lowest flows of a year typically occur during June and July. Excluding 1992, when 
discharge remained above 100 cfs into late June, there was a positive relationship between autumn 
density and June-July flows (Figure 13). Despite elevated flows extending into June 1992, autumn 
density of spikedace that year was nonetheless comparatively high (0.114/m2). 
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 Longfin dace Spikedace Loach minnow Desert sucker Sonora sucker 
Flow Attribute R2 P R2 P R2 P R2 P R2 P 
Spring Q 0.0003 0.94 0.0088 0.66 0.0048 0.75 0.1984 0.03 0.1229 0.09 
Spring Q (<300 cfs) X X 0.2534 0.04 0.2872 0.03 X X 0.1976 0.04 
Spring Q (>300 cfs) X X 0.3792 0.14 0.5965 0.04 X X X X 
Summer Q 0.0012 0.87 0.1230 0.09 0.0084 0.67 0.0877 0.16 0.0061 0.72 
Summer Q (<100 cfs) X X 0.2639 0.01 X X 0.3930 0.001 X X 
Monsoon Q 0.0504 0.28 0.0198 0.51 0.0541 0.27 0.0268 0.45 0.242 0.47 
Winter Q 0.0022 0.83 0.0363 0.37 0.0044 0.76 0.0806 0.18 0.3081 0.01 
Annual Q 0.0040 0.77 0.0153 0.57 0.0064 0.71 0.0864 0.16 0.1037 0.12 
Days Q <50 cfs 0.0024 0.82 0.1827 0.04 0.0055 0.73 0.1821 0.04 0.0199 0.59 
Days Q <30 cfs 0.0067 0.70 0.2062 0.03 0.0194 0.52 0.2980 0.01 0.0921 0.15 
Days Q >3 x median Q 0.0027 0.81 0.0379 0.36 0.0004 0.93 0.0862 0.16 0.0729 0.20 
Days Q >5 x median Q 0.0345 0.38 0.0031 0.80 0.0128 0.60 0.0301 0.42 0.0558 0.27 
Days Q <50% median Q 0.0380 0.37 0.1627 0.05 0.0106 0.63 0.2931 0.01 0.1083 0.12 
Days spring Q <300 cfs 0.0049 0.75 0.0091 0.66 0.0007 0.90 0.1036 0.13 0.0934 0.15 
Days spring Q >750 cfs 0.0032 0.79 0.0097 0.65 0.0090 0.66 0.2127 0.02 0.0755 0.19 
Days spring Q >spring mean Q 0.0008 0.89 0.02870 0.43 0.0080 0.68 0.1551 0.06 0.0998 0.13 
Days spring Q >spring median Q 0.0353 0.38 0.1715 0.04 0.0385 0.36 0.2907 0.01 0.1269 0.09 
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Figure 13. Relationship between spikedace autumn density and mean daily discharge in June and July, 1988-
2012. Densities within the ellipse were significantly related to mean daily summer discharge (p ≤ 0.01). Y-axis 
values of 0.001 = 0 (no individuals collected). 
 
Relative constancy of flows during June and July helps ensure nursery habitats of sufficient extent 
and quality for spikedace growth and survival. Through about 25 mm TL young tend to occur mainly 
near stream margins and along edges of mid-channel sand-gravel bars in water flowing < 20 cm/sec 
(Figure 14). In low velocity habitats, young spikedace feed mainly on small dipteran larvae, 
especially chironomids. Juvenile Sonora and desert suckers as well as young longfin dace are often 
found with young spikedace. As they grow, spikedace occur in faster velocity, but still shallow, 
water. Spikedace grow from about 5 mm TL at hatching in mid-late April to 30 mm SL (late 
metalarvae) by late June when mid-day water temperature approaches 25°C. By June, the majority of 
spikedace present are age 0 and older fish comprise a comparatively small portion of the population 
(Figure 15). 

As the monsoon season approaches in mid-July, age-0 spikedace (those hatched in April) range in 
size from 25 to 35 mm SL. These individuals occur in a comparatively broad range of water 
velocities (10 to 45 cm/sec), but depths occupied average about 20 cm. Older (mainly age 1, but a 
few age 2) and larger individuals (maximum TL about 75 mm) are found in more rapid velocity 
water (up to about 60 cm/sec), but rarely in water > 30 cm deep. While spikedace occupy a 
comparatively narrow water velocity and depth range, they occur in a variety of mesohabitats. Mixed 
ages (and sizes) can be found in moderately deep (30 to 60 cm) riffle eddies, broad moderate velocity 
(25-35 cm/sec) mid-channel shoals at the top of sand-gravel bars, in low velocity (< 20 cm/sec) and 
shallow (15-25 cm) inside portions of broad meanders, and near vertical banks of gravel bars in water 
about 20 cm deep just at the sheer of low velocity (< 10 cm/sec) littoral water and main channel 
current (often > 50 cm/sec). In these habitats, spikedace feed on an array of aquatic insects 
(especially mayflies, but also caddisflies and stoneflies) (Propst et al. 1988; Pilger et al. 2010). Along 
vertical banks, large (> 50 mm TL) spikedace dart from the littoral to grab drifting insects in the 
adjacent rapid-velocity water and those in riffle eddies mouth drifting particles swept by in riffle 
plunges, rejecting detritus but consuming insects. Large aggregations of spikedace move across 
shoals foraging on benthic and drifting insects. Although terrestrial insects are consumed, they are 
not an important food for spikedace. 

Flow pulses in the Gila River associated with summer convectional storms ranged from 200 to 
11,000 cfs in the Cliff-Gila Valley between 1988 and 2012 (USGS 09430500 Gila River near Gila, 
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NM gage). These events deposit eroded fine sediments from the surrounding watershed in the active 
river channel as well as allochthonous material from inundated floodplain. In addition, channel 
realignment and sand-gravel bar movement are often associated with larger, sustained flows. 
Although summer flows may increase from < 100 to several 1,000 cfs in a few hours, there was no 
apparent adverse effect on spikedace autumn density (Figure 16). 

By November, most individuals present in a population are age 0 (Figure 17), but a few age-1 fish 
typically survive the winter and are present as age-2 individuals the following year. Age-0 
individuals range in size from about 25 to 45 mm SL and larger individuals may weigh 2 g. With 
declining water temperatures in late autumn, growth slows and the size range of spikedace in March 
is similar to that of the previous November (Figure 18). 

 

 
 
Figure 14. Water velocities and depths occupied by spikedace. Protolarvae are < 9 mm, mesolarvae are 10-15 
mm, metalarvae 16-30 mm, juveniles 31-45 mm, and adults are > 46 mm TL. Vertical lines are + 1 standard 
deviation. Regression analysis on all specimens, not length class means. 
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Figure 15. Length-frequency of spikedace in Gila River at Riverside, June 1983. Approximate age of 
individuals for each length class indicated. 
 
The spawning population is composed largely of age-1 fish, but a few age-2 individuals are typically 
present. Females are often more common than males. Just prior to spawning, age-1 females have 
about 200 mature eggs whereas age-2 females may have 300 mature eggs. Mature eggs average 1.5 
mm diameter and may be 10% of a female’s total mass. 

In shoals, along shallow littoral areas, and in riffle eddies, longfin dace are often mixed among 
spikedace. Small (< 100 mm TL) suckers frequently occur with spikedace in riffle eddies. Small-
bodied nonnative fishes are uncommon in the Cliff-Gila Valley reach, but red shiner is occasionally 
found with spikedace. Although not common in the Cliff-Gila Valley reach, red shiner can 
competitively displace spikedace and thus present a challenge to spikedace (Douglas et al. 1994). If 
present, fathead minnows are typically along vegetated vertical shorelines in low-velocity water and 
western mosquitofish mainly inhabit shallow to moderately deep (10-50 cm) backwaters. Large-
bodied nonnative fishes, such as common carp, channel catfish, and smallmouth bass, are irregularly 
found in the Cliff-Gila Valley reach. 

 
Figure 16. Autumn density of spikedace at Riverside and mean daily discharge of Gila River (USGS Gila near 
Gila gage) during August-September from 1988 through 2012. Y-axis values of 0.001 = 0 (no individuals 
collected). 
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Figure 17. Length-frequency of spikedace in Gila River at Riverside, November 1983. Approximate age of 
individuals in each length class indicated. 
 

 
Figure 18. Length-frequency of spikedace in Gila River at Riverside, March 1984. Approximate age of 
individuals in each length class indicated. 
 
Loach Minnow Tiaroga cobitis 
Loach minnow spawning normally occurs during April as spring snowmelt flows are declining and 
water temperatures are between 16° and 20°C (Figure 19) (Britt 1982; Propst et al. 1988; Propst and 
Bestgen 1991). Although loach minnow spawning is associated with spring runoff, it still occurs in 
years with no appreciable spring snowmelt (D.L. Propst, unpublished data). Spawning has also been 
documented in early autumn in association with flow spates in Arizona (Vives and Minckley 1990). 
Loach minnow females release eggs in cavities under flat cobble in riffles (mean velocity = 31.3 
cm/sec and mean depth = 15.3 cm) (Britt 1982; Propst et al. 1988; D.L. Propst and K.R. Bestgen, 
unpublished data). The fertilized adhesive eggs are attached in a single layer to the undersides of 
cobble where male and female loach minnow guard the eggs (Vives and Minckley 1990; Childs 
2004). One or more egg batches may be found on a single rock; it is not known if different batches 
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represent multiple efforts by a single female or are that of several females. Number of eggs per batch 
ranges from 40 to 100. Viable eggs are bright orange. Opaque eggs and masses with fungal infections 
most frequently occur in low velocity water (Propst et al. 1988). Although elevated spring flows are 
considered an environmental cue to induce loach minnow spawning, there was no relationship 
between mean daily spring discharge and autumn density of loach minnow when all years of data 
were considered (Table 5, Figure 20). But like spikedace, there was a positive response to increased 
spring mean daily discharge up to about 300 cfs. Unlike spikedace, however, there was also a 
positive response to spring mean daily flows ≥ 400 cfs. 

 
Figure 19. Loach minnow life stages and Gila River flow regime. Green circle-bar represents spawning, red 
triangle-bar indicates larvae, blue diamond-bar represents juveniles and sub-adults, and tan square-bar represents 
adults. Blue line represents mean daily discharge. Discharge is 1997 Gila River USGS Gila near Gila gage. 
 

 
Figure 20. Relationship between loach minnow autumn density at Riverside and spring (February-April) 
mean daily discharge of the Gila River, 1988-2012. Densities within both ellipses significantly related to spring 
mean daily discharge (left ellipse p ≤ 0.03 and right ellipse p ≤ 0.02). Y-axis values of 0.001 = 0 (no individuals 
collected). 
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Loach minnow hatch in 5 days in water 18 to 21°C, but typically remain within or near their natal 
cavity for several days after emergence (Vives and Minckley 1990; Childs 2004; Snyder et al. 2005). 
Thereafter, young move to low-velocity and comparatively shallow cobbled habitats along edges of 
the riffles in which they were spawned (D.L. Propst and K.R.Bestgen, unpublished data). Some 
larval loach minnow may be entrained in the current and swept downstream, but they were the least 
common of Cliff-Gila Valley reach fishes found in the drift (D.L. Propst and K.R. Bestgen, 
unpublished data). 

 

 
Figure 21. Water velocities and depths occupied by loach minnow. Protolarvae are 6-8 mm, mesolarvae are 7-12 
mm, metalarve 11-18 mm, juveniles 17-45 mm, and adults are >46 mm TL. Vertical lines are + 1 standard deviation. 
Regression analysis performed on individuals, not class means. 
 
As individuals grow they are found in increasingly more rapid velocity water, and, although depth 
does not increase as dramatically, larger individuals tend to be found in deeper water (Figure 21). 
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Whereas both velocities and depths occupied by loach minnow increased, as individuals get larger, 
loach minnow are found almost exclusively in riffles. Within cross-channel riffles, loach minnow 
tend to be least common in near-shore lower velocity areas and where velocity is greatest (typically 
mid-channel). In riffles, substrate is dominated by cobble, but sand and gravel are also present. If fine 
sediments fill interstitial spaces among the gravel and cobble of riffles, loach minnows are rare or 
absent. Elevated flows mobilize fine sediments, thus cleansing the interstitial spaces occupied by 
loach minnow, as well as their insect prey, and maintaining habitat quality. 

During June and July, when discharge is typically at its annual base and water temperature is > 20° C 
throughout the day, loach minnow grow comparatively rapidly and some attain lengths near 30 mm 
SL by late June (Figure 22) (Propst et al. 1988; D.L. Propst and K.R. Bestgen, unpublished data). 
Following spawning, three age classes are often present in a population. Discharge during the 
summer low-flow period does not have an evident effect on autumn density of loach minnow (Figure 
23, Table 5). 

 
Figure 22. Length-frequency of loach minnow in Gila River Cliff-Gila Valley reach, June 1983. Approximate 
age for length classes indicated. 
 
Young loach minnow feed mainly on early instars of chironomids and baetid naiads. The variety of 
aquatic insects consumed increases with size and additionally includes plecopterans, trichopterans, 
other dipterans, and ephemeropterans (Schreiber and Minckley 1981; Propst et al. 1988; Propst and 
Bestgen 1991; Pilger et al. 2010). Loach minnow eat almost exclusively prey they encounter in 
riffles, as terresterial invertebrates are rarely found in loach minnow gastro-intestinal tracts. During 
spring, summer, and autumn, ephemeropterans are numerically (60, 45, and 59%, respectively) the 
most important food of loach minnow, but in winter dipterans constitute the bulk (60%) of their diet 
(Propst et al. 1988). 

By November, age-0 loach minnow are at least 30 mm and some of that cohort may be 45 mm SL 
(Figure 24). A few age-2 individuals survive to the autumn and perhaps the next spring when they 
are present as age-3 fish. The size range of the spring population is similar to that of the previous 
November, but distinction of age classes is more evident (Figure 25). The spawning population is 
composed largely of age-1 individuals and within this cohort females outnumber males. Age-1 
females have about 150 mature ova just prior to spawning whereas age-2 and -3 individuals may 
have 250 to 300 mature ova (Propst et al. 1988). 
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Figure 23. Autumn density of loach minnow in Gila River Cliff-Gila Valley reach and mean daily discharge of 
Gila River (USGS Gila near Gila gage) during June-July from 1988 through 2012. Y-axis values of 0.001 = 0 
(no individuals collected). 
 

 
Figure 24. Length-frequency of loach minnow in Gila River Cliff-Gila Valley reach, November 1983. 
Approximate age for length classes indicated. 
 

 
Figure 25. Length-frequency of loach minnow in Gila River Cliff-Gila Valley reach, March 1984. Approximate 
age for length classes indicated. 
 

0.001

0.01

0.1

1

10

0 50 100 150 200

A
u

tu
m

n
 D

e
n

si
ty

 (
#

/
m

2
) 

Discharge (cfs) 

0

0.05

0.1

0.15

0.2

0.25

P
ro

p
o

rt
io

n
 

Length Class (mm SL) 

age 0 
age 1 

age 2 

0

0.05

0.1

0.15

0.2

0.25

P
ro

p
o

rt
io

n
 

Length Class (mm SL) 

age 1 

age 2 

age 3 



 

252 
 

Other Native Fishes 
In addition to spikedace and loach minnow, the fish assemblage at Riverside in all years, except one, 
included three additional native species. Desert sucker and Sonora sucker were present in all years, 
but longfin dace was absent in 1997. 

Mean density of longfin dace was 0.223/m2 (median = 0.107/m2) and in most years ranged between 
0.01 and 1.0/m2. Lowest densities occurred in 1994, a year of low mean daily discharge (75.7 cfs) 
without high spring runoff or elevated flows during the monsoon, and it was absent in 1997, a year 
with about average spring snowmelt but with a brief flood that peaked at 11,200 cfs in late 
September. Highest densities of longfin dace occurred in years with annual mean daily discharge 
between 107 and 346 cfs. Longfin dace autumn density was not related to any discharge attribute 
considered (Table 5, Figure 26). Apparent absence of a response to different flow regimes may be 
related to its rather catholic habitat use (Stefferud et al. 2011). Thus, regardless of flow regime, 
suitable habitat (at least from a physical attributes perspective) is always present. 

 
Figure 26. Relationship between longfin dace autumn density at Riverside and spring (February-April) mean 
daily discharge of the Gila River, 1988-2012. Y-axis values of 0.001 = 0 (no individuals collected). 
 
Like spikedace and loach minnow, longfin dace spawn in spring as snowmelt runoff recedes when 
water temperatures approach 15°C. Males excavate small depressions in low velocity shoreline 
habitats (typically small side channels and embayments) and spawning occurs over them. Clusters of 
15 to 30 depressions may be found in low gradient stream reaches. Longfin dace have the longest 
spawning season of any native Gila River fish, which in Aravaipa Creek in Arizona, may extend 
from December through July (Minckley and Barber 1971). After hatching in 4 to 5 days, larvae 
remain associated with their spawning depressions and then move to low-velocity and shallow 
shoreline habitats. Larval longfin dace was the most common fish found drifting in the Gila River 
during spring (D.L. Propst and K.R. Bestgen, unpublished data). As they grow, longfin dace move 
into the main channel and occupy a variety of mesohabitats, but are most commonly found in slow to 
moderate velocity (20 to 40 cm/sec) and depth (10 to 30 cm) water over silt, sand, and gravel-cobble 
substrates (D.L Propst and K.R. Bestgen, unpublished data). In these habitats, it feeds on aquatic 
invertebrates (mainly ephemeropterans and trichopterans), algae, and organic detritus (Schrieber and 
Minckley 1981; Pilger et al. 2010). Longfin dace grow rapidly and by the end of their first year 
average about 50 mm TL and some individuals may attain 80 mm TL in their third year. Most 
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individuals do not survive past their second summer, but a few may live three years. At Riverside, 
longfin dace was often the most common native fish present. Longfin dace are often found with 
spikedace and juvenile suckers. In the Cliff-Gila Valley, nonnative red shiners are occasionally found 
with longfin dace. 

Desert sucker was present in all years between 1988 and 2012 at the Riverside site, but its density 
varied considerably from year to year. Higher autumn densities were often, but not always, 
associated with years of above average mean daily discharge. Autumn density of desert sucker was 
positively related to mean daily spring discharge as well as summer discharge (excluding 1992 when 
summer discharge was 162 cfs), number days spring discharge exceeded 750 cfs, and number days 
spring discharge was greater than median spring discharge (Table 5). Desert sucker autumn 
abundance was negatively associated with number days mean daily discharge < 50 and 30 cfs (Table 
5, Figure 27). 

 
Figure 27. Relationship (R2 = 0.298, P < 0.01) of annual autumn density of desert sucker to days mean daily 
discharge per year < 30 cfs at Riverside, Gila River, New Mexico, 1988-2012. 
 
Desert sucker spawn in rapid velocity (40-60 cm/sec) riffles over gravel and cobble substrates in 
early to late spring. An individual female may produce 10,000 eggs. After hatching, young drift 
downstream and make their way to shallow (< 15 cm) and low-velocity (< 15 cm/sec) shoreline 
habitats. As they grow, individuals tend to remain close to shore but move into more rapid velocity 
and deeper shoreline mesohabitats as they grow. Juveniles (< 100 mm TL) are also found over cobble 
substrates in moderate-velocity runs. Sub-adults (100-160 mm TL) occupy a variety of moderate to 
rapid velocity habitats as well as slow-velocity pools (Stefferud et al. 2011). Adults (> 160 mm TL) 
are found in deep (0.5 to > 1.0 m) pools with slow to moderate velocity water and the center of rapid 
(100 to 250 cm/sec) velocity and deep (0.5 to 1.25 m) chutes at the base of high gradient riffles. 
Young are frequently found with spikedace and longfin dace in shoreline habitats, juveniles are not 
regularly found with any other native fish except juvenile Sonora sucker in moderate velocity riffle 
edges and runs, and adults are typically found with other common pool inhabitants. The diet of 
young desert suckers consists mainly of chironomid and simuliid larvae, algae, and organic detritus. 
As individuals grow, the importance of algae as a food increases and aquatic insects and organic 
material diminish in importance (Pilger et al. 2010). By the end of their first year, desert suckers are 
about 85 mm TL. Over the next several years, desert suckers grow and attain lengths up to 300 mm 
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TL in 4 or 5 years. A few individuals may live 15 years and grow to 400 mm TL. At Riverside, a 
variety of sizes of desert sucker were usually present in autumn, but age-0 fish were the most 
common (Figure 28). Drifting larvae are likely essential to maintaining desert sucker throughout the 
Cliff-Gila Valley, as adults apparently are fairly sedentary (Bestgen et al. 1987). 

 

 
 

 
Figure 28. Size structure of desert sucker population at Riverside, Gila River, New Mexico. 
 
After longfin dace, Sonora sucker was often the most common fish found at Riverside, but was the 
most common fish in only one year (1995). There was no relationship between autumn Sonora 
sucker density and any examined flow attribute, except mean daily spring discharge < 300 cfs and 
mean daily winter discharge, and both were positive (Table 5, Figure 29). 
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Figure 29. Relationship (R2 = 0.518, P < 0.01) of annual autumn density of Sonora sucker to days mean daily 
winter (November-January) discharge at Riverside, Gila River, New Mexico, 1988-2012. 
 

As with other native fishes of the Gila River, Sonora sucker spawning is initiated in spring when 
water temperature is about 15°C. Spawning occurs in moderate velocity riffles over gravel and 
cobble substrates. A large (ca. 350 mm TL) female may have 10,000 ova. The fertilized, adhesive 
and demersal, eggs develop among interstitial spaces of spawning riffles (Snyder et al. 2005). Upon 
hatching in 4-6 days, larvae initially remain among gravel and cobble, but as they grow they emerge 
from spawning substrates and are entrained and transported downstream. Juvenile Sonora sucker (< 
100 mm TL) are most common in low-velocity and shallow habitats associated with stream margins. 
In these habitats, young Sonora sucker feed mainly on ephemeroptan naiads and chironomids larvae; 
algae is a comparatively small portion of their diet. As they grow, most sub-adults (100-160 mm TL) 
are found in low-velocity glides and pools and adults (> 160 mm TL) are found almost exclusively in 
deep pools (0.5 to 2 m). Occupied pools are often associated with large woody debris piles, root 
masses, and undercut banks. Although aquatic insects remain an important food, algae are a greater 
part of Sonora sucker diet as individuals grow (Pilger et al. 2010). Total length attained by the end of 
their first growing season is similar to that of desert sucker (i.e., about 85 mm), but adult Sonora 
suckers may exceed 550 mm TL. At Riverside, most Sonora suckers collected in autumn were age-0 
individuals and adults were uncommon. Like desert sucker, several size classes of Sonora sucker 
were usually present in autumn at Riverside (Figure 30), but age-0 individuals were typically a 
smaller proportion of the population than desert sucker. 

Ecological Consequences of Flow Modification 

The ecological consequences of flow modification are mediated by how flow is altered (e.g., 
diversion, impoundment, or groundwater extraction), timing and duration of modification, quantity of 
flow manipulated, and frequency of modification (Poff and Zimmerman 2009). Regardless of the 
specific modification, natural fluvial geomorphic processes are disrupted and this disruption has 
direct and indirect consequences for aquatic organisms and their habitats. Interruption of a river’s 
natural flow regime can affect channel movement, sediment transport, alluvial import (organic and 
inorganic) from the adjoining floodplain, channel degradation (incision) and armoring, channel 
narrowing or widening (depending on nature of flow manipulation and distance from modifying 
structure), and stream profile shifting from braided to meandering (Graf 1987). In addition to 
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affecting these geomorphic processes, a stream’s thermal regime changes in response to flow 
alteration. These physical responses, in turn, affect biological processes at the individual and 
population level. 

 

 

 
Figure 30. Size structure of Sonora sucker population at Riverside, Gila River, 1988-2012. 
 
Accurate and complete characterization of the specific effects of modified flows is expected when 
assessing their ecological consequences, yet in practice this is difficult for numerous reasons 
(Arthington et al. 2006). In broad terms, a natural flow regime affects resident aquatic biota by 
maintaining habitat complexity, channel form, and natural disturbance; by providing cues and 
habitats necessary for completion of organism life stages; by providing periodic connectivity to the 
adjoining floodplain and maintaining constant longitudinal connectivity; by sustaining prey base; and 
by discouraging invasive species (Dudgeon et al. 2006). To measure the effects of flow manipulation 
on native fish assemblages, it is necessary to characterize to the extent possible how changes in flow 
affect each life stage and the consequences of these effects on each species population and, in turn, 
the impacts on the aquatic community of the area potentially affected. 
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Previously, Stefferud et al. (2011) demonstrated that streamflow was a primary factor influencing 
autumn abundance of upper Gila River Basin native fishes. Modeled relationships that included mean 
annual discharge as a variable were strongest for short-lived species (i.e., longfin dace, spikedace, 
and loach minnow) and young of long-lived species (desert sucker and Sonora sucker). They did not, 
however, identify the particular mechanics that drove the positive relationship between annual mean 
daily discharge and autumn fish densities. Arguably, spawning and early larval development are the 
most susceptible life stages to flow manipulation. All Cliff-Gila Valley native fishes spawn in spring, 
mainly as flows recede from their spring peak and approach early summer base flows. Several factors 
likely serve as cues for fish to initiate spawning (e.g., day length, degree days, water temperature, 
and change in discharge). If spring discharge is truncated or diminished with a consequent increase in 
water temperature, initiation of spawning may occur earlier than if flows were not altered. Because 
eggs develop in interstitial spaces among gravel and small cobble (spikedace, desert sucker, and 
Sonora sucker), on the undersides of raised cobble (loach minnow), or in shallow depressions 
(longfin dace), clean well-oxygenated water is essential for their survival. If flows recede abruptly, 
developing eggs may be exposed. Or, if antecedent flows have not been of sufficient magnitude and 
scouring energy to mobilize deposits of fine sediments, suitable spawning habitats are not present. In 
addition, it is likely that timing of flows reaching particular thresholds influences spawning success 
and larvae survival (Bednarski et al 2008). Among the flow attributes considered, both spikedace and 
loach minnow responded positively to increasing spring mean daily discharge through about 300 cfs, 
indicating this spring discharge level represents a threshold (sensu Dodds et al. 2010). Spikedace not 
evidencing a continued increase in autumn abundance at flows greater than 300 cfs was perhaps 
because greater flows did not increase amount or quality of spawning habitat. Alternatively, and 
perhaps more likely, the spawning population had maximized its production potential and greater 
production was therefore not possible. Variance of autumn density of spikedace when mean daily 
spring discharge was < 300 cfs was 0.051 (range = 0.0-0.785, mean = 0.131/m2), but was just 0.011 
(range = 0.011-0.341, mean = 0.127/m2) when discharge was > 300 cfs. The two autumns when 
spikedace was not found were both years of low mean daily spring discharge (57.5 and 105.9 cfs). 
Unlike spikedace, loach minnow responded positively to flows > 300 cfs. This suggests that 
additional spawning habitat was made available at these elevated flows and loach minnow exploited 
the opportunity. As with spikedace, autumn density variance was greater during years spring 
discharge was < 300 cfs (0.013, range = 0.0-0.457, mean = 0.084) than when discharge was > 300 cfs 
(0.002, range = 0.013-0.139, mean = 0.051). Over the course of our study, greatest autumn 
abundance of both spikedace and loach minnow occurred in years when spring discharge was < 300 
cfs, but both were absent only when spring discharge was < 300 cfs. 

After hatching, larvae of all Cliff-Gila Valley native fishes are found almost exclusively in shallow, 
low-velocity littoral habitats. The presumed mechanism of larval entrainment (at least of several 
Cliff-Gila Valley native fishes) in the current is individuals seeking optimal temperature. While drift 
contributes to maintenance of downstream populations, it cannot be so massive that it depopulates 
source reaches. Thus, the importance of gradual flow recession during late spring and into early 
summer as young fish grow; if flows recede too rapidly, larvae may be stranded (Freeman et al. 
2001). Any structure that siphons drifting individuals into unsuitable habitat (e.g., irrigation 
diversion) has both demographic and genetic implications for downstream populations. 

As individuals mature to juveniles and sub-adults and become stronger swimmers, they are able to 
move from shoreline habitats and occupy faster and deeper water. As sub-adults and adults, native 
fishes partition the available habitat such that each native tends to be most common in a subset of 
that available. Where habitats are homogenized as a consequence of altered or diminished (natural or 
human-caused) flows, abundance of native fishes often declines (Bunn and Arthington 2002; Poff et 
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al. 2007; Gido et al. 2013). By and large, there was no relation between monsoon or winter flows and 
autumn density of Cliff-Gila Valley native fishes, except that winter discharge had a positive effect 
on Sonora sucker autumn density. 

Although present, nonnative fishes are comparatively uncommon in the Gila River Cliff-Gila Valley 
reach. Their paucity there has been attributed to the unmodified flow regime of the river (Propst et al. 
2008; Stefferud et al 2011). Nor is this circumstance atypical. Elsewhere, natural flow regimes are 
credited with suppressing or excluding nonnative fishes (e.g., Minckley and Meffe 1987; Baltz and 
Moyle 1993; Marchetti and Moyle 2001; Gido et al. 2013). But where natural flow regimes have 
been altered by human activity, nonnative species become established and present major 
conservation challenges to resource managers (Olden and Poff 2005; Olden et al. 2006; Poff et al. 
2007; Gido and Propst 2012). 

Indirect consequences of flow modification for native fishes, such as loss of floodplain connectivity, 
channel reshaping, and changes in aquatic invertebrate assemblages were not considered in this 
review, but nonetheless are critical factors affecting native fishes (Anderson et al. 2006). For 
example, changes in floodplain connectivity alter stream import of allochthonous organic material, 
which affects invertebrate food availability, and thus prey availability for insectivorous fishes (e.g., 
spikedace and loach minnow). 

Native fishes of the upper Gila River system, whether narrow endemics or widespread species, 
evolved in a highly variable system with respect to flow regime and other physical characteristics. 
Their life history strategies equip them to handle the vicissitudes of their environment as evidenced 
by their resilience to natural catastrophes, such as flood and drought (Olden et al. 2006). Any 
curtailment of a natural flow regime will have anticipated consequences of reduced reproductive 
success as well as unintended outcomes that might include increased nonnative fishes abundance or 
occurrence of heretofore absent diseases. Where flows have been modified by human activity, native 
fishes have declined, especially in the arid American Southwest (Minckley and Douglas 1991; Poff et 
al. 2007). 

Within-Reach Connectivity, Fragmentation, and Fish Persistence 

Perhaps the two greatest concurrent risks to persistence of freshwater aquatic biota are habitat 
fragmentation and changes in surface water availability due to extraction and global climate change 
(Nilsson et al. 2005). Habitat fragmentation effects are predicted to be particularly acute in rivers and 
streams (Fagan 2002; Fagan et. al. 2002; Perkin et al. 2013) because many, if not most, stream 
organisms persist in a “metapopulation” where local extirpation is offset by recolonization from 
adjacent locales in the stream network. Where this connectivity is severed or diminished, species 
ranges contract and extinction risk therefore increases. Such has occurred in the Gila-Salt River 
Basin in that formerly wide ranging species such as loach minnow, spikedace, and roundtail chub are 
now limited to a few comparatively short stream reaches and their persistence in these is threatened 
by activities that further reduce or compromise remaining habitats (Table 6). The proposed water 
diversion structure on the Gila River, near Mogollon Creek, in New Mexico would potentially 
fragment the upper Gila River reach, separating the two surviving New Mexico populations of 
spikedace as well as two loach minnow populations. The specific effects of additional fragmentation 
would depend on the nature of the structure itself (i.e., whether it could be traversed by organisms at 
critical life stages or whether it would siphon drifting young into irrigation canals and ditches), and 
importantly, on dispersal capability, local competitive ability, and habitat requirements – in other 
words, life history features – of individual species. 
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Table 6. Native fishes of the upper Gila River reach (upstream from the Arizona – New Mexico border) and 
their distribution in other drainages through the Gila-Salt River Basin. Present-day distributions of narrowly 
endemic species (those restricted to the Gila Basin) tend to be patchy and 14 extirpation events (denoted by E) have 
occurred. Widespread endemics (e.g., Colorado River Basin) tend to be less patchy and distributed widely among 
drainages within the Gila-Salt River Basin with no recorded extirpations. Among widespread natives, roundtail chub 
exhibited two extirpation events and it is a habitat specialist on upland stream habitats. Repatriations (denoted by R) 
are usually done as part of conservation and management actions. Native fishes that occur outside of the upper Gila 
River reach are not included, nor are Colorado pikeminnow and razorback sucker (possible upper Gila River 
natives). 
 

 

Narrow Endemics Widespread Endemics Widespread Natives 

Spike-
dace 

Gila 
Trout 

Loach-
minnow 

Gila 
Chub 

Head-
water 
Chub 

Gila Top-
minnow 

Longfin 
Dace 

Desert 
Sucker 

Sonora 
Sucker 

Roundtail 
Chub 

Speckled 
Dace 

Rio 
Grande 
Sucker 

Upper Gila R. X X X X, R X E, R X X X E X X 

San Francisco R. E, R X X E, R E E X X X E X X 

Middle Gila R. E  E X X E, R X X X X X  

San Pedro R. X R X X  E X X X X X   

Salt R. E  X   X E X X X X X   

Verde R. E E E X X X X X X X X  

X = Extant; E = Extirpated; R = Repatriated  

 
Arid-land rivers, including the upper Gila River, are highly variable systems where habitat quality 
and resource abundance fluctuate dramatically in space and time. Moreover, because of dendritic 
(i.e., branch-like) geometry and unidirectional flow of water, watersheds and catchments tend to 
concentrate, and therefore magnify, effects of major disturbances such as ash/sediment flows from 
wildfire or floods because the watershed itself is an accumulator and multiplier of ash, sediment, or 
excess water following heavy rain. It is for these reasons that local disturbances are expected to be 
relatively frequent in river systems, and are expected to increase in frequency and intensity under 
many climate change scenarios (e.g., Gutzler 2013). The combination of high resource variability and 
more frequent disturbance is likely to cause local extirpation even under natural conditions (i.e., 
without human-mediated disturbance superimposed). The opportunity to recolonize from unaffected 
or refuge habitats following local extirpation is, and probably was historically, paramount to species 
persistence and community integrity. This implies that connectivity among habitat patches within a 
river reach is a key variable of interest in determining the probability of recolonization. 

Connectivity can generally be classified as structural or functional. Structural connectivity refers to 
physical properties of aquatic habitats that facilitate or inhibit exchange among habitat units or 
patches. For example, structural connectivity includes characteristics of a river network such as 
distance between habitats, the presence of contiguous surface water between habitat patches, and 
permeability of impediments to movement. Functional connectivity represents the actual movement 
rates of materials or biota among habitats that influence ecosystem processes and community 
composition. The term “fragmentation” refers to a natural or human-constructed barrier to movement 
of materials and organisms in one or both directions (i.e., upstream or downstream) along the river 
course. In stream networks, population connectivity requires wetted corridors that permit movement 
of organisms at key life history points in both directions. In arid-land river systems that are highly 
variable in space and time, connectivity has been shown to be essential to maintenance of a diverse 
aquatic community (Fagan et al. 2005). This is because local river reach conditions can become 
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inhospitable following disturbance or drying and aquatic organisms must move to refugial reaches to 
escape physiologically stressful conditions. Furthermore, many species require different habitats 
throughout their life histories that require considerable movement (in some cases from headwaters to 
mainstem) throughout the river network. 

Current distributions of native fish species in the Gila-Salt River Basin illustrate the importance of 
connectivity within each of six major reaches (Table 6). Species-specific differences in extirpation 
events are obvious. Narrow endemics are most sensitive to river fragmentation: 15 out of 17 total 
documented extirpation events were observed in this category. Of more widespread endemics and 
natives, two extirpation events were noted for roundtail chub, a mainstem river specialist. High 
extirpation frequencies correspond to species characterized by high levels of inter-drainage genetic 
divergence and low cross-tributary recolonization probabilities (see below), suggesting that broad-
scale connectivity is an important predictor of species persistence in all tributaries throughout the 
Basin. It is important to note that Table 6 does not include extirpations at the within-drainage level. 
For example, of the 13 native fishes that historically occupied the San Pedro River, only three 
(longfin dace, desert sucker, and Sonora sucker) persist in the mainstem (Stefferud et al. 2009). 
Others survive in San Pedro River tributaries, mainly Aravaipa Creek. 

Of major tributaries examined here, the upper Gila River system has the longest free-flowing wetted 
reach. This reach historically supported all six narrow endemics, with two extirpation (and 
subsequent repatriation) events noted in the narrow endemic category. The San Francisco and Verde 
Rivers also supported all six narrow endemics (of those considered herein) historically, but lost 4 and 
3 species, respectively (Table 6). Other major tributaries supported fewer narrow endemics 
historically. Thus, comparative analysis shows that the native fish community of the upper Gila 
River, from the Arizona-New Mexico border to the headwaters, is largely intact and all native species 
remain except for roundtail chub (Paroz and Propst 2007). Other than the upper Gila River, only 
Aravaipa Creek, a San Pedro River tributary, retains an intact native fish fauna (Eby et al. 2003). 
Local fish communities elsewhere in the Basin are relatively species poor with respect to natives, 
although overall species richness may remain unchanged because of abundant nonnative species 
(Fagan et al. 2005; Minckley and Marsh 2009). The Verde, Salt, and San Pedro rivers, and middle 
and lower reaches of the Gila River are now highly fragmented and degraded due to impoundment, 
water diversion, and channel drying. 

Historical Population Connectivity at the Basin-Wide Scale 

 “The problem in species recovery planning lies not with setting a numerical target for the number of 
populations to maintain, but rather with how to ensure the remnant populations persist.” Clarkson et 
al. 2012 – Aquatic Conservation: Marine and Freshwater Ecosystems 

In this section, the geographic scope of discussion is expanded beyond the Cliff-Gila Valley and 
upper Gila River reach to the basin-wide scale because evolutionary and long-term demographic 
consequences of river diversion and fragmentation occur at this broader scale. Genetic diversity is 
often structured geographically in freshwater fish species (i.e., intraspecific diversity), usually across 
drainage basins (e.g., Hopken et al. 2013). Population structure implies that populations are 
demographically isolated to some extent, such that regular migration of individuals between 
populations is curtailed depending on the degree of structure (from extensive migration between 
populations to total isolation). In the most extreme cases, populations have been isolated for many 
thousands of years, are evolving independently of other populations, and have accumulated unique 
genetic characteristics. We (and others) use the term “monophyly” to refer to the case where all 
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members of an isolated population share genetic characteristics in common and are genetically 
distinct from all other populations of a particular species (Crandall et al. 2000; Moritz 1994). 
Monophyly implies that a population is demographically isolated (i.e., no migrants exchanged with 
other populations) and evolving independently. Testing for monophyly is done in the context of a 
gene tree (a graphical depiction of evolutionary relationships usually based on DNA sequence data), 
which is most often reconstructed using mitochondrial (mt) DNA sequence data. However, in 
practice, a monophyletic lineage usually contains unique diversity at many genetic loci in the genome 
(not just mtDNA), and has high potential for adaptive divergence from other populations. A 
monophyletic lineage thus represents an irreplaceable component of the genetic diversity of the 
species as whole, such that the loss of such a lineage could compromise genetic diversity of the entire 
species (Moritz 1994; Crandall et al 2000). Accordingly, an observation of reciprocal monophyly in a 
gene tree is considered a robust criterion for naming a “Distinct Population Segment” or 
“Evolutionarily Significant Unit” under the Endangered Species Act (Waples 1990). 

In Table 7, we summarized whether evidence for monophyly exists for native species in the upper 
Gila River by evaluating mtDNA gene trees produced in a number of previously published studies 
and reports. For purposes of comparison, we focused on gene trees reconstructed from mitochondrial 
DNA sequence data (either direct sequences or restriction-fragment length polymorphism) because of 
their availability, consistency, and comparability among species. At present, many species, especially 
narrow endemics, are sporadically distributed throughout the Gila-Salt River Basin. Species with 
currently fragmented distributions were more continuously and widely distributed a century ago 
(Minckley and Marsh 2009). An important consideration is that gene tree analysis with mtDNA 
sequence data is relatively insensitive to recent demographic changes in population size and 
distribution, and is thus ideal for examining historical (i.e., ancient) patterns of connectivity and 
isolation among drainages. 

Table 7. Summary of genetic evidence for monophyly in the upper Gila River by species and status, based on 
mitochondrial DNA gene trees. Narrow endemics exhibit either monophyly or very strong population structure 
(e.g., Gila and headwater chubs) in upper Gila River populations. Widespread endemics show little evidence of 
monophyly. Widespread natives show evidence of monophyly except for the Pleistocene colonist Rio Grande 
sucker. 
 

Species Status 
Monophyletic 

upper Gila? 

Probability of 
Natural 

Recolonization 
References 

Loach minnow Narrow Endemic yes Very low Tibbetts and Dowling, 1996 

Gila chub* Narrow Endemic no Very low Schwemm, 2006 

Headwater chub Narrow Endemic no Very low Schwemm, 2006 

Spikedace Narrow Endemic yes Very low Tibbetts and Dowling, 1996 

Gila trout Narrow Endemic yes Very low 
Riddle et al., 1998; Wares et al., 2004, Turner et al., 
unpublished 

Gila topminnow* Narrow Endemic no Near zero Quattro et al., 1996; Hurt and Hedrick, 2004 

Longfin dace Widespread Endemic no High Tibbetts and Dowling, 1996 

Sonora sucker Widespread Endemic no Moderate Douglas abstract AFS 

Desert sucker Widespread Endemic no Moderate Douglas, M. R., pers. comm. 

Roundtail chub Widespread Native yes Very low Schwemm, 2006 

Speckled dace Widespread Native yes Very low Smith & Dowling 2008; Oakey et al. 2004 

Rio Grande sucker Widespread Native no Very low McPhee et al., 2008; Turner et al., unpublished 

*extirpated and reintroduced population 
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We asked two questions about each species: 

1. Does the upper Gila contain a genetic lineage that represents a monophyletic entity for that 
particular species? 

2. What is the probability of recolonization from other tributaries following an extirpation that 
affects the entire upper Gila River? 

The answers to these questions determine two important features of species and community response 
to tributary-wide extirpation events, such as might be expected following catastrophic disturbance. 
First, demonstrable genetic divergence is an indicator of demographically and evolutionarily 
independent lineage that represents unique, and therefore irreplaceable, genetic diversity, such that 
loss would significantly diminish probability of long-term persistence of the species. The reason for 
this is that locally adapted populations provide a source of genetic variation that can respond to 
future environmental change, and possibly rescue other, less adapted populations. Second, 
genetically divergent populations are highly unlikely to be naturally recolonized from adjacent 
tributaries following an extirpation event within a reasonable time frame (hundreds of years). On the 
other hand, a species that is genetically similar to other populations in the basin and lacks evidence 
for monophyly has higher potential for recolonization, and the risk of loss of unique genetic variation 
is somewhat lessened. In that case, it would also be appropriate to allow human-assisted transplant of 
fishes to previously occupied habitat. 

Evidence for monophyly of upper Gila River populations was identified for federally protected 
species including loach minnow, spikedace (Tibbetts and Dowling 1996), and Gila trout (Riddle et al. 
1998; Peters and Turner 2008; T. F. Turner and D.L. Propst, unpublished data). Although the 
protected headwater chub shows high levels of genetic divergence at the local population level and 
populations in the upper Gila are genetically distinct from all other headwater chub populations in 
other parts of the Gila-Salt Basin, individual species within the Gila (G. robusta, G. intermedia, and 
G. nigra) complex do not show monophyletic relationships based on molecular data (Schwemm 
2006). Likewise, Gila topminnow did not exhibit monophyly, but this is attributable to recent 
reintroduction to the system following extirpation, with individuals from populations in other 
tributaries. Populations of the widespread and relatively abundant speckled dace were also 
monophyletic in the upper Gila Basin and highly divergent from other populations in the system 
(Oakey et al. 2004; Smith and Dowling 2008). Reciprocal monophyly was not identified in any 
widespread endemic (Sonora sucker, desert sucker [Marlis Douglas, University of Arkansas, personal 
communication], and longfin dace [Tibbets and Dowling 1998]), suggesting that populations in the 
upper Gila River were more recently connected to other populations and drainages within the Gila-
Salt Basin. 

The observation that multiple species have persisted for perhaps thousands of years in demographic 
isolation suggests that environmental conditions in the upper Gila River reach were sufficient to 
maintain the native community without rescue from colonization from adjacent drainages in the past. 
This result suggests that protection of a free-flowing system in the upper Gila River may ensure 
persistence of multiple endangered and threatened fish species (i.e., the entire native fish 
community). However, global climate change is ushering in an era of environmental disturbance that 
is unprecedented in scale and severity. Mega-wildfires such as the 2012 Whitewater-Baldy Fire and 
widespread and long-term drought are predicted to increase over the next few decades (Seager et al. 
2007). It is possible that such disturbances could extirpate a portion of the native fish community in 
the upper Gila River (Humphries and Baldwin 2003). Column 4 in Table 7 indicates the probability a 
species will naturally recolonize the upper Gila River following local extirpation due to catastrophic 
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environmental events. Narrow endemics such as spikedace and loach minnow have exceedingly low 
probabilities of natural recolonization in ecological time (10s to 100s of years) owing to strong 
population structure across tributaries. Recent decline and extirpation of these species in adjacent 
drainages (e.g., the San Francisco River) makes recolonization even less likely. Widespread 
endemics like longfin dace, desert sucker, and Sonora sucker may be able to recolonize in this time 
frame. However, historical connectivity as indicated by mtDNA gene trees does not necessarily 
imply present-day connectivity because, as noted above, analysis of mtDNA gene trees is relatively 
insensitive to recent demographic changes. Widespread endemics are now found only sporadically 
from the Arizona-New Mexico border to tributaries downstream in Arizona. Fragmentation of 
potential source populations by dewatering and impoundment downstream of the Arizona-New 
Mexico border will, for all practical purposes, preclude upstream movement of widespread endemics 
and diminish recolonization probability in ecological time (decades). 

Effects of River Fragmentation in the Upper Gila River 

In the previous section, we analyzed broad-scale patterns of species distribution and genetic 
divergence. In this section, we analyzed finer-scale genetic information among localities within the 
upper Gila River to evaluate the potential for ecological and evolutionary (i.e., decreases in genetic 
diversity) impacts that result from changes in connectivity with proposed diversion structure closure. 
This genetic approach documents genetic diversity more recently in time than the gene tree approach 
(based on mtDNA) presented above, and gives insight into population connectivity and patterns of 
genetically effective movement across the landscape (e.g., Alò and Turner 2005). Below we present a 
within-stream analysis of genetic variability in the upper Gila using microsatellite DNA data. 
Microsatellite data are more appropriate for studying whether reach-scale connectivity of fish 
populations within the upper Gila River is an important component of population persistence and 
overall stability. In general, genetic diversity, and its maintenance over time, is a primary 
determinant of probabilities of species persistence (Frankham et al. 2010). 

We obtained genotypes from DNA microsatellites for each species listed below to evaluate patterns 
of genetic diversity, spatial genetic divergence, and gene flow. Microsatellite DNA markers differ 
from mtDNA sequences in that they are inherited biparentally and are usually highly variable among 
individuals. As such, they offer high statistical power to evaluate reach-scale dynamics related to 
movement and local population sizes (Waples and Gaggioti 2006). At occupied sites, up to 30 
individuals were fin clipped for DNA isolation and assayed for variation with 8 to 10 microsatellite 
loci developed for each species separately from previously published information (available from the 
authors on request). We used FST (a measure of genetic distance that ranges from 0 to 1) calculated in 
pairwise fashion across sites, as a measure of genetic distance between spatially distinct populations, 
and mean allelic richness (AR) as a measure of genetic diversity within each population. We 
estimated gene flow as the product of the effective population size (Ne) and the migration rate (m) 
where Nem = ([1/FST] - 1)/4 (Frankham et al. 2010). Our goal was to use these metrics to evaluate the 
degree of connectivity and the probable direction of gene flow using upstream and downstream 
differences in AR. 

Microsatellite data revealed that five native species out of 12 tested exhibited low to moderate FST 
values and moderate to high gene flow rates among populations distributed from the Forks Area 
downstream to the Arizona-New Mexico border. These results indicate high levels of connectivity 
across localities in the upper Gila River. These were loach minnow, spikedace, longfin dace, Sonora 
sucker, and desert sucker. Other species, Gila trout and speckled dace, exhibited higher values of FST 
and, consequently low rates of gene flow and connectivity across the landscape. Thus, subsequent 
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analysis focuses on the five native species where connectivity is an important component of their 
population dynamics. 

Overall, loach minnow, longfin dace, Sonora sucker, and desert sucker exhibited lowered values of 
FST compared to spikedace, and higher values of gene flow and connectivity. On average, tributary 
localities (e.g., Little Creek and Sapillo Creek) were more divergent than mainstem sites for all 
species, except loach minnow and spikedace because no tributary localities sampled were occupied 
by these species. Likewise, for all species, pairwise values of FST were higher and gene flow slightly 
diminished across a canyon-bound reach of the Gila River mainstem. Although patterns of genetic 
divergence based on FST were qualitatively similar between native species, the distribution of allelic 
richness (AR) differed substantially between them. For example, we observed a strong trend of 
increasing AR at downstream sites for longfin dace (data not shown) and spikedace (Figure 31). 
Conversely, AR was greater upstream and diminished slightly downstream for Sonora and desert 
sucker. Loach minnow exhibited even distribution of AR across sites (Figure 32). Differences in the 
distribution of genetic diversity and allelic richness across sites indicated different patterns of gene 
flow and local population densities. For example, allelic richness and FST values indicate that longfin 
dace and spikedace appear to have restricted upstream movement through the canyon-bound reach, 
limited perhaps by predatory fishes (e.g., smallmouth bass and flathead catfish Pylodictus olivaris) 
that form a biotic impediment to gene flow. Such limitations in upstream movement results in 
asymmetric gene flow, and consequently, lowered diversity at upstream sites and higher diversity 
downstream (e.g. Morrisey and deKerchove 2009). Under this scenario, upstream sites would likely 
be recolonized by genetically depauperate individuals, whereas downstream sites would tend to have 
more diverse colonists following local extinction. Over several generations, asymmetric gene flow 
and high extinction/colonization rates could lead to precipitous loss of diversity in upstream sites 
following large-scale disturbance. 

In contrast to longfin dace and spikedace, Sonora and desert suckers exhibit high AR in upstream 
localities, high patch occupancy and abundance at these sites, and low population turnover (i.e., no 
recorded extinction or colonization events) suggesting that gene flow is asymmetrical in the opposite 
direction. Downstream movement and gene flow are probably facilitated by large numbers of drifting 
larval fishes (Remington 2002), and upstream movement may be facilitated by fewer larger juveniles 
or mature adults that are invulnerable to predation by nonnative fishes in the canyon-bound reach. 
Local extinction events downstream are probably balanced by a diverse pool of larval fishes drifting 
from diverse sites upstream, whereas upstream localities are replenished by larger fishes colonizing 
open habitat. 

Genetic data suggest that loach minnow exhibit a third pattern of connectivity between populations 
where migrants are exchanged between adjacent populations with highest probability and more 
distant populations with lowered probability. Allelic richness is high and evenly distributed across 
populations. Genetic diversity and connectivity patterns among populations are consistent with an 
“isolation by distance” effect, but with relatively high levels of gene flow. 
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Figure 31. Genetic diversity (i.e., allelic richness [AR] – top panel) and values of genetic distance (FST) 
estimated for each pair of populations (bottom panel) plotted by river distance in kilometers for seven 
spikedace populations. In the top panel, downstream populations are to the left. Genetic diversity decreases and 
genetic distance increases in upstream populations. High genetic diversity in the Middle Box and Cliff-Gila Valley 
populations (Riverside and Bird Area) suggests this river reach harbors the core population, and the Forks Area 
upstream harbors a satellite population of spikedace. Diversion and impoundment may directly and negatively affect 
the core population by habitat and flow alteration, and indirectly negatively affect the satellite population by limiting 
fish movement and gene flow upstream. 
 

Downstream Upstream 
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Figure 32. Genetic diversity (i.e., allelic richness [AR] – top panel) and values of genetic distance (FST) 
estimated for each pair of populations (bottom panel) plotted by river distance in kilometers for loach 
minnow. In the top panel, downstream populations are to the left. Genetic diversity is uniform across populations in 
the Middle Box and Cliff-Gila Valley and in the Forks Area upstream. Populations are isolated by distance and 
adjacent populations have highest probability of exchanging migrants based on patterns of genetic distance. 
Diversion and impoundment could sever connectivity of the Forks Area populations and downstream populations in 
the Cliff-Gila Valley. 
 

Predicted Genetic Effects of Fragmentation 

Population genetic responses to river fragmentation depend on the disturbance regime, fragment size, 
and barrier permeability, and their collective effects on movement along the river reach and local 
population size (Gido et al. in press). In the upper Gila River system, the diversion structure itself 
could impede movement directly or indirectly as the impoundment could create habitat for nonnative 
predators that may impede movement. Once populations are disconnected and fragmented, adverse 
effects on fish communities are more likely to occur in small fragments isolated with impermeable 
barriers in systems with frequent disturbance events. In river systems, species are likely to have 
different thresholds for the size of river fragments in which they can persist. For example, pelagic-
broadcast spawning fishes in the Great Plains appear to need > 100 river kilometers (rkm), but some 
species may require up to 300 rkm to persist (Perkin and Gido 2011). This is in contrast to some 
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benthic-dwelling fish where movement is restricted to < 5 km (e.g., Lamphere and Blum 2012). 
Increasing the number of river obstacles, which also reduces fragment sizes and the probability of 
passage, was found to have a negative effect on young-of-the-year fishes in European rivers (Musil et 
al. 2012). However, Reid et al. (2008) found the presence of permeable barriers did not influence the 
genetic structure of black redhorse (Moxostoma duquesnei). Understanding the link between intrinsic 
and extrinsic properties of freshwater systems is clearly necessary to predict species responses to 
fragmentation. 

Population genetic theory offers some general predictions for responses of Gila River fishes to 
proposed diversion and fragmentation. In a fragmented system consisting of two populations of equal 
population size, the overall restorative effect of gene flow, a process that includes migration between 
populations, depends on barrier permeability, the prevailing direction of migration (e.g., whether 
equal in upstream and downstream directions, i.e., symmetric or asymmetric), and species-specific 
life history features that influence vagility and migration rates between populations. For fishes, life 
history traits such as body size, egg size, fecundity, migratory habits, drifting larval phase, and home 
range size influence probabilities of movement (Turner and Trexler 1998). In Figure 33, we present a 
conceptual model to develop predictions for the relative importance of genetic drift, gene flow, and 
natural selection, as a function of fragment size and barrier permeability. This model assumes that a 
hypothetical focal population is continuously and uniformly distributed in space, and then is 
fragmented by a barrier into two subpopulations. Additionally, we assume that all individuals 
complete their life histories in the fragmented subpopulations and are otherwise “idealized” as 
described in standard population genetic models. Standard genetic models assume that sex ratio is 
equal, equal variance in reproductive success among mating pairs, and random union of gametes 
(Frankham et al. 2010). In such models, the population census size (N) and genetically effective 
population size (Ne) are equal. Thus, the model only explicitly considers extrinsic effects of physical 
fragmentation of hypothetical population on genetic diversity. We further explore the relationships of 
specific life history and body size features of upper Gila River fishes in the section below. 

Under standard population genetic model assumptions, fragment size relates directly to the effective 
population size (Ne) and predicts the response to genetic drift. Barrier permeability relates to the 
probability that migrants are exchanged between subpopulations. To facilitate discussion, we 
identified four quadrants with different general responses to fragment size and permeability. 
Quadrant 1 represents small and isolated fragments, where genetic drift is predicted to be the 
overriding force that changes allele frequencies each generation. At very small values, inbreeding 
effects on population viability are highly likely, and the probability of extirpation from ecological 
and/or genetic factors increases greatly. In Quadrant 2, migration is the most important factor that 
impinges on allele frequencies in a small recipient subpopulation, and the overall effects depend on 
genetic characteristics of the subpopulation from which migrants are derived. This is analogous to a 
source-sink dynamic (e.g., Waits et al. 2008). Quadrant 3 represents isolated fragments that are large 
enough to preclude strong negative effects on diversity from genetic drift, at least in the near term. In 
this case, relatively small selection coefficients may drive diversification across isolated fragments, 
depending on the nature of selective gradients. Finally, Quadrant 4 represents a case where large 
fragmented subpopulations exchange many migrants through a barrier with high permeability. 
Subpopulations would approach complete genetic mixing and highest genetic diversity at extreme 
values. Diversifying selection would be countered by high gene flow, but relatively small selection 
coefficients could drive purifying selection under these conditions. Populations in Quadrant 4 would 
be least likely to be extirpated by ecological or genetic factors. 
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Figure 33. A conceptual model of evolutionary response to fragmentation. Three parameters are tracked in the 
model. The x-axis tracks increasing barrier permeability and the genetic effective migration rate (m). The y-axis 
tracks fragment size and the genetic effective population size (Ne) of a fragmented subpopulation. Numbers in the 
lower right-hand corner of each cell identify quadrants that facilitate discussion, but we envision a continuous 
gradient of m and Ne as barrier permeability and fragment size increase. The selection coefficient (s) is tracked in 
each quadrant. At maximum values of permeability and fragment size in Quadrant 4, the fragmented subpopulations 
approach panmixia. At minimum values in Quadrant 1, fragmented populations are subject to genetic drift and 
inbreeding. Diversifying natural selection across subpopulations is predicted to be more likely in Quadrant 3 
because of low gene flow but large Ne. Gene flow resists divergent selection in Quadrant 4 unless the selection 
coefficient is very large. 
 
Population persistence also decreases when dispersal opportunity in simulated riverscapes is reduced 
from bidirectional movement to only unidirectional movement (Jager et al. 2001; Fagan 2002), which 
frequently occurs when dams limit dispersal to a downstream-only direction (Agostinho et al. 2007). 
Our model is formulated to examine symmetric migration among subpopulations, but persistent 
unidirectional downstream movement through a barrier promotes asymmetric gene flow. If gene flow 
is strictly asymmetric, then the upstream population contributes and the downstream population 
receives migrants each generation. With respect to our model, this puts the upstream population in 
Quadrants 1 or 3, with the effects of drift depending on fragment size alone, and the recipient 
population in Quadrants 2 or 4. Under these conditions, we would expect diminished genetic 
diversity upstream versus downstream, all else being equal (Wares and Pringle 2008). Furthermore, 
there is potential for strong interactions of extrinsic and intrinsic factors in shaping diversity across 
this simple landscape. For example, for fish species with drifting eggs or larvae, barriers may 
magnify advective downstream losses of propagules (i.e., loss of eggs and larvae downstream of a 
diversion structure due to passive downstream movement with flow) thereby lowering genetic 
diversity overall (Alò and Turner 2005). Population models and empirical data suggest that depletion 
of reproductive productivity by unidirectional advection can have species-wide impacts on diversity 
(Wares and Pringle 2008; Pringle et al. 2011). 
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Genetic Effects of Fragmentation on Upper Gila River Fishes 

We used genetic data on existing populations in the upper Gila River and our conceptual framework 
to evaluate potential ecological and genetic effects of a diversion structure placed just upstream of 
the Gila-Cliff Valley. We assumed that the diversion would completely limit fish movement in the 
upstream direction, but not in the downstream direction. This scenario is consistent with asymmetric 
gene flow as discussed above, and results in ecological and genetic isolation of populations upstream 
of the Cliff-Gila Valley. Of twelve species analyzed, five were expected to be strongly affected by 
the diversion. These species are identified in Table 8 as highlighted in red. 

Table 8. Predicted effects of a diversion structure that impedes functional connectivity in the upstream 
direction, but permits fish movement and gene flow downstream. Species that exhibit a change from pre-
diversion or unfragmented conditions to the fragmented condition are highlighted in red. Numbers refer to the 
quadrant identified in Figure 33 with regard to the expected effects post-fragmentation. Populations in Quadrant 1 
are most likely to be extirpated by ecological and genetic factors, populations in Quadrant 4 are least likely to be 
extirpated by such factors. 
 

Species Status Unfragmented 
Post-Fragmentation 

Upstream Downstream 

Loach minnow Narrow Endemic 3 1 1, 2 or 3* 

Gila chub Narrow Endemic 1 1 1 

Headwater chub Narrow Endemic 1 1 N/A 

Spikedace Narrow Endemic 3 1 1, 2 or 3* 

Gila trout Narrow Endemic 1 1 1 

Gila topminnow Narrow Endemic 1 N/A 1* 

Longfin dace Widespread Endemic 4 1  3 

Sonora sucker Widespread Endemic 4 3 2 

Desert sucker Widespread Endemic 4 3 2 

Roundtail chub Widespread Native 1 1 N/A 

Speckled dace Widespread native 3 3 3 

Rio Grande sucker Widespread native 1 1 N/A 

*Outcome depends on the degree of downstream habitat alteration due to diversion structure and water operations 

 

Distributional and allelic richness data indicated that core populations of longfin dace and spikedace 
exist in the Cliff-Gila Valley. Satellite populations that are periodically refreshed by upstream 
migration and gene flow exist in the Forks Area. Even if we assume no detrimental changes to Cliff-
Gila Valley populations (as a result of habitat and flow modification from diversion), then we would 
minimally expect to observe diminished upstream gene flow and lowered genetic diversity in Forks 
Area populations. Because they occur at low abundance and have limited distribution in the Forks 
Area, spikedace are especially sensitive to ecological and genetic consequences of demographic 
isolation and will shift from Quadrant 3 to 1 of the conceptual model. A similar effect is predicted for 
longfin dace, but we would expect genetic and ecological consequences to take longer to manifest 
because this species is more widespread and abundant in upstream populations.  



 

270 
 

For loach minnow, inhibition of upstream migration will disrupt demographic exchange of 
individuals from the Cliff-Gila Valley to adjacent upstream populations in the Forks Area. We 
predict upstream populations will shift from Quadrant 3 to Quadrant 1 as a result, which increases the 
risk of extirpation from ecological and genetic factors, similar to the expectation for spikedace. 

Sucker populations are expected to show different responses to diversion. In this case, core 
populations exist upstream in the Forks Area and continue through the Cliff-Gila Valley. At 
minimum, sucker populations upstream of the diversion are predicted to shift from Quadrant 4 to 3, 
which reflects isolation of presumably large populations. Newly isolated populations will be more 
susceptible to broad-scale disturbance, or upstream changes in structural and functional connectivity 
due to climate change. Downstream populations would be expected to persist by dispersal of and 
settling of larvae from upstream core populations, under the assumption that appropriate habitat will 
be present post-diversion. 

In the event that fish populations are negatively impacted by habitat and flow regime alteration by 
operation of the diversion structure, then downstream effects on genetic diversity are likely to be 
more severe. For example, if spikedace and loach minnow are depressed as a result of diversion, we 
would expect the reach-wide probability of loss to be higher, perhaps shifting downstream 
populations from Quadrant 3 to Quadrant 1. It is possible that a diversion structure would also 
negatively affect downstream movement, especially of larval fishes. Entrainment and increased 
vulnerability to nonnative predators in the head behind the diversion would be two factors that could 
limit downstream movement of larvae. Thus, negative effects of diversion on downstream fish 
populations are expected to decrease probabilities of persistence for all five species reach wide. 

Effects of Flow Modifications Under Terms of the Consumptive Use and 
Forbearance Agreement on Gila River Fish Fauna 

Biological data obtained from 1988 through 2012 from the Gila River Riverside site were used to 
illustrate the effects of flow regimes on fish assemblages in Scenarios 1 and 2. Available species life 
history and ecological data also were used to assess effects of projected (2041-2070) natural flows 
and CUFA-affected projected flows. 

Because most water withdrawal under CUFA would occur during spring, the following effects 
analysis focuses on spring flows, specifically those during February, March, April, and May (spring 
snowmelt runoff). Additionally, analyses of flow attributes-autumn densities indicated that spring 
runoff was the most critical flow period for successful recruitment of native fishes. The importance 
of spring flows on maintaining viable native fish communities is broadly recognized (e.g., Poff et al. 
1997; Lytle and Poff 2004). Elevated flows rearrange sediments and channels thereby enhancing 
habitat complexity, provide cues for initiation of life processes (e.g., migration and spawning), 
connect the river to its floodplain thus enabling exchange of organic and inorganic materials, and 
displace or discourage establishment of invasive species (Osmundson et al. 2002; Naiman et al 
2008). A critical period for fishes in snowmelt-driven systems, such as the upper Gila River, is that 
time between flows attaining their peak and receding to their summer base flow. Numerous physical 
and biological processes work interactively to influence species populations, their abundance and 
dynamics, as well as the structure and composition of the community of which they are a part 
(Yarnell et al. 2010). Anything that disrupts the natural variability of a river risks diminishing the 
vitality and viability of its biological constituents (Naiman et al. 2008). The native fishes of the upper 
Gila River evolved in a highly variable environment and are thus well adapted to its vicissitudes as 



 

271 
 

illustrated by their resistance to displacement by elevated flows and resilience to stress caused by 
drought (Minckley and Meffe 1987; Lytle and Poff 2004; Naiman et al. 2008). 

Scenario 1—Historical Flows (1988-2012) 

This scenario essentially represents baseline conditions and provides reference for evaluating effects 
of modifications of flow regimes from those allowed under current regulations. For the period of 
consideration, annual mean daily discharge was 170 cfs and spring mean daily discharge was 263 cfs. 
Within this time frame, 1988 through 1998 was a comparatively wet period with a mean annual daily 
discharge of 218 cfs while subsequent years were comparatively dry with a mean annual daily 
discharge of 133 cfs. Mean daily discharge during spring likewise was markedly different between 
wet and dry periods—292 vs. 176 cfs. As detailed in the Autecology section, density of each native 
species varied considerably over time. All native fishes, except longfin dace, responded positively to 
at least one aspect of discharge. Life history attributes, habitat use, and biology of each species 
influenced response of each to different flow regime attributes. 

Scenario 2—Historical Flows (1988-2012) with CUFA Diversion and 150 cfs 
Minimum Bypass Flow 

Under this scenario, water would not be diverted from the Gila River if flows were ≤ 150 cfs. 
Otherwise, diversion would occur as allowed under the CUFA and a minimum bypass flow of 150 
cfs would be maintained on diversion days. With the 150 cfs bypass criterion in place and assuming 
diversions to maintain 140,000 acre-feet in storage had been occurring since 1970, water would have 
been diverted during spring in 12 of the 25 years being examined (Figure 34). Mean daily spring 
discharge would decline from 227 to 198 cfs and number days spring mean daily discharge > 185 cfs 
declined from 13 to 11 (Table 9). Date of maximum spring snowmelt mean daily discharge (mean 
daily discharge > 1,000 cfs) during a natural flow regime was 23 February and ranged from 8 
January to 1 April. If years when maximum spring mean daily discharge exceeded 500 cfs are 
included in the estimate of timing of peak runoff, the average date was a week later. Mean duration 
of runoff recession was almost identical under either a natural flow regime or that with CUFA 
withdrawals. 

 
Figure 34. Mean daily spring (February, March, and April) discharge of Gila River (Gila near Gila USGS 
gage), New Mexico, 1988-2012. Blue line is unaltered discharge and red line is simulated discharge under CUFA 
conditions with a 150 cfs minimum bypass flow requirement. 
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Table 9. Attributes of spring (February-May) runoff for historical natural flow regime and flow regime with 
diversions under conditions of the Consumptive Use and Forbearance Agreement (CUFA) with a 150 cfs 
minimum bypass criterion for water years 1988-2012. 
 
Attribute Natural CUFA 
Annual Mean Daily Q (cfs) 170 154 

Spring Mean Daily Q (cfs) 227 198 

# Years Spring Daily Q >1988-2012 Mean Q (cfs) 6 6 

# Years Spring Daily Q > 185 cfs 12 9 

Mean Maximum Spring Daily Q (cfs) 1,661 1,592 

Mean Magnitude Spring Mean Daily Q (cfs) 1,603 1,534 

Mean Runoff Recession Duration (days) 92 92 

Mean Recession Rate (cfs/day) 14 14 

 
The most likely effect of diminished spring flows under Scenario 2 would be a reduction in extent of 
floodplain connectivity and inundation, especially during 1991, 1993, and 2005. This decrease would 
result in diminished exchange of organic and inorganic material between the river and its floodplain, 
which in turn would alter nutrient transport in the system. In addition, the extent of reduction (> 20% 
in 3 years of greatest diversion) would likely affect sediment mobilization, transport, and thus type 
and extent of aquatic habitats available. Flow reduction would also cause water temperature to 
increase more rapidly than it would without flow reduction. 

Within the range of flow reductions under Scenario 2, immediate and quantifiable effects on native 
fishes, at least as measured in autumn density, would likely occur in years mean daily spring 
discharge was reduced by > 10% (n = 7 years). Autumn densities of spikedace, loach minnow, and 
desert sucker were quite variable in years mean daily spring runoff was < 185 cfs, and generally 
increased with flows greater than 185 cfs. Mean daily discharge was decreased from > 185 to < 185 
cfs in 2001 and 2008. Mean values, however, often mask what may occur within a given year. In 
2008, for example, water withdrawal diminished spring mean daily discharge from 247 to 171 cfs, a 
31% reduction (Figure 35). Autumn densities (#/m2) of spikedace and loach minnow were 0.785 and 
0.171 in 2008, respectively, and among the highest recorded for either species during our study. 
Under this simulation, most diversion occurred during runoff recession and diminished flows to the 
150 cfs floor for most of February and early March. Such a reduction would result in higher water 
temperatures than occurred under a natural flow regime. Sustained higher water temperatures, even 
within a range tolerated for brief periods, would increase spikedace mortality (Carveth et al. 2007) 
and likely would have a similar effect on other native fishes. Additionally, alteration of runoff 
recession from a gradually attenuating pattern to an abrupt drop to near base flow would dramatically 
alter sediment scour and deposition dynamics. A sudden drop, such as this, would result in abnormal 
deposition of fine sediments in spawning habitats of spikedace, loach minnow, and desert sucker. 
Blanketing of gravel and cobble substrates would also harm macroinvertebrates (Osmundson et al. 
2002) to the detriment of insectivorous fishes, such as spikedace and loach minnow. Figure 35 
illustrates several effects of diminished spring flows on aquatic habitats. 



 

273 
 

 
Figure 35. Gila River (USGS Gila near Gila gage) spring snowmelt runoff and recession discharge during 
2005. Blue line represents unaltered flow regime and red line is projected flow regime with CUFA diversion and 
150 cfs minimum bypass flow. Discharge peaked at 15,500 cfs under unaltered flow and at 15,150 under altered 
flow. 
 
 
 
Scenario 3 – UA-WRF-HADCM3 Model Projected Flows (2041-2070) 

This simulation projects what flows in the Gila River will be during 2041-2070 under climate change 
projections of the University of Arizona WRF-HADCM3 climate change model. These simulated 
flows were examined to project their potential effects on native fishes. These projections were 
compared to recorded flows at Gila near Gila gage for 1971-2000. 

Spring discharge attributes were substantially different in the Gila River streamflow projection based 
on the UA-HADCM3 climate change model from those that occurred naturally in the reference 
period (1971-2000; Table 10). Most noteworthy of these, and likely most important to native fishes, 
were fewer years with spring mean daily discharge > 185 cfs and loss of large spring runoff flow 
pulses (> 5,000 cfs). In addition, annual mean daily discharge and that for all seasons, except 
summer, would be less. In the simulated flow regime, only 6 years had mean daily spring discharge > 
200 cfs, and none exceeded 400 cfs (Figure 36). The spring snowmelt runoff (in years spring runoff > 
1,000 cfs) pattern in Scenarios 1 and 2 normally consisted of one or two peaks followed by a general 
decline, interrupted by several comparatively minor pulses, to summer base flow. The climate change 
simulation yielded multiple roughly equal flow peaks in years with above average discharge 
(simulation-based means). Reduced flows will also alter the river’s thermal regime: winter 
temperatures will likely be lower and late spring temperatures higher. A critical unknown is how the 
active river channel and its floodplain will respond to loss of channel altering flows, habitat 
restructuring flows, and floodplain inundation flows. Each of these relationships directly affects life 
processes of native fishes as well as the associated biota they depend upon. 

While fishes native to the Gila River Cliff-Gila Valley reach persist in smaller streams (e.g., 
Aravaipa Creek), their response to a flow regime shift is problematic. Diminished flows throughout 
the year would reduce lotic habitat overall and the availability of key habitats for individual species 
or life stages. For example, absence of spring flows > 3,000 cfs would lead to increased 
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embeddedness of gravel and cobble substrates, which in turn would reduce habitat quality for aquatic 
macroinvertebrates that native fishes, especially spikedace and loach minnow, depend upon. 
Reduction of fine sediment cleansing spring flows would also render spawning habitats for native 
fishes less suitable. With reduced flows and seasonally elevated water temperatures in the Cliff-Gila 
Valley reach, it is possible that native fishes will attempt to move to canyon-bound reaches for 
refuge, much as was postulated by Siebert (1980) for Aravaipa Creek fishes. Gila River fishes, 
however, will encounter nonnative predators in the canyon-bound reaches on either end of the Cliff-
Gila Valley. Altered flows and thermal regimes anticipated under a climate change scenario will 
likely provide greater opportunities for establishment of additional nonnative species. In lower 
elevation, and warmer, reaches of the Gila River, several highly piscivorous invasive species (e.g., 
blue tilapia Oreochromis aureus), not currently present in the New Mexico portion of the drainage, 
have become established and native fishes are practically absent (Minckley and Marsh 2009). 
Elevated water temperature will likely enhance abundance of nonnative northern crayfish, which 
becomes common in the Cliff-Gila Valley during low-flow years and elevated water temperatures 
(Whitney et al. 2014). 

Table 10. Attributes of spring (February-April) runoff for historical reference natural flow regime (1971-
2000), projected flow regime (2041-2070), and projected flow regime (2041-2070) with CUFA diversion (150 
cfs minimum bypass flow) produced by UA-HADCM3. Number of years spring Q is greater than the period mean 
is based on historical flow regime. 
 
Attribute 1971-2000 HADCM3 

No Diversion 
HADCM3 
Diversion 

Annual Mean Daily Q (cfs) 199.3 132.2 116.8 
Spring Mean Daily Q (cfs) 266.1 184.3 151.9 
# Years Spring Daily Q >1971-2000 Mean Spring Q  13 8 5 
# Years Spring Daily Q > 185 cfs 17 9 7 
Mean Maximum Spring Daily Q (cfs) 1,537 876 760 
Mean Magnitude Spring Mean Daily Q (cfs) 1,467 793 680 
Mean Runoff Recession Duration (days) 88 19 20 
Mean Recession Rate (cfs/day) 14.2 49.0 43.4 
 
 

 
Figure 36. Mean daily spring (February, March, & April) discharge of Gila River (Gila near Gila USGS 
gage), New Mexico, 1988-2012 and projected discharge for 2041-2070. Blue line is historical discharge and red 
line is projected discharge under the University of Arizona HADCM3 climate change model. No water is diverted 
under either flow regime. 
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Scenario 4 – UA-HADCM3 Climate Change Model with CUFA Diversion and 150 
cfs Minimum Bypass Flow 

Based on flow simulations of the UA-HADCM3 model, water would be diverted in 19 of the years 
between 2041 and 2070. With the CUFA diversion, most examined attributes were less than without 
diversion (Table 10). The most noteworthy changes were reduction in mean spring daily discharge 
(mean of 15% during years of diversion) and an average reduction in maximum mean daily spring 
discharge of 19% (Figure 37). Whereas diversion based on 1988-2012 flow regime captured only a 
small fraction of peak spring discharge that typically occurred in one or two peaks, a substantial 
proportion of multiple spring flow peaks were diverted under climate change flow simulations 
(Figure 38). 

 
Figure 37. UA-HADCM3 projected mean daily spring (February, March, & April) discharge of Gila River 
(Gila near Gila USGS gage), New Mexico, 2041-2070. Blue line is projected natural discharge and red line is 
projected discharge with CUFA diversion and 150 cfs minimum bypass flow. 
 

 
Figure 38. Projected Gila River spring snowmelt runoff and recession discharge during 2047. Blue line 
represents unaltered HADCM3 projected flow regime and red line indicates HADCM3 projected flow regime under 
CUFA conditions with 150 cfs minimum bypass flow. Discharge peaked at 5,598 cfs under HADCM3 projected 
flow regime and at 5,248 cfs with CUFA diversion conditions. 
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Impacts of water diversion on fishes under this scenario are similar, but likely more severe, than 
those expected during projected flows without CUFA diversion. The most troublesome attribute of 
the projected flow regime with CUFA diversion is the effect of multiple flow pulses during spawning 
and early ontogeny. Without diversion, these pulses would challenge native fish survival by wetting 
and drying of spawning grounds (and hence developing eggs) and nursery habitats. With diversion, 
areal extent of suitable spawning and nursery habitat would be further restricted and flow pulses 
would exacerbate an already tenuous situation for developing eggs and larvae. Reduction of flow 
pulses reduces their erosive power and thus diminishes mobilization and transport of fine sediments 
from spawning habitats. Post-spawning flow pulses will likely increase entrainment of larvae in 
currents. 

Because sufficient water cannot be diverted during spring, water is also withdrawn during the 
monsoon season, further compromising conditions for native fishes (Figure 39). 

 
Figure 39. Projected natural flows (blue line) for 2058 and flows after CUFA diversions (red line). 
 
Although flow pulses contribute to displacement and expulsion of nonnative fishes, it is doubtful 
those projected in the flow simulations will be sufficient to accomplish this. With warmer water, 
fewer large volume sustained flows, and reduced habitat complexity, the Gila River will become 
more suitable for nonnative fishes than for its native fauna. 

Conclusions 

Across a substantial portion of the Gila River drainage of Arizona, New Mexico, and Sonora, native 
fishes have been largely eliminated as a consequence of human activity (Minckley and Douglas 
1991). Currently, elements of this largely endemic fauna survive in a few limited habitats that have 
by design or accident avoided the massive changes that accompanied European settlement of the 
American Southwest. Where native fishes persist, however, their future is tenuous and constantly 
threatened by invasive species as well as local and landscape-scale human-induced physical 
alterations. Native fish assemblages comparable in richness to that found in the Cliff-Gila Valley 
reach of the Gila River are now present only in Aravaipa Creek, Arizona (Eby et al. 2003) and the 

0.00

500.00

1000.00

1500.00

2000.00

2500.00

M
e

a
n

 D
a

il
y

 D
is

ch
a

rg
e

 (
cf

s)
 

Date 



 

277 
 

Gila Forks Area, New Mexico (Propst et al. in press). Collectively, these river reaches provide less 
than 100 km of habitat for species whose ranges historically extended over hundreds of km. 

The current native fish fauna of the Cliff-Gila Valley reach consists of five species. Three, longfin 
dace, desert sucker, and Sonora sucker, are comparatively widespread Colorado River endemics 
(Minckley and Marsh 2009). The two less common and broadly distributed fishes, spikedace and 
loach minnow, have historical ranges limited to the Gila River drainage. As a consequence of their 
limited range and rarity and continued threats to their existence, both spikedace and loach minnow 
are federally protected. All extant Cliff-Gila Valley native fishes are somewhat genetically distinct 
from other populations, and this is especially true for spikedace and loach minnow. Indeed, 
populations of these species are so distinct that their loss could not be replaced with individuals from 
other populations (e.g., Aravaipa Creek). Genetic analyses revealed high levels of connectivity 
between populations in the Cliff-Gila Valley and the Gila Forks. Any action that might disrupt this 
linkage would compromise the genetic vitality of both populations of spikedace and loach minnow. 

Fishes native to the Colorado River drainage evolved in a highly variable system and in doing so 
adopted strategies to enhance survival in such a demanding environment. Large-scale floods 
seemingly have little impact on their abundance, and in many respects are essential to maintenance of 
habitat complexity and quality. Drought may diminish abundance but numbers rebound when 
conditions improve. Drought and the stresses associated with it contribute to periodically resetting or 
restructuring native fish assemblages so that a dynamic balance is maintained. The native fish 
assemblage at a site near Riverside in the Cliff-Gila Valley illustrated the resilience of each species 
to the array of environmental challenges it faces and the importance of population connectivity. 
Abundance of each species at the site dipped to near-zero or zero at least once over a course of 26 
years that included several floods of near record levels and a drought that extended for 13 years. 
Although nonnative fishes have occurred in the Cliff-Gila Valley since at least the 1940s, none is 
regularly found and when present is typically represented by only a few specimens. In deep-water 
canyon-bound reaches on either end of the valley, however, nonnative predators are comparatively 
common and effectively preclude native fishes from utilizing these reaches but some nonetheless 
traverse both reaches (most likely during high flow events) thereby maintaining critical genetic and 
demographic connectivity. 

All Gila River native fishes are imperiled to some extent, but of the Basin’s warmwater species, 
spikedace and loach minnow are undoubtedly the most threatened. Each persists only in stream 
reaches free of flow regulation. Both species have rather specific life history requirements and 
modification of a stream’s flow regime disrupts the natural processes to which both are adapted. 
Loach minnow, for example, deposit adhesive eggs on the undersides of flattened cobble that are 
slightly elevated above the base substrate of a riffle. If the fine sediments that are naturally deposited 
as flows recede from spates associated with convectional summer storms are not mobilized and 
swept away by receding spring runoff flows, spawning cavities remain filled with sand and thus 
unavailable for egg deposition. Because both species are short-lived (< 3 years), loss of a year’s 
cohort, regardless of reason, is a serious threat to a population’s persistence. But loss of two 
consecutive cohorts substantially increases the likelihood of population elimination, unless there was 
another population from which individuals could augment or colonize the reach decimated. Any 
barrier or impediment to colonizer movement, however, reduces the likelihood this could occur. 

Both species occupy comparatively narrow water depth and velocity ranges, and habitats used by 
both change ontogenetically. After emergence, larval spikedace are found in warm, shallow, and low-
velocity water along stream margins. Abrupt changes, decrease or increase, in stream discharge 
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would leave larvae in desiccating stream margins or entrain larvae en mass. Loach minnow is an 
obligate riffle dweller. When interstitial spaces amongst riffle gravel and cobble fill with finer 
sediments, loach minnow is rare or absent. The comparatively clean water characteristic of spring 
runoff recession is critical to mobilizing fine sediments thereby maintaining suitable habitat for loach 
minnow. Although the proportion of water that might be diverted under terms of CUFA in any year 
is comparatively small, that diverted during spring runoff recession of some years could be 
considerable. Substantial reductions in recession discharge, in some years > 25 % of recession 
volume, would be detrimental to both species. Aside from reducing spawning and nursery habitat, 
water temperature seasonal increase would accelerate and spawning habitats would not be cleansed 
of fine sediments. 

Each scenario considered involved only diversion (Scenario 2 – CUFA with a 150 cfs minimum 
bypass criterion, and Scenario 4 – simulated climate change flows with CUFA diversion and 150 cfs 
minimum bypass) or no diversion (Scenario 3 – simulated climate change flows). Each scenario 
presented additional extinction risk to native fishes, especially spikedace and loach minnow. 
Considering changes by only examining means masks potentially devastating impacts on native 
fishes during specific years when flows would be dramatically reduced by CUFA diversion. Under 
each scenario involving CUFA diversion, most diversion occurs in a limited number of years. These 
are typically years with intermediate mean daily spring discharge (150 to 300 cfs) that would 
normally be expected to be conducive to enhanced reproductive success and larval survivorship. 
Most water would be extracted during runoff recession, arguably the time when native fishes are 
most vulnerable to flow manipulation. Under climate change flow simulations, impacts are more 
severe because not only is there diminished flow during spring runoff, the flow pattern has shifted 
from one with one or two peaks of comparatively large volume to several, each of considerably less 
volume. To secure the volume of water allowed under the CUFA Terms of Diversion, it must be 
harvested from each pulse. Doing so would diminish sediment mobilization, reduce likelihood of 
allochthonous import, accelerate temperature increase, and desiccate eggs and larvae. 

Despite pressures from drought, flood, and wildfire, the native fish fauna of the upper Gila River 
persists, and in many years flourishes. Yet it remains vulnerable to human activities. The upper Gila 
River is one of the few remaining refuges for a specialized and largely endemic fauna. Reduction or 
modification of the river’s natural flow regime would be a challenge for its native fauna and would 
increase the extinction risk to Gila River native fishes. 
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Chapter 11. Gila River Herpetofauna: Streamflow Regimes 
and Ecological Relationships 
David Gori, The Nature Conservancy 

Summary 

A recent survey of the Gila riparian corridor in New Mexico reported five amphibians and 23 reptile 
species in the Cliff-Gila Valley and further downstream. Although this is a conservative number, it 
still represents over 20% of the total number of amphibians and reptiles found in the states of 
Arizona and New Mexico. Of these, five amphibians, two turtles, three lizards, and six snake species 
were classified as riparian obligate or riparian-associated (16 total); these species are the focus of this 
chapter. 

Information on the ecology, life history, habitat, and flow needs of four riparian obligate species in 
the Cliff-Gila Valley is summarized from the literature; these are narrow-headed gartersnake, 
northern Mexican gartersnake, Sonoran mud turtle, and nonnative bullfrog. Both gartersnakes are 
federally listed as threatened due to range-wide population declines and the existence of pervasive 
human-caused threats; both taxa persist in the Cliff-Gila Valley but appear to be rare. 

Narrow-headed and northern Mexican gartersnakes are highly aquatic taxa. Adult narrow-headed 
gartersnakes are most frequently found at pool-riffle junctions with cobble-boulder substrates, while 
neonates use shallow pools, backwaters, and stream edges with less current. Northern Mexican 
gartersnakes are found in several habitat types including large-river cottonwood-willow riparian 
forests in the Cliff-Gila Valley. Within this habitat, northern Mexican gartersnakes are frequently 
found in secondary channels, beaver ponds, off-channel pools and wetlands, and along the edges of 
emergent vegetation. Both taxa are found in association with bankside vegetation, including shrub-
sized and sapling riparian woody vegetation, sedges, reeds, and grass tussocks; this vegetation 
provides cover and basking sites for gartersnakes and requires a shallow water table for its 
establishment and maintenance. Narrow-headed gartersnakes feed almost exclusively on fish, 
including native and soft-rayed nonnative fish, while northern Mexican gartersnakes feed primarily 
on ranid frogs and native fishes but have a broad diet including earthworms, lizards, and mice. Spiny-
rayed nonnative fish are not considered suitable prey for either gartersnake taxa as individuals can 
fatally choke after eating them (due to the spines). Any flow alteration that reduces the extent and 
quality of aquatic habitats and associated streambank and emergent vegetation is considered a threat 
to both taxa, their habitat, and native prey base. 

Sonoran mud turtles inhabit perennial to near-perennial pools with rock or sand substrates in rivers, 
springs, and rocky canyons with perennial or seasonally intermittent flow. Although highly aquatic, 
individuals may move between pools, reaches, and watersheds in response to seasonal stream drying 
or drought or may estivate in protected sites away from the channel. In the Cliff-Gila Valley where 
flows are perennial along most of the reach, off-channel wetlands, sloughs, and pools provide key 
habitat for the species. Sonoran mud turtles are known to be negatively affected by nonnative 
crayfish. Flow alterations that reduce floodplain inundation and groundwater levels affect the extent, 
quality, and productivity of their off-channel habitats, negatively impacting Sonoran mud turtles. 

Following their intentional or accidental introduction, nonnative bullfrogs are now abundant in 
rivers, streams, and ciénegas throughout the Southwest including the upper Gila River. Bullfrogs are 
typically found in lentic or low-velocity habitats such as backwaters, pools, off-channel emergent 
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wetlands, and sloughs with dense vegetation. Adult bullfrogs feed opportunistically on almost any 
live animal smaller than they are, including terrestrial and aquatic invertebrates, tadpole and adult 
leopard frogs, mud turtles, lizards, snakes, and mice. Bullfrogs have eliminated or greatly reduced 
populations of native leopard frogs, northern Mexican gartersnake, narrow-headed gartersnake, and 
other aquatic species. 

Finally, this chapter briefly summarizes the diet, habitat, breeding phenology, and flow needs of six 
additional riparian species: Madrean alligator lizard, Gila spotted whiptail, Clark’s spiny lizard, Great 
Plain’s toad, and Woodhouse’s toad. The most important flow-ecology relationships for the ten 
species are: 

 Peaks flows and elevated (receding) flows during spring snowmelt runoff sort gravel and cobble 
substrates and cleanse silts and fine sediments from them. These flows maintain open interstices 
between and beneath cobbles that narrow-headed gartersnakes use for hunting and protective 
cover in pools and deep riffles. Silt and sediment cleansing also prepares spawning and nursery 
habitats for native fish, increasing survivorship of their eggs and larvae. Healthy native fish 
populations provide abundant food for narrow-headed and northern Mexican gartersnakes. 

 There is a strong positive relationship between mean daily spring discharge and reproductive 
success of desert sucker and loach minnow and a similar relationship for spikedace and Sonora 
sucker up to mean daily flows of 300 cubic feet per second (cfs) (Chapter 10, this report). Flows 
that benefit native fish also benefit narrow-headed and northern Mexican gartersnakes because 
of the importance of native fish in their diets. In general, natural flow regimes have been 
credited with suppressing or excluding nonnative fish from the upper Gila River and other 
streams while flow alteration due to human activities has resulted in the establishment and 
increase of nonnative species in other systems. Nonnative species are one of the primary threats 
to both gartersnake taxa, Sonoran mud turtles, and other aquatic species. 

 Large floods scour out depressions in the floodplain, creating sites for off-channel perennial 
pools and wetlands. Mid-range flows (400-4,000 cfs) inundate the floodplain and rehydrate and 
transport nutrients that sustain productivity in these off-channel habitats. These flows, by 
recharging the alluvial aquifer, also maintain groundwater levels that support perennial surface 
water and emergent and bankside vegetation in these habitats. These are key habitat features for 
northern Mexican gartersnakes and Sonoran mud-turtles. 

 Similarly, mid-range flows inundate secondary channels during the spring and summer 
monsoons and create temporary ponds and wetlands that Great Plains and Woodhouse’s toads 
use for mating, egg development, and tadpole rearing and metamorphosis. The two species 
benefit because reproduction occurs away from permanent water and high densities of 
invertebrate and vertebrate predators. These temporary ponds must be of sufficient hydroperiod 
to complete the reproductive cycle from breeding through metamorphosis. 

 Frequent floods reduce bullfrog abundances as the tadpole stage is long (> 4 months to 12+ 
months) and vulnerable to flood scour. Because of their broad diet, reductions in bullfrog 
populations benefit aquatic and terrestrial species including northern Mexican gartersnake and 
Sonoran mud turtle. 

 Large floods scour away competing vegetation and deposit fine sediments that create 
germination beds for cottonwood-willow seedlings. Mid-range flows (400-4,000 cfs) in spring 
(i.e., peak flows followed by gradually receding flows during snowmelt runoff) inundate the 
floodplain, disperse seeds, and create groundwater conditions conducive to seedling germination 
and survivorship in secondary channels. Mid-range flows in the spring and monsoon season 
maintain seedlings, saplings, and mature cottonwood-willow trees across the floodplain. 
Together these flows maintain bankside woody (and herbaceous) vegetation that narrow-headed 
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gartersnakes use for thermoregulation and protective cover. In addition, flows that sustain the 
cottonwood-willow riparian forest (i.e., its establishment and maintenance) support populations 
of Madrean alligator lizard, Gila spotted whiptail, and Clark’s spiny lizard. These terrestrial and 
arboreal lizards require the abundant invertebrate food, fallen logs, leaf litter, and large trees that 
the riparian forest provides. 

Introduction: Biodiversity Significance of the Upper Gila River and Cliff-Gila 
Valley 

The Gila River watershed in southwestern New Mexico supports one of the most diverse vertebrate 
faunas in the continental United States due to the heterogeneity of its habitats, the existence of broad 
elevational gradients, and its unique location at the intersection of several biogeographic provinces 
(Johnson et al. 1974; Hubbard 1977; Brown 1982; Frey 2010; Jennings et al. 2010). The upper Gila 
River and its tributaries drain the highest elevations in the Mogollon Mountains (3,320 m) and, as the 
river leaves the canyon-bound reaches on U.S. Forest Service land, it flows through the broad 
bottomland of the Cliff-Gila Valley for 30.8 km (1,457-1,271 m in elevation). Based on museum 
records and surveys, 14 amphibian and 59 reptile species (73 total) have been reported from the Gila 
River watershed in New Mexico (Painter 1985; Degenhardt et al. 1996). This is over half of the total 
number of amphibians and reptiles found in the states of Arizona and New Mexico (Jennings et al. 
2010). 

In marked contrast with birds and fish, the herpetofauna of the upper Gila River riparian corridor has 
not been exhaustively surveyed, perhaps due to its isolation and rugged terrain (Jennings et al. 2010). 
In addition, there are only a few studies that describe riparian herpetofaunas of lowland riparian areas 
in the Southwest (Rosen 2005; Rosen et al. 2005; Rosen 2009). Jennings et al. (2010) visually 
surveyed 49 sites distributed throughout the Gila riparian corridor from the lower portions of the 
West, Middle, and East forks downstream to the eastern boundary of Hidalgo County; these sites 
were surveyed once each year between May and July in 2006 and 2007. Five species of amphibians 
and 28 species of reptiles were observed across all sites and 5 amphibians and 23 reptiles were 
present in the Cliff-Gila Valley and further downstream (Appendix 8, this report). A number of other 
species recorded in the watershed likely occur in the Cliff-Gila Valley including the Arizona tiger 
salamander (Ambystoma mavortium), red-spotted toad (Anaxyrus punctatus), western box turtle 
(Terrapene ornata), Couch’s spadefoot toad (Scaphiopus couchi), New Mexico spadefoot toad (Spea 
multiplicata), and Plain’s spadefoot toad (S. bombifrons) as well as several species of snakes 
(Jennings et al. 2010; P. Rosen, personal communication). Chiricahua and lowland leopard frogs 
(Lithobates chiricahuensis and L. yavapaiensis) have not been observed along the surveyed reach of 
the Gila River since the 1970s and are presumably extirpated (Jennings 1987, 1995; Jennings and 
Scott 1991). 

The diversity of the upper Gila River herpetofauna is somewhat lower than that of other lowland 
riparian areas in southern Arizona, including Leslie Canyon National Wildlife Refuge (NWR), San 
Bernardino NWR, Las Ciénegas National Conservation Area, Santa Cruz River (Tucson-San 
Xavier), San Pedro River, lower Gila River, and the Colorado River (Tables 1 and 2; Rosen 2005; 
Rosen et al. 2005; Rosen 2009). The number of vouchered and observed herpetofauna at these 
lowland riparian sites ranged from 37 to 46 species. There are a number of reasons for the upper 
Gila’s lower diversity including its higher average elevation, more northerly latitude, lack of adjacent 
Sonoran Desert habitats which support high herpetofaunal diversity (e.g., sites in Table 2), and a 
more restricted survey effort both spatially and temporally compared to the other streams and rivers 
in southern Arizona. 
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Table 1. Observed and maximum expected herpetofaunal diversity (species richness) for lowland riparian 
corridors in southeastern Arizona and southwestern New Mexico. Site type, elevational range and midpoints, 
and reach lengths are given. NWR = National Wildlife Refuge; NCA = National Conservation Area. Data from 
Rosen 2005; Rosen et al. 2005; Rosen 2009; Jennings et al. 2010; and P. Rosen, unpublished data. Jennings et al. 
(2010) did not estimate a maximum expected number of species for the Cliff-Gila Valley. 

 Cliff-Gila 
Valley, Gila R. 

Leslie Canyon 
NWR 

S. Bernardino 
NWR 

Las Ciénegas 
NCA 

Tucson-San 
Xavier 

      
Reach length (km)  30.8 14.2 3.8 26.2 26.9 
Elevation midpoint (m) 1,364 1,466 1,161 1,280 758 
Elevational range (m) 93 183 58 244 102 
Site Type Valley Canyon Valley Valley Valley 
      
Riparian obligate species 9 4 8 11 11 
Riparian-associated species  7 12 13 15 18 
      
Total species observed 27 38 38 37 42 
Maximum expected -- 50 48 56 51 
      
 

Table 2. Observed or vouchered herpetofaunal diversity (species richness) for lowland riparian corridors in 
southern Arizona and southwestern New Mexico. Elevational range, elevation midpoints, and reach lengths are 
given. The upper Gila River is a bottomland valley and canyon site while the others are valley sites. Data from 
Rosen 2005, Rosen et al. 2005, Rosen 2009, Jennings et al. 2010, and P. Rosen, unpublished data. 

 Elevation (m) Reach Length Number of 
 Midpoint Range (km) species 

     
Upper Gila River (Forks to Hidalgo Co. line) 1,523 615 171 34 
San Pedro River (US only) 944 722 203 55 
Cienega Creek (S. Cruz Co. line to Vail Diversion) 1,086 911 212 45 
Gila River (Salt R. to Colorado confluence) 1,184 416 51 45 
Colorado River (Hoover Dam to MX border) 160 250 483 46 
     
 

Too little is known about the ecology of lowland riparian herpetofauna to explain the observed 
patterns of species’ abundances and distribution in the systems that have been surveyed (Rosen 
2009). However, lowland riparian systems support a mosaic of vegetation patches that differ in 
species composition, cover, and structure, which undoubtedly contributes to their high herpetofaunal 
diversity (Rosen 2009). In addition, lowland riparian areas are highly productive, relatively moist 
environments and they support an abundance of key substrates and microhabitat features that are 
important for amphibians and reptiles such as cracks, crevices, debris piles, downed trees, leaf litter, 
dense low vegetation, open sand, rocks, and ephemeral pools of varied hydroperiod, and perennial 
water in various configurations (Jones and Glinski 1985; Rosen 2009). In addition, before the 
widespread construction of stock tanks and irrigation ponds, most amphibians in the Cliff-Gila 
Valley depended primarily on the river, its floodplain, and the mosaic of beaver-altered habitats for 
successful reproduction; these species include a number of anurans that breed in ephemeral pools 
such as the Great Plains (Anaxyrus cognatus) and Woodhouse’s toad (A. woodhousii). Woodhouse’s 
toad also may breed in stream margins and off-channel perennial pools and wetlands. The abundance 
of many species in the herpetofauna is typically greatly elevated in riparian environments. A natural 
flow regime is critical to maintaining the extent, complexity, and productivity of lowland riparian 
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corridors, which in turn are critical to supporting the diversity and abundance of the herpetofauna 
(Rosen 2009). 

The goal of this chapter is to: 1) identify the riparian obligate and riparian-associated amphibians and 
reptiles that occur in the Cliff-Gila Valley; and 2) summarize the available literature on the ecology, 
life history, and habitat requirements of a subset of these species with particular emphasis on how the 
flow regime—magnitude, timing, frequency, and duration of flows—affects these attributes. 

Aquatic and Riparian Herpetofauna of the Cliff-Gila Valley and 
Reproductive Phenology 

For this review, I classified the observed herpetofauna of the Cliff-Gila Valley as locally riparian 
obligate (RO) or riparian-associated (R). Riparian obligates were defined as species that were found 
and collected only within or adjacent to the riparian corridor whereas riparian-associated species 
were those that were found primarily in aquatic and riparian habitats within the riparian corridor but 
also occurred with some frequency away from it (Appendix 8, this report). The remaining species 
were considered to occur most widely on adjacent upland habitats, using the riparian corridor 
because of the abundant food and cover there. Five species of amphibians, two turtles, three lizards, 
and six snake species were classified as riparian obligate or riparian-associated (Appendix 8). 

Following the analysis presented for the Verde River (Haney et al. 2008), I summarized the 
reproductive phenology of these 16 riparian obligate and riparian-associated species on a seasonal 
basis, scoring the number of species mating and the number with eggs, larvae, and juveniles that 
were independent of adults in five time periods: winter, spring, early summer, late summer, and 
autumn (Table 3). Information on reproductive phenology was taken from Degenhardt et al. (1996), 
Brennan and Holycross (2009), and from the literature cited for specific species. These life stages 
were considered to be most vulnerable to alterations in flows, aquatic hydroperiods, and changes in 
the depth-to-groundwater. The percentage of species in each of the three reproductive stages was 
used as an index of sensitivity to flow alteration in each season. The results indicate that spring is the 
primary mating season, while eggs and larvae occur most frequently in the early summer (11 species) 
and spring (9 species), followed by the late summer monsoon season (8 species). Juveniles of 
riparian obligate and riparian-associated species are most frequently encountered in late summer and 
autumn (Table 3). 

Table 3. Seasonal reproductive phenology of 16 riparian obligate and strongly riparian-associated 
herpetofaunal species including aquatic, wetland, and riparian species. Indices were calculated as the percent of 
species mating, with eggs or larvae that were independent of adults, and with juveniles present. 

 Season 
 Winter 1 Spring 2 Early Summer 3 Late Summer 4 Autumn 5 

      
No. of species mating 0 15 5 5 2 
Mating index  0 93.8 31.5 31.3 12.5 
No. w/ eggs or larvae 2 9 11 8 3 
Egg and larval index  12.5 56.3 68.8 50.0 18.8 
No. of species w/ juveniles 0 1 5 16 16 
Juvenile presence index 0 6.3 31.3 100.0 100.0 

      

Winter = December, January, February; 2. Spring = March, April, May; 3. Early Summer = June; 4. Late Summer = July, August; 5. Autumn = 
September, October, November 
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Ecology, Habitat and Flow Relationships 

In contrast to birds and fish, there are few detailed ecological studies on amphibians and reptiles in 
the Southwest, and even fewer studies focused on aquatic and riparian species. As a result, our 
knowledge of their ecology and habitat requirements at different life stages is extremely limited and 
even basic facts such as the duration of aquatic larval stages and where terrestrial species place their 
nests are poorly known for most species. Finally, information on population trends is almost non-
existent except for species that are federally listed or proposed for listing and even in these cases the 
data are limited. 

In the following sections I summarize the available information on the ecology, habitat use, 
reproduction, and flow requirements of four species that have been the focus of some investigation. 
Two of the species, narrow-headed gartersnake (Thamnophis rufipunctatus) and northern Mexican 
gartersnake (T. eques megalops), are federally listed as threatened due to range-wide population 
declines and the extent and severity of threats to their habitat (USFWS 2014). Because of their 
conservation status, I discuss some of the key threats, focusing on those that are most relevant to the 
Gila River and that can be affected by alteration of the flow regime. The other two species, Sonoran 
mud turtle (Kinosternon sonoriense) and bullfrog (Lithobates catesbiana) have also been the subject 
of a number of studies. However, in the case of the bullfrog, there is less information for the 
Southwest, where it has been introduced and has spread widely in streams, rivers, and ciénegas, 
causing declines in a number of riparian and aquatic species, including leopard frogs. Finally, I 
briefly summarize the available (and limited) information for five additional riparian obligate and 
riparian-associated species that occur in the Cliff-Gila Valley. 

Narrow-headed Gartersnake 

Until recently, the narrow-headed gartersnake was divided into 3 subspecies: T. rufipunctatus 
rufipunctatus, T. r. nigronuchalis and T. r. unilabialis. However, Wood et al. (2011) recently 
proposed that these three subspecies be considered as species, based on significant multilocus DNA 
sequence differences among the taxa. 

The narrow-headed garter snake occurs in perennial streams from 700 to 2,500 m in elevation south 
of the Mogollon Rim from central and eastern Arizona to southwestern New Mexico (Rosen and 
Schwalbe 1988; Holycross et al. 2006; USFWS 2013). The species is widely distributed within the 
Gila River drainage in Arizona and the San Francisco and Gila River in New Mexico. 

Ecology, Habitat, and Life History 
The narrow-headed gartersnake is considered to be one of the most aquatic of gartersnake species, 
spending most of the time in or closely adjacent to perennial streams (Drummond and Marcías 
Garcia 1983; Rosen 1991; Rosen and Schwalbe 1988; Rossman et al 1996). Jennings and Christman 
(2011) reported that radio-tracked individuals were in the water 10.4% of observations and, for the 
remaining observations, were basking in the open or thermoregulating under cover objects (rocks, 
logs, debris piles) close to the stream. Similarly, Nowak (2006) found narrow-headed gartersnakes in 
the water 18% of observations and at other times, most often under boulders or small rocks within 
100 m of the stream. Narrow-headed gartersnakes are strongly associated with clear, rocky streams 
where they use primarily riffle and pool habitats; individuals are also found occasionally in eddies 
and glide/runs (Fleharty 1967; Rosen and Schwalbe 1988; Rossman et al. 1996; Rosen et al. 2012; 
USFWS 2013). Rosen and Schwalbe (1988) reported that narrow-head gartersnake numbers were 
highest around and at the junction of steep-gradient riffles with pools where water depths were > 0.5 
m in the riffle and > 1 m in the adjacent area of the pool; gartersnakes were more than twice as 
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abundant in pools compared to adjacent riffles. Hibbitts et al. (2009) also reported a preference for 
riffle-pool junctions. In contrast, newborn individuals or neonates used shallow pools, backwaters, 
and edges with less current and sometimes with abundant aquatic vegetation (Rosen and Schwalbe 
1988; Nowak and Santana-Bendix 2002; Rosen et al. 2012). Typically little to no aquatic vegetation 
was present where juvenile and adult narrow-headed gartersnakes were encountered in the water 
(Rosen and Schwalbe 1988; Nowak and Santana-Bendix 2002). 

Within aquatic habitats, cobble and boulder substrates, and the interstices beneath and among them, 
are important to narrow-headed gartersnakes for hunting and as protective cover from predators 
(Fleharty 1967; Alfaro 2002). Water depth also appears to be an important component of narrow-
headed gartersnake habitat suitability (Rosen et al. 2012). For snakes found out of water, mean water 
depth in the adjacent stream was 0.55 m for adults, 0.37 m for juveniles, and 0.22 m for neonates. For 
snakes found in water, mean water depth was 0.37 m for adults, 0.23 m for juveniles, and 0.14 m for 
neonates. Rosen et al. (2012) concluded that adults were found in portions of the stream that 
averaged close to the overall mean depth of 0.58 m, while neonates were in shallow water and 
juveniles were at intermediate depths. The largest snakes, that is, adult females, were found in the 
deepest water. 

Narrow-headed gartersnakes are typically found in association with bankside vegetation that provides 
cover and basking sites (in or on top of the vegetation) at the water’s edge (Rosen and Schwalbe 
1988; Nowak and Santana-Bendix 2002; Rosen et al. 2012). This vegetation includes shrub-sized and 
sapling Arizona alder (Alnus oblongifolia), velvet ash (Fraxinus velutina), willows (Salix spp.), 
canyon grape (Vitis arizonica), and Fremont cottonwood (Populus fremontii) as well as sedge 
(Carex) tussocks. Rosen et al. (2012) also reported a high use of grass by narrow-headed 
gartersnakes compared to its availability and an apparent avoidance of banks with thickets of 
nonnative blackberries (Rubus), while Nowak and Santana-Bendix (2002) reported that 
graminoid/sedge cover was significantly higher on banks where snakes were found compared to 
random bank locations. Optimal basking sites close to the water’s edge (0.5 to 3.10 meters in height, 
mean = 1.2 + 0.7 m) are essential to the species given typically cooler water in their habitats and their 
greater need to thermoregulate, especially at mid- and higher elevations (Rosen et al. 2012) and their 
specific mode of predator escape, e.g., diving into the water (Fleharty 1967). Human activities, 
including flow alteration, that reduce or eliminate bankside vegetation may lead to population 
declines and potentially local extirpation if the population is already impacted by other threats 
(Rosen and Schwalbe 1988). Jennings and Christman (2011) recorded two females moving up to 87 
m from water and suggested that protected sites/cover farther from the stream, such as rocks, 
crevices, logs, and debris piles, may provide reduced predation risk and thermoregulatory advantages 
during gestation and prior to molting. However, thermoregulatory needs of active, foraging narrow-
headed gartersnakes could not likely be met without stream-edge cover of riparian vegetation or 
rocks. 

Narrow-headed gartersnakes depend largely on visual cues while foraging compared to other 
gartersnake species and have been observed hunting at the water’s edge as well as underwater, where 
they can make direct feeding strikes at prey from the bottom of streams (Alfaro 2002; de Queiroz 
2003; Hibbitts and Fitzgerald 2005) or from submerged crevices (Rosen and Schwalbe 1988). The 
species is documented to feed exclusively on fish (Fleharty 1967; Rosen and Schwalbe 1988; Nowak 
and Santana-Bendix 2002), although amphibians may be a minor component of the diet based on 
anecdotal observations of the Madrean narrow-headed gartersnake (Thamnophis unilabialis) in 
Chihuahua, Mexico (Tanner 1985). Native fish that have been reported as actual or potential prey 
include desert sucker (Catostomos clarki), Sonora sucker (C. insignis), longfin dace (Agosia 
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chrysogater), speckled dace (Rhynichthys osculus), Gila chub (Gila intermedia), and roundtail chub 
(G. robusta) (Rosen and Schwalbe 1988; Nowak and Santana-Bendix 2002; Jennings and Christman 
2011; Rosen et al. 2012). Brown trout (Salmo trutta) and rainbow trout (Oncorhynchus mykiss) are 
the most frequently reported nonnatives in the diet (USFWS 2013). However, spiny-rayed nonnative 
fish, like green sunfish (Lepomis cyanellus) and channel catfish (Ictalurus punctatus), are not 
considered to be a suitable prey as narrow-headed gartersnakes can choke after eating them (due to 
the spines) and may learn to avoid them as food (Nowak and Santana-Bendix 2002; Rosen et al. 
2012). In addition, narrow-headed gartersnakes tend to forage on the bottom, whereas nonnative 
spiny-rayed fish typically swim in the upper and middle portions of the water column. Thus, 
nonnative spiny-rayed fish may be largely unavailable as a food resource to narrow-headed 
gartersnakes (de Quieroz 2002; USFWS 2013). 

Rosen et al. (2012) found strong (and statistically significant) relationships between narrow-headed 
gartersnake abundance and native and nonnative fish abundances. Narrow-headed gartersnake 
abundance was positively correlated with the abundance of large native fishes (suckers and chubs) 
and negatively correlated with the abundance of predatory nonnative fishes (centrarchids and 
ictalurids). Suckers and chubs, in both smaller and larger size-classes, likely provide abundant 
primary prey for narrow-headed gartersnakes. Predatory nonnative fishes likely impact narrow-
headed gartersnakes most strongly by reducing or eliminating this food base. Gartersnake abundance 
also showed a significant positive correlation with smaller native fish abundances (speckled dace and 
longfin dace), which likely reflects the importance of dace as a food resource (Nowak and Santana-
Bendix 2002). Narrow-headed gartersnake demographics, expressed in terms of age-structure 
evenness, also showed a negative correlation with abundances of predatory nonnative fishes, 
including brown trout. 

Narrow-headed gartersnakes have lower activity temperatures than do other gartersnake species, 
which may be an adaptation allowing them to be highly aquatic in cold water streams, although the 
pertinent physiological studies have never been done (Fleharty 1967; USFWS 2013). Along the 
Tularosa River in New Mexico, mean body temperatures were 23.3o C during the mid-morning and 
27.0o C in the late afternoon; no differences were detected between the pre-monsoon (late June) and 
monsoon (late July and August) seasons (Jennings and Christman 2011). Body temperatures at 
Whitewater Creek were cooler (23.3o C) than individuals measured at Heart Bar along the Gila River 
(26.6o C), Tularosa River, and East Fork of the Gila (24.7o C) (Fleharty1967; Jennings and Christman 
2011). In Oak Creek Canyon, narrow-headed gartersnakes were active from March through October 
when air temperatures were approximately 18-34o C and water temperatures were 14-22o C (Nowak 
2006). Body temperatures of narrow-headed gartersnakes during this period ranged from 13-35o C 
and were generally higher than ambient and substrate temperatures when gartersnakes were active, 
including when they were in water. The majority of radio-telemetered snakes entered hibernation in 
November, moving from 30 to 200 m from the stream to occupy crevices in rock outcrops and rocky 
slopes adjoining the stream bottomlands.  

Male narrow-headed gartersnakes become mature at 2.5 years of age whereas females mature at 2 to 
3 years of age (USFWS 2013). However, Jennings and Christman (2011) estimated that both males 
and females can reach sexual maturity in less than 2 years based on growth rates of recaptured 
individuals along the Tularosa River. Like all gartersnakes, narrow-headed gartersnakes are 
viviparous, giving birth to live young. In Oak Creek, Arizona, females breed annually, initiating egg 
development in early March and giving birth to 8-17 offspring (mean = 11.3 offspring) from late July 
through early August; young may be born earlier (early July) at lower elevations (Rosen and 
Schwalbe 1988; Nowak and Santana-Bendix 2002; Nowak 2006). Jennings and Christman (2011) 
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reported gravid females with 4-12 embryos (mean = 8.6). Demographic data collected at Oak Creek 
indicate low survivorship (7%) for neonates and high survivorship for snakes two years and older 
(70%), with an estimated maximum lifespan of 10 years or longer (Rosen and Schwalbe 1988). 

Current Status 
Holycross et al. (2006) found narrow-headed gartersnakes in only 5 of 16 (31%) historical localities 
surveyed in Arizona and New Mexico and in none of the 26 new locations with suitable habitat that 
were targeted for survey. Narrow-headed gartersnakes have declined or disappeared at many sites 
where they were previously abundant in the 1980s and 1990s, including Eagle and lower Oak creeks 
and the Verde, Black, and Blue rivers in Arizona, the San Francisco River at Alma Bridge and San 
Francisco Hot Springs, and East Fork of the Gila River in New Mexico (Schwalbe and Rosen 1988; 
Nowak and Santana-Bendix 2002; Holycross et al 2006). The species is now restricted to a small 
number of isolated populations (USFWS 2013). 

The U.S. Fish and Wildlife Service (2014) compiled the most recent status information on the species 
considering a number of factors including population density estimates, when the species was last 
observed at the site, condition of aquatic habitat, aquatic community composition, and the existence 
of significant threats. Narrow-headed gartersnake populations either persisted at low densities or 
were possibly extirpated in 31 out of 41 known localities (76%); were likely extirpated in 5 localities 
(12%); and were likely viable in only 5 localities (12%). The latter occurrences include Tularosa 
River, Diamond Creek, Oak Creek, West Fork of Oak Creek, and Fish Creek. Maintaining these 
latter populations and improving and expanding those that currently persist at low densities are 
critical to the recovery of the species. This is especially true in the upper Gila drainage where up to 
14 isolated populations, including one in the Cliff-Gila Valley, may function as a metapopulation, 
providing connectivity, genetic exchange, and a source of colonizing individuals for other small, 
isolated populations within the drainage should any of these populations be extirpated due to 
stochastic events (Rosen and Schwalbe 1988). This metapopulation concept may apply over medium-
term (5-50 years) or longer (50-1,000 years) time scales, although little is known about 
recolonization or dispersal in this or any other snake. 

Northern Mexican Gartersnake 

The northern Mexican gartersnake is one of 10 currently recognized subspecies of Mexican 
gartersnake (Rossman et al. 1996; Rosen and Schwalbe 1988; Conant 2003). In Arizona, the 
subspecies ranges from 140 to 1,875 m in elevation and occurs in isolated locations in the Bill 
Williams, Aqua Fria, Salt, Verde, Santa Cruz, San Pedro, Gila, and San Bernardino river basins 
(Rosen and Schwalbe 1988, 1995; Holm and Lowe 1995; Rosen et al. 2001; Holycross et al. 2006). 
In New Mexico, the subspecies occurs in the Gila River (Cliff-Gila Valley) and potentially Mule 
Creek (Fitzgerald 1986; Degenhardt et al. 1996; Holycross et al. 2006). In Mexico, the northern 
Mexican gartersnake occurs in the Sierra Madre Occidental, western edge of the Chihuahuan Desert, 
and throughout the Mexican Plateau south to the Mexican states of Puebla, Mexico, and Veracruz 
(Conant 1963, Rossman et al. 1996; Lemos-Espinal et al. 2004). 

Ecology, Habitat, and Life History 
The northern Mexican gartersnake is considered a “terrestrial-aquatic generalist” and is restricted to 
riparian areas where it is seldom seen more than 15 m from permanent water (Rossman et al. 1996; 
Rosen and Schwalbe 1988; Drummond and Marcías-Garcia 1983; USFWS 2013). Rosen and 
Schwalbe (1988) describe three general habitat types for the subspecies: 1) source area wetlands 
such as ciénegas, ciénega-streams, and emergent marshes; 2) large-river cottonwood-willow riparian 
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forests; and 3) streamside gallery forests of mixed broadleaf deciduous riparian trees. In the upper 
Verde River, a large-river cottonwood-willow forest, Emmons and Nowak (2013) found northern 
Mexican gartersnakes most frequently in braided secondary channels, beaver ponds, protected 
backwaters, off-channel pools and wetlands, and along the edges of emergent vegetation which 
gartersnakes used as protective cover and for foraging. Source area wetlands are the most important 
habitat type for northern Mexican gartersnakes in southeastern Arizona; however, in central Arizona 
the species generally occurs in all three habitat types (Rosen and Schwalbe 1988). Within source area 
wetlands, northern Mexican gartersnakes were found most frequently in association with aquatic 
cattail (Typha), knot grass (Paspalum distichum), spikerush (Eleocharis), and bulrush (Scirpus) and, 
on the banks, with deergrass (Muhlenbergia rigens) and sacaton (Sporobolus airoides). Fremont 
cottonwood and Goodding’s willow were always present in the habitat (Rosen and Schwalbe 1988). 
Along the Verde and Agua Fria rivers in central Arizona, northern Mexican gartersnakes occurred in 
shallow water, along streambanks, and in riparian vegetation including cottonwood, willow, seep 
willow (Bacchharis salicifolia), and grasses and herbaceous vegetation including Bermuda grass 
(Cynodon dactylon) (Rosen and Schwalbe 1988). 

Rosen (1991) reported that northern Mexican gartersnakes were active when air temperatures were 
22-33o C, during which time they maintained body temperatures ranging from 24-33o C (mean = 
27.3o C). Except for the narrow-headed gartersnake, this temperature range is lower than other 
gartersnake species, which Rosen suggested may be due to “the relative unavailability of warm 
ambient temperatures in ciénega habitats” where the subspecies was studied and their behavioral 
tendency to remain in dense vegetation even when more open, warmer sites are available nearby. 
Rosen (1991) reported northern Mexican gartersnakes at a low-elevation site in Arizona as “moving” 
in approximately 63% of observations, “basking on vegetation” 13%, “basking on the ground” 16%, 
and “under surface cover” in 8% of observations. In the U.S., the northern Mexican gartersnake is 
reportedly most active during the months of June through September (USFWS 2013). 

The northern Mexican garter snake is an active predator that forages along vegetated banks where it 
searches for prey both on land and in the water (Alfaro 2002; Rosen and Schwalbe 2002; USFWS 
2013). The subspecies feeds primarily on native aquatic species including adult and tadpole lowland 
and Chiricahua leopard frogs and juvenile and adult native fish; Gila chub (Gila intermedia), 
roundtail chub, and desert pupfish (Cyprinodon macularius) have been reported as prey and longfin 
dace and Gila topminnow (Poeciliopsis occidentalis occidentalis) were abundant at sites with 
northern Mexican gartersnakes (Rosen and Schwalbe 1988). Other prey items may also be taken in 
lower abundances including Woodhouse’s toads, tree frogs, lizards, mice, earthworms, and leeches 
(Rosen and Schwalbe 1988; Holm and Lowe 1995; Rossman et al. 1996). Nonnative species 
including tadpole and adult bullfrogs (Lithobates catesbeianus), western mosquitofish (Gambusia 
affinis), other soft-rayed fish species, and occasionally green sunfish have been reported in the diet 
when native prey species were rare or absent (Holycross et al. 2006; Emmons and Nowak 2013), 
which they typically are when these nonnatives are present. In a study conducted at Lake 
Tecocomulco, Mexico, Marcías-Garcia and Drummond (1988) found a strong positive relationship 
between northern Mexican gartersnake capture rates, lake levels, and the abundance of prey species. 
When lake levels were high and prey was abundant, gartersnake capture rates increased, suggesting 
that water quantity and adequate prey populations are important for maintaining northern Mexican 
gartersnake populations (USFWS 2013). 

Male northern Mexican gartersnakes reach maturity at 2 years whereas females do so in 2 to 3 years 
(Rosen and Schwalbe 1988). Females are viviparous and ovulation occurs in late March or early 
April. Mating has been reported in April and May, and following fertilization, gravid females move 
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5-15 m away from the water to gestate young in relatively warm sites on the ground or on vegetation 
tussocks. Young are born from early June to August; litter sizes range from 7 to 38 young, with an 
average of 13.6 young/female (Rosen and Schwalbe 1988; Nowak and Boyarski 2012). Rosen and 
Schwalbe (1988) found that only about half of the adult females in a population of northern Mexican 
gartersnakes produced young during any one year in contrast to other gartersnake species where 
females more typically breed annually. Thus, despite their relatively large body and litter size, 
reproductive output is low, underscoring the importance of juvenile and adult survivorship in 
maintaining stable population numbers. 

Current Status 
Holycross et al. (2006) found northern Mexican gartersnakes at 2 of 11 historical localities (18%) in 
central and eastern Arizona and southwestern New Mexico and at only 1 of 22 new locations (5%) 
targeted for surveys based on the availability of suitable habitat. 

In 2013, northern Mexican gartersnakes were re-discovered along the Gila River in the Cliff-Gila 
Valley near Highway 180 (Postel 2013; M.S. Cooper, personal communication). However, the status 
and extent of this population is not currently known due to limited access to private land. Prior to 
this, there were four historical records from the upper Gila River in New Mexico: 1) a photograph of 
an individual collected (and then released) along the Gila River near Highway 180 in 2002; 2) a 
specimen taken in the vicinity of Virden in 1973; 3) a single specimen from Spring Canyon, a 
tributary of Sapillo Creek, in 1937; and 4) a single specimen taken in 1883 from Duck Creek. Duck 
Creek is now severely eroded, which has eliminated the “swampy ground near water” habitat that 
Cope (1898) originally described as the collection locality (Degenhardt et al. 1996). 

The U.S. Fish and Wildlife Service (2014) compiled the most recent status information on northern 
Mexican gartersnakes in the U.S. (see above). The results of this analysis indicated that northern 
Mexican gartersnake populations either persisted at low densities or were possibly extirpated in 24 
out of 29 known localities (83%), and were likely viable at 5 localities (17%). The latter include: Bill 
Williams River, upper Verde River, Page Springs and Bubbling Ponds State Fish Hatcheries along 
Oak Creek, lower Tonto Creek, and upper Santa Cruz River (San Rafael Valley). Considering the 
number of stream miles in the U.S. that historically supported northern Mexican gartersnakes that are 
now permanently dewatered or flow only ephemerally, USFWS (2013) concluded that “as much as 
90 percent of historical populations in the United States either occur at low densities or are 
extirpated.” 

Threats to Narrow-headed and Northern Mexican Gartersnakes 

Nonnative Aquatic Species 
In order to maintain viable populations, both gartersnake taxa require an abundant native prey base 
and suitable flows to maintain their aquatic habitats (USFWS 2013). The primary threat for both 
species is the introduction of nonnative species and the subsequent change in aquatic communities 
from one that is composed of native species to one that is dominated by nonnatives; these harmful 
nonnatives include spiny-rayed fish, bullfrogs, and two species of crayfish. The introduction of these 
nonnatives has been both intentional and accidental due to sport fish stocking, aquaculture, and bait-
bucket releases and, once established, they have spread extensively into new areas (USFWS 2013). 
Nonnative species have caused range-wide declines in both gartersnake species by directly preying 
on gartersnakes and by consuming (and eliminating) native prey species (e.g., Clarkson and 
Rorabaugh 1989; Fernandez and Rosen 1996; Clarkson et al. 2005; Holycross et al. 2006; USFWS 
2013). At three intensively studied sites in southeastern Arizona, systematic declines in northern 
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Mexican gartersnake populations were recorded from the 1980s through 2000. These declines were 
associated with increases in bullfrog populations, high-density predatory centrachid fish populations, 
and the disappearance of native prey (fish and ranid frogs); there was no evidence that habitat 
alteration contributed to gartersnake declines at these sites (Rosen et al. 2001). Similarly, for narrow-
headed gartersnakes, Nowak and Santana-Bendix (2002) and Rosen and Schwalbe (1988) reported a 
strong relationship between nonnative fish abundance, a declining native prey base, and declining 
gartersnake numbers both spatially along Oak Creek and across multiple sites (streams). 

Thirteen native fish species that have been federally listed as endangered or threatened were likely 
prey species of narrow-headed gartersnakes and northern Mexican gartersnakes (Rosen and 
Schwalbe 1988; USFWS 2013). The decline of these native fish has resulted primarily or in part from 
interactions with nonnative fish (e.g.,Voeltz 2002; Olden and Poff 2005; Propst et al. 2008; Minckley 
and Marsh 2009), a fact that has been exhaustively documented in the listing rules for these species 
under the Endangered Species Act (USFWS 2013). Furthermore, a number of studies have 
documented a shift in fish communities from native- to nonnative-dominated in streams and rivers 
where both gartersnakes currently or historically occurred including the upper Verde River, Tonto 
Creek, Salt River upstream of Lake Roosevelt, Gila River through the Redrock and Virden valleys, 
and the Middle and East forks Gila River (Abarca and Weedman 1993; Voeltz 2002; Bonar et al. 
2004; Rinne 2005; Propst et al. 2008). 

Bullfrogs are also considered a significant threat to both gartersnake taxa. In stream systems where 
bullfrogs and northern Mexican gartersnakes co-occur, the two species show complete overlap in 
habitat use, whereas differences in habitat use may somewhat reduce the impact of bullfrogs on 
narrow-headed gartersnakes (Rosen and Schwalbe 1988; Rosen et al. 2001; USFWS 2013). When 
bullfrogs are present, northern Mexican gartersnake populations are typically dominated by large 
adult snakes and neonates and juveniles are present in low numbers; this pattern presumably reflects 
the greater susceptibility of smaller individuals to bullfrog predation (Rosen and Schwalbe 1988; 
Rosen et al. 2001; Rosen and Schwalbe 2002). The result of this “recruitment failure" is ultimately a 
declining population as older, larger snakes die and are not replaced by younger individuals. 
Bullfrogs have caused the decline and extirpation of native amphibian populations in many streams 
and rivers, resulting in a declining prey base for northern Mexican gartersnakes (Moyle 1973; Hayes 
and Jennings 1986; Rosen and Schwalbe 1988; 2002; Rosen et al. 1995). Along the Mogollon Rim, 
Holycross et al. (2006) found an entirely native anuran community in only 8 of 57 (14%) sites 
surveyed and found that native frog populations had been completed displaced by bullfrogs at 19 
sites (33%); 4 of 8 sites (50%) with northern Mexican and narrow-headed gartersnakes had bullfrogs 
present. 

Nonnative crayfish are widespread in aquatic systems in the Southwest, where they reduce the 
diversity and abundance of native aquatic species by: 1) reducing aquatic vegetation that serves as 
protective cover for gartersnakes and leopard frogs and as food for invertebrates, tadpoles and native 
fish; 2) altering the quality and composition of stream substrate through increased siltation; and 3) 
preying on eggs, young, and adults of native invertebrates, fish, amphibians, and reptiles (Fernandez 
and Rosen 1996; Inman et al. 1998; Voeltz 2002; Dorn and Mittbach 2004). Fernandez and Rosen 
(1996) and Rosen (1987) observed that the abundance of both narrow-headed gartersnakes and native 
leopard frogs were high at sites where crayfish were absent or present in low numbers. Along the 
Mogollon Rim, Holycross et al. (2006) found 35 of 57 sites (61%) surveyed for gartersnakes had 
established crayfish populations; 6 out of 8 sites (75%) with northern Mexican and narrow-headed 
gartersnakes had crayfish present. 
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Thus, through direct and indirect effects, nonnative species are impacting age-specific survivorship, 
population age structure, reproductive output, and population sizes of both gartersnake species 
(USFWS 2013). 

Streamflow Alteration 
Another major threat to the northern Mexican and narrow-headed gartersnakes is human-caused flow 
alteration that destroys or modifies aquatic and riparian habitat, negatively impacts native prey, 
and/or has a beneficial effect on nonnative species (Collier et al. 1996; Rinne et al. 1998; Haney et al. 
2008; USFWS 2013). Alterations to natural systems include dams and their associated reservoirs, 
diversions, stream channelization, and groundwater pumping for agriculture and human 
development. The effects of these hydrological alterations are varied and include a reduction in the 
magnitude and frequency of floods, reduced connection and transport of materials between the 
floodplain and main channel, reduced inundation of the floodplain and decreased hydroperiod of 
secondary and off-channel aquatic habitats, reduced floodplain aquifer recharge, declines in 
groundwater levels and base flows, stream dewatering, and reduced cover of riparian vegetation 
(Bunn and Arthington 2002; Poff et al. 2007; Poff and Zimmerman 2010). Natural flow regimes have 
been credited with suppressing or excluding nonnative fish from the upper Gila River and other 
streams (Minckley and Meffe 1987; Baltz and Moyle 1993; Marchetti and Moyle 2001; Propst et al. 
2008; Stefferud 2013), while flow alteration due to human activities has resulted in establishment and 
increase of nonnative species (Olden and Poff 2005; Poff et al. 2007). Propst et al. (2008) and 
Stefferud et al. (2011) observed increased numbers of nonnatives during low-flow years and 
suggested that effects of nonnative fish species on native fish may be most significant during drought 
periods when recruitment of native fishes is low and predation by nonnatives is high, a pattern that 
may also occur when base flows are reduced by surface water diversions (USFWS 2013). Eby et al. 
(2003) and Rinne (2005) also reported that nonnative fishes increased in abundance relative to 
natives during low-flow years. 

Reductions in base flows or the seasonal availability of water would reduce aquatic habitat for both 
gartersnake species and their native prey, resulting in negative impacts to their populations (USFWS 
2013). In the Verde River Basin, Blasch et al. (2006) suggested that streamflow diversions have 
reduced channel recharge and base flows in the river. Furthermore, human demands for surface water 
to support population growth, mining, and agriculture in the Basin have altered streamflows or 
dewatered extensive reaches in some of the large, formerly perennial tributaries of the Verde River 
(Sullivan and Richardson 1993; USFWS 2013). Human populations are predicted to increase 
throughout the Southwest and this increase will result in increasing demands for water development 
including inter-basin water transfers to urban population centers (Gammage et al. 2008; Udall and 
McCabe 2013). In addition, the impact of increased water demand and withdrawals on aquatic 
systems will be amplified by the current and future droughts in the Southwest, which are predicted to 
increase in frequency and severity during this century due to increasing temperatures (Adams et al. 
2009). 

Flow alteration may also result in reduced cover of obligate and facultative wetland graminoids, 
herbs, and woody species that provide cover and basking sites for both gartersnake taxa. Stromberg 
et al. (1996, 2005) found that obligate wetland herbs and graminoids were most sensitive to the 
effects of declining groundwater levels. Flow alterations that reduce the depth-to-groundwater below 
threshold values for these species would likely lead to increased predation rates on both species, 
behavioral avoidance of open, exposed areas, and reduced foraging success for northern Mexican 
gartersnakes. 
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In addition to their effects on the natural flow regime, dams and diversion projects frequently create 
reservoirs and off-channel impoundments that support dense populations of harmful nonnative 
species. These features serve as a source of nonnatives, which through their continued colonization 
of natural habitats, profoundly alter native aquatic communities in nearby streams (USFWS 2008), 
and frustrate efforts at nonnative species control or eradication. 

In summary, any reduction in the availability of water due to flow alteration is considered a 
significant threat to northern Mexican and narrow-headed gartersnakes, their prey base, and their 
habitat (USFWS 2013). 

High-Severity Wildfires 
Wildfires have increased in size, frequency, and severity in the Southwest over the last three decades 
due to more than a century of fire suppression and factors related to climate change, including 
reduced winter snowpack, earlier snowmelt, and higher spring and summer temperatures (Westerling 
et al. 2006); this trend is expected to continue into the future (Seager and Vecchi 2010; Park 
Williams et al. 2013). In 2012, the Whitewater-Baldy Fire burned over 297,800 acres in the 
headwaters of the Gila River with about 25% of these acres burning at high to moderate severity 
based on an analysis of Burned Area Reflectance Classification data (USFWS 2013; K. Sartor and D. 
Gori, unpublished data). This wildfire followed other large fires in the watershed including the Cub 
(2002), Dry Lakes (2003), Bear (2006), and Miller (2011) fires. Precipitation events following these 
large, high severity fires result in increased soil erosion from upland slopes, scouring floods, and 
elevated ash and sediments loads in streams which can alter stream geomorphology, fill in aquatic 
habitats, and degrade water quality, leading to fish kills (Rinne and Neary 1996; Voeltz 2002; Paroz 
et al. 2006; USFWS 2013). These ash-flows seem likely responsible for the absence or low 
abundance of narrow-headed gartersnakes in some streams in the upper Gila River watershed (L. 
Hellekson, P. Rosen, and T. Brennan, unpublished data). 

Increased sedimentation and siltation may also: 1) impair the visibility of gartersnakes while hunting 
in aquatic habitat, reducing their foraging success (de Queiroz 2002); 2) eliminate the interstitial 
spaces between cobbles and boulders that narrow-headed gartersnakes use for hunting and to escape 
predators (Rosen and Schwalbe 1988; Nowak and Santana-Bendix 2002; Holycross and Rosen 
2011); and 3) decrease the dissolved oxygen content of gravel and cobble substrates where native 
fish spawn, resulting in reduced egg survivorship, reproductive success, and native fish abundance 
(Minckley 1973; Nowak and Santana-Bendix 2002; Wheeler et al. 2005; USFWS 2013). Siltation 
may have been a critical factor in the extirpation of narrow-headed gartersnakes at San Francisco Hot 
Springs and Cibecue Creek (Hibbitts et al. 2009; Rosen and Schwalbe 1988), although Rosen et al. 
(2012) suspected that nonnative fish impacts were paramount at San Francisco Hot Springs. A 
natural flow regime, including the positive effects of floods and elevated snowmelt runoff flows in 
removing accumulated fine sediments, is likely important in limiting the long-term effects of post-
fire siltation (Rosen et al. 2012). 

Flow Needs of Narrow-headed and Northern Mexican Gartersnakes 

Based on the previous discussion of ecology, habitat, life history and threats, the following are 
important flow-ecology relationships for the two taxa. 

 Peaks flows and elevated (receding) flows during spring snowmelt runoff sort cobble substrates 
and cleanse silts and fine sediments from them (Chapter 10, this report). These flows maintain 
open interstices between and beneath cobbles that narrow-headed gartersnakes use for hunting 
and protective cover in pools and deep riffles. Silt and sediment cleansing also prepares 
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spawning and nursery habitats for native fish, increasing survivorship of their eggs and larvae 
(Chapter 10, this report). Healthy native fish populations provide abundant food for narrow-
headed and northern Mexican gartersnakes. 

 There is a strong positive relationship between mean daily spring discharge and reproductive 
success of desert sucker and loach minnow and a similar relationship for spikedace and Sonora 
sucker up to mean daily flows of 300 cfs (Chapter 10, this report). Flows that benefit native fish 
also benefit narrow-headed and northern Mexican gartersnakes because of the importance of 
native fish in their diets. In general, natural flow regimes have been credited with suppressing or 
excluding nonnative fish from the upper Gila River and other streams (Minckley and Meffe 
1987; Baltz and Moyle 1993; Marchetti and Moyle 2001; Propst et al. 2008; Stefferud 2013), 
while flow alteration due to human activities has resulted in the establishment and increase of 
nonnative species (Olden and Poff 2005; Poff et al. 2007). Nonnative species are the primary 
threat to both gartersnake taxa. 

 Large floods scour out depressions in the floodplain, creating sites for off-channel perennial 
pools and wetlands. Mid-range flows (400-4,000 cfs) inundate the floodplain and rehydrate and 
transport nutrients that sustain productivity in these off-channel habitats. These flows, by 
recharging the alluvial aquifer, also maintain groundwater levels that support perennial surface 
water and emergent and bankside vegetation in these habitats. These are key habitat features for 
northern Mexican gartersnakes. 

 Large floods scour away competing vegetation and deposit fine sediments that create 
germination beds for cottonwood-willow seedlings. Mid-range flows (400-4,000 cfs) in spring 
(i.e., peak flows followed by gradually receding flows during snowmelt runoff) inundate the 
floodplain, disperse seeds, and create groundwater conditions conducive to seedling germination 
and survivorship in secondary channels and along the main channel. Mid-range flows in the 
spring and monsoon season maintain seedlings and saplings as well as perennial herbaceous 
vegetation across the floodplain. Together these flows maintain bankside woody and herbaceous 
vegetation that narrow-headed gartersnakes use for basking and protective cover. 

Sonoran Mud Turtle 

The Sonoran mud turtle (Kinosternon sonoriense) occurs below the Mogollon Rim in central and 
southeastern Arizona including the Salt and Gila rivers and their tributaries, tributaries of the 
Colorado River in west-central Arizona, the Colorado River near Yuma, and the Rio San Bernardino 
which flows south into Mexico from southeastern Arizona. The species also extends into western 
New Mexico and north-central Mexico. It occurred  historically at elevations ranging from near sea 
level in the lower Colorado River to over 1,980 m. Sonoran mud turtles feed primarily on aquatic 
invertebrates including insect larvae and snails, but also consume fish, frogs, and tadpoles; plant 
material is taken primarily when the benthic fauna are scarce (Degenhardt et al. 1996). 

Sonoran mud turtles inhabit pools with rock or sand substrates in rivers, creeks, springs, and rocky 
canyons; pools with turtles may contain stands of cattail, spikerush, and bulrush (Rosen 1987; Hulse 
1982; van Loben Sels et al. 1995; Hall and Steidl 2007). Flow in occupied habitat may be perennial, 
interrupted (e.g., perennial segments interspersed with intermittent ones), or, more rarely, seasonally 
intermittent. Sonoran mud turtles may also occur in stock ponds and impoundments adjacent to 
floodplains and throughout canyon regions where the turtles originally occurred in springs and 
tinajas. The species is primarily aquatic but individuals frequently move between pools, reaches, and 
watersheds in response to seasonal stream drying or drought (Ligon and Stone 2003; Hall and Steidl 
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2007; Hensley et al. 2010). At these times, individuals may estivate, selecting shallow depressions 
under rocks, soil, organic matter, vegetation, and in crevices in boulder piles up to 80 m from the 
stream channel (Ligon and Stone 2003; Hall and Steidl 2007). Sonoran mud turtles hibernate in the 
water or on land even when surface water is available and winter temperatures are mild (Hulse 1974; 
Hensley et al. 2010). 

Sonoran mud turtles appear to coexist with nonnative fish and bullfrogs with no detectable adverse 
effects on growth rate, fecundity, juvenile survivorship, or population density (Rosen 1987; Rosen 
and Schwalbe 2002). However, recruitment of Sonoran mud turtles was eliminated after crayfish 
were introduced and became abundant at one long-term study site in Arizona while at another site, 
increases in crayfish density were associated with a declining Sonoran mud turtle population 
(Fernandez and Rosen 1996; Rosen and Schwalbe 2002; Hensley et al. 2010). Crayfish prey on 
hatchling turtles and reduce native aquatic invertebrates, which are the primary food of Sonoran mud 
turtles (Hulse 1974; Fernandez and Rosen 1996; Schwendiman 2001). 

Sonoran mud turtles mate in water (pools) from April through October, with most observations 
occurring in June (Hall and Steidl 2007). Nesting occurs on land away from water from July through 
September during the summer monsoons. Egg development is postponed via embryonic diapause 
until the eggs are cooled during the winter and commences the following spring when eggs warm 
(van Loben Sels et al. 1995). Nestlings emerge primarily in July and August during the summer 
rains, but hatchlings have also been first observed in late August or September at some sites (Rosen 
1987; van Loben Sels et al. 1995; Hulse 1982; Hensley et al. 2010), indicating that some clutches 
may hatch in the year of laying. 

Flow Needs 
Large, medium, and small floods create and scour pools, maintain the structural diversity of main 
channel and floodplain aquatic habitats, and recharge the alluvial aquifer. A shallow depth-to-
groundwater maintains off-channel pools and wetlands that likely provide key habitat along many 
streams and rivers including the upper Gila River. A flow regime that favors native fish (prey) and 
disfavors crayfish (predators) will benefit Sonoran mud turtles.  

The conservation challenge for Sonoran mud turtles, as it is for other aquatic species regionally, is to 
maintain habitat and population connectivity at larger scales (Hall and Steidl 2007). Valley-bottom 
rivers and ciénegas historically supported large turtle populations that likely served as a source of 
colonists and gene flow to isolated populations in tributaries and mountain canyons (Hendrickson 
and Minckley 1984; Hall and Steidl 2007). The Gila supports one of the few still functioning 
landscape-scale metapopulations in the Southwest. Most large rivers have been altered by dams, 
impoundments, and diversions and are dewatered along specific reaches or dominated by nonnative 
species. As a result, they no longer support large source populations of Sonoran mud turtle, 
increasing the vulnerability of small, isolated tributary populations to human impacts, natural 
disturbances, genetic isolation, and inbreeding (Hall and Steidl 2007). 

Flow alterations that affect floodplain inundation, nutrient and sediment transport, and groundwater 
levels would likely affect the extent, quality, and productivity of off-channel pools and wetlands; 
this, in turn, would negatively impact Sonoran mud turtles as these habitats provide abundant food 
and cover for the species. Flow alteration that affects the size of Sonoran mud turtle source 
populations and/or increases fragmentation would reduce dispersal within the metapopulation and the 
ability to re-colonize peripheral populations following disturbance events. Reduced flows, increased 
frequency of drought, and higher temperatures due to climate change would likely reduce the 
quantity and quality of pool habitat, especially off-channel pools and wetlands, leading to declines in 
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Sonoran mud turtle population numbers and increased fragmentation. Finally, impoundments 
associated with diversions can be a source of nonnative crayfish that augment populations in adjacent 
natural habitats, resulting in severe impacts on Sonoran mud turtle populations. 

Bullfrog 

Bullfrog tadpoles feed primarily on aquatic plant material, algae, invertebrates, and organic detritus 
(Treanor and Nichola 1972; Bury and Whelan 1984); they may also feed on dead fish or tadpoles. 
Adult bullfrogs are considered “sit and wait” predators and will prey opportunistically on almost any 
live animal smaller than they are (Bury and Whelan 1984). As a result, a wide-variety of prey items 
have been reported in the diet, including earthworms, leeches, insects, centipedes, spiders, crayfish, 
snails, salamanders, tadpoles and frogs including bullfrogs and other ranid species, fish, small turtles, 
lizards, and snakes. They have also been observed feeding on shrews, moles, mice, bats, and birds 
(see Bury and Whelan 1984 for a comprehensive review of bullfrog diets). Crayfish, frogs, and other 
amphibians were the primary foods taken by bullfrogs in studies conducted in Texas and Oklahoma 
(Taylor and Michael 1971; Carpenter and Morrison 1973; Tyler and Hoestenbach 1979). 

Bullfrogs are not native to Arizona and western New Mexico, but following their introduction, they 
have become widespread in perennial rivers, streams, ciénegas, and lakes at lower elevations (< 
2,100 m) (Degenhardt et al. 1996; USFWS 2013). Bullfrogs show a strong preference for lentic 
habitats such as backwaters, pools, marshes, sloughs, and lakes (Bury and Whelan 1984). Plant 
growth around occupied habitats is typically dense and may include emergent cattails, sedges, 
bulrush, and willows as well as other types of cover like dead trees, snags, and root masses. Bullfrogs 
can also occur in stock tanks and irrigation ponds. If these man-made features are located near the 
floodplain, dispersing individuals can augment bullfrog populations in adjacent streams and rivers, 
vastly complicating control efforts (Rosen and Schwalbe 2002). Bullfrogs occur primarily along the 
shorelines and margins of lentic habitat but sometimes in water far from shore. When disturbed, 
bullfrogs usually retreat to deeper water (Smith 1961; Bury and Whelan 1984). Although home 
ranges are small and individuals typically show a high degree of site fidelity, bullfrogs can move 
long distances on land between permanent water sources on warm rainy nights when the humidity is 
high (Willis et al. 1956; Gibbons and Bennett 1974; Bury and Whelan 1984). Marked bullfrogs 
traveled over 11 km from their source pond during the summer monsoons in southeastern Arizona 
and unmarked frogs were located more than 15 km from the nearest water source (D. Suhre and P. 
Rosen, unpublished data). Adult and juvenile frogs thermoregulate by moving in and out of water to 
maintain preferred body temperatures (26-33o C; mean = 30o C) (Bury and Whelan 1984). 

Bullfrogs are inactive during the winter and can be torpid underwater or can hibernate on land by 
burying themselves in mud or constructing terrestrial pits similar to hibernating leopard frogs 
(Collins 1974; Emery et al. 1972; Bury and Whelan 1984). In Arizona, activity declines between 
November and February, although individuals can be found occasionally during any month of the 
year between 1,040-1,130 m (P. Rosen, personal communication). 

Bullfrog adults and tadpoles can reach extremely high densities in streams, rivers, and ciénegas in the 
Southwest, as they can in modified habitats such as impounded streams and irrigation ditches (Rosen 
et al. 1996). For example, Rosen and Schwalbe (1988) reported densities of “hundreds of adult 
bullfrogs per hectare of pond or ciénega pool” at San Bernardino National Wildlife Refuge and 
Arivaca Ciénega, concluding that “no aquatic snake could be active for more than an hour without 
passing within range of attack by adult bullfrogs.” 
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Because they compete with and prey on native aquatic species, bullfrogs have eliminated or greatly 
reduced populations of lowland leopard frog, Chiricahua leopard frog, northern Mexican gartersnake, 
and narrow-headed gartersnake as well as other aquatic species in the southwestern U.S. and 
adjoining Mexico (Vitt and Ohmart 1978; Rosen et al. 1996; Rosen and Schwalbe 2002). Bullfrogs 
have also been implicated in the declines of other species of native frogs in the western U.S. (Moyle 
1973; Hammerson 1982; Hayes and Jennings 1986). 

Adult males establish territories, typically along shorelines, and actively defend them against other 
bullfrog males (Emlen 1968; Degenhardt et al. 1996). Males remain reproductively active throughout 
the spring and much of the summer, whereas females are sexually receptive only during a short 
period of time when they visit territories and breed; egg laying can occur either on the territory or off 
(Emlen 1976). The extended breeding season appears to be related to the large variation in the dates 
that different females are sexually receptive and capable of laying eggs (Emlen 1968; Degenhardt et 
al. 1996). 

In New Mexico and Arizona, breeding and egg deposition occurs during the spring and summer, 
primarily from April to August with a May-June peak reported in Arizona (Degenhardt et al. 1996; 
Rosen and Schwalbe 2002; Brennan and Holycross 2009). A similar phenology has been reported for 
bullfrogs in California and Texas (Bury and Whelan 1984). Eggs are deposited on the surface of the 
water typically around vegetation and over various depths of water. In New Mexico, Woodward 
(1987) reported that adult females produced an average of 11,200 eggs per female; however, in other 
parts of the U.S., large females may produce more than 25,000 eggs (Wright and Wright 1949; 
Schroeder and Baskett 1965; Collins 1974). Most females breed annually, but older females may 
produce a second clutch with fewer and smaller eggs (Howard 1978), and one or more additional 
clutches per year are likely in warmer, southern regions. The eggs hatch in 3-5 days; however, the 
larval period is prolonged, lasting from 3.5 months to 2 years in Arizona (Dowe 1979; Rosen 2009). 
The length of the larval period appears to depend on oxygen levels, air and water temperatures, and 
food supply. Sexual maturity in males and females usually occurs in two years (Ryan 1953; Bury and 
Whelan 1984). 

Birth rate, mortality, and age structure data are difficult to obtain for anuran populations in general 
and there are no demographic studies of bullfrogs in the Southwest. Only limited demographic data 
exist for bullfrog populations in other parts of the U.S. (Bury and Whelan 1984). 

Flow Needs 
Bullfrogs require flow conditions that sustain the perennial lentic habitats on which their life history 
stages depend (eggs, tadpoles, juveniles, adults). This includes large winter-spring floods that scour 
out and maintain deep pool habitat, mid-range flows (400-4,000 cfs) that inundate (re-hydrate) off-
channel habitats and recharge the alluvial aquifer, and a shallow depth-to-groundwater that together 
sustain off-channel, deep water wetland habitats. Bullfrogs have failed to become established at a 
number of springs, canyon-bound streams, and in low-elevation reaches of a lowland river in 
southern Arizona, presumably because of unfavorable habitat conditions (Sartorius and Rosen 2000; 
Rosen and Schwalbe 2002). These conditions include seasonal or occasional drying of aquatic 
habitats during the late spring and early summer (pre-monsoon); a scarcity of lentic habitats; and 
susceptibility to scouring floods especially during the summer monsoons when bullfrog tadpoles 
have not yet completed metamorphosis. For example, in perennial segments of the lower San Pedro 
River, bullfrogs are relatively rare and have not been found to breed in the river, which lacks well-
developed pool habitat and banks that are stabilized by herbaceous vegetation; this portion of the 
river supports a more open, sparse cottonwood-willow gallery forest. In contrast, the upper San Pedro 
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has a mesic riparian gallery forest, large pools and runs, relatively stable well-vegetated streambanks, 
and is strongly dominated by bullfrogs and other nonnative aquatic species. Disruption of the natural 
hydrologic regime of desiccation, summer low flows, and scouring floods during monsoon season 
which are characteristic of low-elevation riparian communities would create favorable habitat 
conditions for bullfrog where currently they fail to establish populations (Sartorius and Rosen 2000; 
Rosen and Schwalbe 2002). 

Other Species 

Information on diet and ecological role, adult and breeding habitat, breeding period and flow needs 
for five additional riparian obligate and riparian-associated amphibians and reptiles is summarized in 
Table 4. 
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Table 4. Habitat needs of selected riparian obligate and riparian-associated herpetofauna. Information compiled from Degenhardt et al. (1996), Brennan and 
Holycross (2009), and other sources as indicated.  

Common & 
Scientific Name 

Ecological Role & 
Diet 

Adult Habitat Reproductive Habitat & Period Flow Needs 

Madrean alligator 
lizard 
(Elgaria kingii) 

Carnivorous, feeds on a 
wide variety of 
invertebrates including 
praying mantids, 
grasshoppers, 
caterpillars, moths, 
spiders, and scorpions; 
no quantitative diet 
information exists for the 
species. 

Occurs in pine-oak woodlands & forests 
and in riparian habitats from mid-
elevations up to 2,500 m; also occurs in 
semi-desert grassland, desert scrub, and 
on talus slopes. Diurnal and active at 
dusk; primarily terrestrial, often foraging 
in leaf litter or under rocks, fallen logs, 
or dead plants. Species most common in 
riparian habitats in Arizona.  

No published information exists on 
nest site selection. Breeding occurs 
in the fall based on phenology of 
testes enlargement and sperm 
production. Females may store 
sperm and fertilization occurs in 
April and May (Goldberg 1975). 
Clutch size ranges from 9-15 eggs 
and eggs are apparently laid in late 
spring and early summer (June-
July); hatching occurs in August.  

Small, medium, and/or large 
floods required to inundate 
secondary channels and create 
moist substrates for cottonwood-
willow seedling germination; 
depth-to-groundwater recession 
rates in the spring that permit 
seedling roots to remain in 
contact with the water table; 
stable, shallow depth-to-
groundwater during summer-fall 
dry period to sustain seedling 
growth and establishment. 
Repeated small to medium floods 
and shallow depth-to-
groundwater required in 
subsequent years for sapling, 
pole, and tree survivorship and 
growth. 

Gila spotted whiptail 
(Aspidoscelis 
flagellicauda) 

Carnivorous; active 
forager that roots around 
in organic matter under 
shrubs and trees and digs 
in the soil around rocks; 
opportunistic insectivore 
taking a wide variety of 
arthropods including 
spiders and insects; no 
quantitative diet 
information exists. 

Occurs in oak-pinyon-juniper woodlands 
and riparian forest from 1,220-1,910 m, 
also extends into desert grassland 
ecotones (Lowe & Wright 1964). 
Common on riparian terraces and along 
open streambanks in deciduous riparian 
forest in east-central Arizona (Hulse 
1973). 

Parthenogenetic; egg development 
starts in May in central AZ; 
oviposition/nesting occurs in June 
and July. Most females produce one 
clutch annually but older individuals 
may produce a second. Average 
clutch size is 4.3 eggs (range 2-6 
eggs) although data is quite limited 
(Stevens 1980). No information 
exists on nest building or placement. 
Adults enter hibernation in Sept.  

Adequate flows and groundwater 
levels for regeneration and 
maintenance of its cottonwood-
willow riparian forest habitat (see 
above).  
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Table 4. Continued 
Common & 

Scientific Name 
Ecological Role & 

Diet 
Adult Habitat Reproductive Habitat & Period Flow Needs 

Clark’s spiny lizard 
(Sceloporus clarkii) 

Carnivorous; feeds on a 
wide variety of 
invertebrates including 
caterpillars, butterflies, 
moths, ants, spiders, 
grasshoppers, crickets, 
beetles, wasps, and 
hemipterans and 
occasionally eats 
vegetation (Stebbins 
1985; Painter 1985) 

Inhabits oak and pine-oak woodlands as 
well as riparian gallery forests that 
extend into semi-desert grasslands and 
desert scrub habitats. Also widespread in 
rocky habitat in Arizona Upland 
Sonoran Desert and semi-desert 
grassland. Strongly arboreal and can be 
observed basking 10 m off the ground; 
Hulse (1973) notes a preference for large 
trees; the species may also be associated 
with rock piles and outcrops (Tinkle and 
Dunham 1986). When startled, lizards 
often retreat to the opposite side of a tree 
trunk and then higher up if pursued. 
Common in riparian forests along 
Whitewater Creek and Gila River below 
its confluence with Turkey Creek. 
Active from March through October in 
c. Arizona and sw. New Mexico. 

Egg development initiated between 
March & mid-May in c. Arizona; 
egg-laying occurs in June and 
continues through the monsoon 
season (Tinkle and Dunham 1986). 
Clutch size ranges from 7-28 eggs 
with mean clutch sizes of 19.6, 14.1, 
and 21.0 reported for c. Arizona 
(Hulse 1973; Vitt 1977; Tinkle and 
Dunham 1986). Females typically 
breed annually, producing a singe 
clutch, although some females 
produce a second, smaller clutch 
later in the season. No information 
exists on nest building or placement. 
Eggs take 1-2.5 months to hatch. 

 

Adequate flows and 
groundwater levels for 
regeneration and maintenance of 
the cottonwood-willow riparian 
forest (see above). 

Great Plains toad 
(Anaxyrus cognatus) 

Carnivorous, eats 
arthropods including 
ants, termites, beetles, 
crickets, spiders, 
centipedes, and mites  

Occurs near temporary or permanent 
water primarily in river bottoms but also 
in grassland areas and desert scrub; also 
common in irrigated fields where large 
choruses occur during the summer rains. 
 

Streams (pools), stock tanks, 
irrigated fields, ditches, and 
temporary ponds in riparian 
floodplains. Before the proliferation 
of human water sources, species 
was a riparian obligate (Rosen 
2009). Breeds opportunistically with 
rainfall in spring (late March) but 
primarily during summer monsoon 
season (July-September); exhibits a 
relatively short, high density mating 
pattern; breeding period may 
average 2.6 days and larval period 
(eggs to toadlets) ranges from 18-49 
days; metamorphosing tadpoles 
reported in late September (Brown 
and Pierce 1967; Sullivan 1989; 
Krupa 1986, 1988, 1989, 1994) 

Perennial flows that sustain pool 
habitat and protected backwaters 
in the mainstem; small to 
medium floods that inundate 
secondary channels during the 
spring and summer monsoons to 
create temporary ponds on the 
floodplain of sufficient 
hydroperiod to permit breeding, 
tadpole development, and 
metamorphosis.  
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Table 4. Continued  

Common & 
Scientific Name 

Ecological Role & 
Diet 

Adult Habitat Reproductive Habitat & Period Flow Needs 

Woodhouse’s toad 
(Anaxyrus 
woodhousii) 

Carnivorous; no 
quantitative diet 
information exists for 
New Mexico; in other 
parts of its range, species 
feeds on a wide-variety 
of arthropods including 
bees, spiders, ants, 
scorpions, and 
centipedes 

Occurs in sandy soils near streams, river 
floodplains and other sources of 
permanent or ephemeral water; typically 
associated with bottomland river 
systems including irrigated agriculture 
on adjacent floodplain fields. Seeks 
cover in shallow burrows during the day 
and emerges to feed at dusk and 
nocturnally.   

Pools, shallow areas and backwaters 
in streams and temporary ponds; 
before the proliferation of human 
water sources, species was a 
riparian obligate (Rosen 2009). 
Breeds from March to September in 
Arizona and New Mexico. Breeding 
aggregations may last for a week to 
more than 40 days (Woodward 
1982); individual males may come 
and go from these aggregations 
multiple times during a season 
while females arrive once to breed 
and lay eggs. Eggs laid by females 
in single long stringers that may be 
attached to aquatic vegetation. 
Average clutch size of ca.10,500 
eggs/female has been reported in 
New Mexico, but large females may 
produce in excess of 28,000 eggs 
(Woodward 1987). Tadpoles 
metamorphose in 5-8 weeks.  

Adequate flows and groundwater 
levels to sustain perennial pools, 
backwater and shallow water 
habitat. Small to medium floods 
that inundate secondary channels 
during the spring and summer 
monsoons to create temporary 
ponds on the floodplain of 
sufficient hydroperiod to permit 
breeding, tadpole development, 
and metamorphosis. 
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Chapter 12. Gila River Avifauna: Streamflow Regimes and 
Ecological Relationships 
Hira Alison Walker, Colibri Consulting, Albuquerque, New Mexico 

Summary 

In this chapter, I discuss avian diversity and composition in the Cliff-Gila Valley (“the Valley”) of 
New Mexico, the life history requirements and flow relationships of selected riparian bird species 
found in the Valley, and the potential impacts of flow alteration due to water diversion and climate 
change on selected riparian bird species. Sixty-seven percent (N = 362) of all (N = 538) bird species 
verified in New Mexico have been recorded using the Gila River Valley, with just slightly fewer (N 
= 332) found along the reach of the Gila River flowing through the Cliff-Gila Valley. The Valley 
supports not only a diverse avifauna, but it also supports bird species of conservation concern and 
peripheral bird species, including Common Black-Hawk (Buteogallus anthracinus), Yellow-billed 
Cuckoo (Coccyzus americanus), Gila Woodpecker (Melanerpes uropygialis), Southwestern Willow 
Flycatcher (Empidonax traillii extimus), Brown-crested Flycatcher (Myiarchus tyrannulus), Bell’s 
Vireo (Vireo bellii arizonae), Lucy’s Warbler (Oreothlypis luciae), and Abert’s Towhee (Melozone 
aberti). In the Valley, the Gila and its associated riparian and aquatic habitats are vital sources of 
food, water, shelter, nesting substrates, and other resources for 113 bird species, which is 67% of the 
167 more common bird species occurring in the area. Over half (52%, N = 59) of these bird species 
are dependent on riparian and aquatic habitats, and are considered to be riparian obligate species (i.e., 
species that occupy riparian and aquatic habitats exclusively or nearly so). The majority (42%) of 
riparian obligates are those found wintering in the Valley and are primarily comprised of wintering 
waterfowl. Outside of the winter months, riparian obligate species make up 25-36% of the avian 
community. 

Although flow relationships of riparian avifauna are complex and often indirect, one means of 
assessing riparian bird-flow relationships is to examine species-specific natural history requirements 
and then determine how these requirements correlate with flows. In this chapter, I examined how the 
59 riparian obligate bird species found in the Valley are associated with one of five habitat types that 
vary in presence of or proximity to surface water and wet soils. Key elements from this analysis 
include the following: 

 Open Water avifauna, such as wintering waterfowl, respond to water quantity and quality 
(e.g., turbidity levels that influence foraging success), and require sufficient instream flows to 
maintain water in the main river channel and inundate and support backwater marshes. 

 Shoreline avifauna, such as shorebirds, require sufficient flows to support 1) aquatic prey, 2) 
processes that create shoreline habitat (e.g., high magnitude floods that result in scouring), 
and 3) low enough flows to ensure exposure of shoreline habitat. 

 Avifauna utilizing Wetland/Marshland, Mesic Woody Riparian, and Xeric Woody Riparian – 
such as the Southwestern Willow Flycatcher and Yellow-billed Cuckoo – depend on river 
channel processes that promote establishment, development, maintenance, and recycling of 
their required riparian vegetation. 

 Principally, avifauna utilizing the three vegetated habitat types require the following flows: 
1) low to medium magnitude flows (400-4,000 cubic feet per second [cfs]) that periodically 
inundate complex floodplain features and recharge groundwater in the floodplain, thereby 
supporting growth and survival of woody riparian and herbaceous vegetation; and 2) extreme 
and high magnitude flows (> 11,000 and > 5,200 cfs, respectively) that occasionally (> 25 
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years and 10-25 years, respectively) result in scouring, reconfiguration of the floodplain, and 
removal of woody riparian vegetation. 

 Some bird species associated with the three vegetated habitat types, such as the Southwestern 
Willow Flycatcher, require availability of lentic surface water and wet soils during the 
summer months to sustain both preferred microhabitat features and the microclimate 
conditions necessary for optimal thermoregulation of adults, eggs, and nestlings. 

 Vegetated habitat–associated avifauna also require flows that promote availability of food 
resources during peak avian energetic demands; for example, landbirds migrating through 
and breeding in the Valley primarily forage on invertebrate prey that require slow recession 
rates of surface water and groundwater in the spring, as well as availability of surface water 
and wet soils in the hot, dry summer months. 

Owing to their dependence on the resources provided by riparian and aquatic habitats, a number of 
riparian obligate and associated bird species would disappear from the Valley and could experience 
statewide and rangewide declines should the flow regime of the Gila be altered to the extent that the 
river no longer sustains required riparian and aquatic habitats. To ensure that the banks of the Gila 
support diverse and flourishing bird communities, water in the Cliff-Gila Valley must be managed in 
such a way as to ensure establishment, development, maintenance, and recycling of a diversity of 
riparian and aquatic habitats. In particular, those natural floodplain dynamics should be preserved 
that: 1) maintain open water habitats; 2) create shoreline habitats; 3) inundate and support backwater 
marshlands and wet meadows; and 4) promote establishment, development, maintenance, and 
recycling of mosaics of woody riparian vegetation patches of varying physiognomy, floristics, ages, 
and sizes. In addition to ensuring availability of riparian and aquatic habitats to birds, it is important 
that surface water, wet soils, and prey are available to birds during peak demands (e.g., April-July for 
the Southwestern Willow Flycatcher). 

Introduction 

“The valley of the Gila offers favorable conditions for a large number of birds,” observed the 
accomplished naturalist and taxidermist Charles Edward Howard Aiken (1937:p. 28) after making 
two trips to the Gila River (hereafter, “the Gila”) near Safford, Arizona, in 1876. One hundred and 
thirty years after Aiken visited the Gila, the river remains a mesic sanctuary from surrounding arid 
and semi-arid landscapes for a host of avifauna. The riparian ecosystems supported by the Gila 
support some of the highest numbers of bird species in the contiguous United States (GAP 2011) and 
provide important breeding habitats for both bird species of conservation concern and endemic bird 
species, such as Bald Eagle (Haliaeetus leucocephalus), Common Black-Hawk (Buteogallus 
anthracinus), the federally endangered species listing candidate Yellow-billed Cuckoo (Coccyzus 
americanus), Gila Woodpecker (Melanerpes uropygialis), the federally endangered Southwestern 
Willow Flycatcher (Empidonax traillii extimus), Arizona Bell’s Vireo (Vireo bellii arizonae), and 
Abert’s Towhee (Melozone aberti) (Zimmerman 1970; Hubbard 1977; Baltosser 1986; Corman and 
Wise-Gervais 2005). 

The Gila constitutes an important part of the Southwest landscape to birds in part because of its large 
geographic extent – the Gila River drainage basin comprises over half of the state of Arizona and a 
significant proportion of southwestern New Mexico. As the Gila threads the xeric Southwest 
landscape for 1,044 km (649 miles), from its headwaters in the Mogollon Mountains of southwestern 
New Mexico to its confluence with the Colorado River in southwestern Arizona, its topographic and 
climatic diversity, elevational and latitudinal gradients, and variation in precipitation and water 
availability combine to provide a multitude of riparian and aquatic ecosystems necessary for a large 
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diversity of bird species to fulfill their life history requirements. However, not all reaches of the Gila 
are of similar or high value to avifauna. The value of the Gila to birds varies along the river’s length 
corresponding to spatial and temporal variability in the abiotic and biotic conditions necessary for 
birds to survive and reproduce; these conditions, in turn, are greatly influenced by climate and river 
geomorphology and hydrology. In addition, the current distribution and availability of riparian 
habitats to birds along the Gila is largely a result of centuries of anthropogenic impacts that date back 
at least 10,000 years (e.g., by the Mogollon and the Akimel O'odham peoples) and intensified after 
the 1870s with settlement of the Southwest by Anglo-Americans and subsequent development of: 1) 
irrigation and agriculture (and associated river damming, diversion, and channelization); 2) livestock 
grazing; and eventually 3) urban and suburban areas (and associated groundwater pumping and 
clearing of native riparian vegetation) (Bogan et al. 1998; Webb et al. 2007). The presence of exotic 
plant species, such as saltcedar (Tamarix), along the banks of the Gila also influences the distribution 
and availability of riparian habitats to birds by changing abiotic conditions (e.g., soil salinity, 
groundwater availability, and fire frequency), vegetation structure, and plant species composition of 
native riparian ecosystems (Walker 2006; Walker 2008). When examining the Gila in its entirety, 
reaches that sustain the highest diversities and densities of riparian-associated landbirds are those that 
have experienced relatively little anthropogenic impacts, support little exotic vegetation or support 
exotic vegetation that is functionally (e.g., structurally) similar to native vegetation, and retain intact 
native mesquite (Prosopis glandulosa) or cottonwood-willow (Populus-Salix) riparian forests (e.g., 
Hubbard 1977). 

Distinct from other reaches of the Gila is the reach that flows freely through the Cliff-Gila Valley in 
Grant County, New Mexico, which supports expansive native riparian vegetation essential to 
sustaining flourishing populations of riparian avifauna. However, water diversion projects in the 
Valley authorized under the Arizona Water Settlements Act have the potential to alter hydrological 
conditions (i.e., the frequency, magnitude, duration, and timing of river flow) necessary to establish 
and maintain avian riparian and aquatic habitats. In this chapter, I provide federal, state, tribal, and 
private natural resource managers with practical scientific information necessary for making well-
informed management decisions for avifauna in the Valley. Specifically, I discuss avian diversity and 
composition in the Valley, the habitat and flow needs of selected riparian bird species found in the 
Valley, and the potential impacts of flow alteration due to water diversion and climate change on 
selected riparian bird species. 

Avian Biodiversity of the Gila River and the Cliff-Gila Valley 

Sixty-seven percent (N = 362; Appendix 9, this report) of all (N = 538; Williams 2012) bird species 
verified in New Mexico have been recorded using the Gila River Valley of New Mexico, with just 
slightly fewer (N = 332; Appendix 9) found along the reach of the Gila River flowing through the 
Cliff-Gila Valley. The Valley supports not only the highest density of breeding diurnal birds recorded 
for non-colonial birds in North America (Johnson et al. 1974; Baltosser 1986; Stoleson and Finch 
1997, 1999; Shook 2013a), but it is particularly significant for numerous wintering bird species and a 
diversity of en route migrants for rest and food during stopover in both spring and autumn (e.g., 
Baltosser 1986). The Valley also is an important breeding area for raptors (Johnson et al. 1974) and 
bird species found toward the limits (“periphery”) of their distributions, such as Abert’s Towhee and 
Lucy’s Warbler (Oreothlypis luciae) (e.g., Hubbard 1971). Furthermore, 53 species of conservation 
concern are found within the Valley, consisting of four federally-listed species, 15 state-listed 
species, 49 Species of Greatest Conservation Need, 16 U.S. Forest Service Region 3 Sensitive 
Species, and six U.S. Bureau of Land Management New Mexico Sensitive Species (Appendix 9, this 
report). 
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Life History Requirements and Flow Relationships of the Riparian Avifauna 
of the Cliff-Gila Valley 

The species-rich and abundant avifauna of the Valley is supported by the area’s diverse vegetation 
communities that result from a functioning riverine system and the confluence of Sonoran Desert, 
Chihuahuan Desert, Rocky Mountain, and Sierra Madrean elements (Hubbard 1977). In particular, in 
the Valley, the Gila and its associated riparian and aquatic habitats are vital sources of food, water, 
shelter, nesting substrates, and other resources for 113 bird species, which is 67% of the 167 more 
common bird species occurring in the area (see those species categorized as Riparian Association “i” 
and “ii” in Appendix 9, this report). Over half (52%, N = 59) of these bird species are dependent on 
riparian and aquatic habitats, and are considered to be riparian obligate species (i.e., species that 
occupy riparian and aquatic habitats exclusively or nearly so; Riparian Association “i” in Appendix 
9). Riparian obligates include species that can be found throughout the year (year-round residents), 
species that breed or winter in the Valley but spend the remainder of the year elsewhere (summer 
residents and winter residents, respectively), and species that migrate through the Valley (transients). 
The majority (42%) of riparian obligates are those found wintering in the Valley and are primarily 
comprised of wintering waterfowl (Figure 1, Appendix 9). Outside of the winter months, riparian 
obligate species make up 25-36% of the avian community (Figure 1, Appendix 9). 

 
Figure 1. Riparian association by residency status of bird species of the Cliff-Gila Valley, Grant County, New 
Mexico. Riparian Obligate, Riparian Associated, and Non-riparian categories correspond with Riparian Associations 
i, ii, and iii, respectively, provided in Appendix 9 of this report. 

Riparian bird species require river flows that support required terrestrial and aquatic habitats and 
prey. Aquatic birds, such as waterfowl and wading birds, are directly dependent on surface water 
availability and instream flows, which are both integral components of their breeding and foraging 
habitats. Terrestrial birds, however, tend to be indirectly supported by surface water availability and 
instream flows through their interactions with vegetation and prey. Although flow relationships of 
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riparian avifauna are complex and often indirect, and little information exists regarding the flow 
relationships of non-aquatic bird species, one means of assessing riparian bird-flow relationships is to 
examine species-specific natural history requirements and then determine how these requirements 
correlate with flows. In Table 1, I provide detailed information on life history requirements for a 
selected set (N = 14) of riparian obligate and associated bird species breeding in the Valley that can 
function as indicators of natural functioning riparian habitats and the health of populations of other 
riparian wildlife found in the Valley. Although flow needs for the 14 species are not explicitly 
detailed in the literature, information on which flow regimes are required to provide groundwater and 
surface water conditions necessary for regeneration and maintenance of riparian vegetation 
mentioned in Table 1 can be found in Chapters 6 and 7 of this report and in Poff et al. (1997). As the 
federal Endangered Species Act of 1973 confers special habitat protections to listed species, the life 
history requirements and flow relationships for both the federally endangered Southwestern Willow 
Flycatcher and the federal candidate Yellow-billed Cuckoo are examined more comprehensively in 
the below section. 

Another means of examining flow relationships of riparian avifauna is to investigate riparian bird-
habitat associations. I categorized the 59 riparian obligate bird species of the Valley as primarily 
associated with one of five habitat types that vary in presence of or proximity to surface water and 
wet soils: Open Water, Wetland/Marshland, Shoreline, Mesic Woody Riparian, and Xeric Woody 
Riparian (Appendix 9, this report). Open Water is defined as surface water in the river, unlined 
diversion ditches, or marshlands. Wetland/Marshland is characterized by wet meadow vegetation and 
marshland vegetation (e.g., cattails [Typha latifolia]), but it also includes flooded or moist 
agricultural vegetation (see Chapters 7 and 8, this report). Shoreline is defined as land along the edge 
of open water. Mesic Woody Riparian and Xeric Woody Riparian are both dominated by woody 
vegetation, specifically Fremont cottonwood (P. fremontii), Goodding’s willow (S. gooddingii), 
Arizona sycamore (Platanus wrightii), boxelder (Acer negundo), and coyote willow (S. exigua), 
which typically occurs in "stringers" of vegetation adjacent to the active river channel and across the 
broad width of the floodplain (see definitions of riparian mesic shrub and forest in Chapters 7 and 8, 
this report). Mesic Woody Riparian is distinguished from Xeric Woody Riparian by the presence of 
or immediate proximity to surface water and/or wet soils. Open Water and Mesic Woody Riparian 
are comparatively more important for riparian avifauna of the Valley, supporting 36% and 24% of 
the riparian obligate species, respectively (Figure 2). Open Water is particularly important for 
wintering waterfowl, such as American Wigeon (Anas americana), Green-winged Teal (Anas 
crecca), and Ring-necked Duck (Aythya collaris) (Figure 2; Appendix 9, this report). Mesic Woody 
Riparian, on the other hand, is predominantly used by terrestrial breeding birds, such as Southwestern 
Willow Flycatcher and Abert’s Towhee (Figure 2; Appendix 9). Wetland/Marshland supports 15% of 
the riparian obligates, most of which are present in winter, such as wintering sparrows (Figure 2; 
Appendix 9). Xeric Woody Riparian also supports 15% of the riparian obligates and is predominately 
used by year-round and summer residents, such as Gila Woodpecker and Lucy’s Warbler, 
respectively (Figure 2; Appendix 9). Shoreline supports only 10% of the riparian obligates, but is an 
essential habitat for supporting three shorebird species: Killdeer (Charadrius vociferus), Spotted 
Sandpiper (Actitis macularius), and Greater Yellowlegs (Tringa melanoleuca) (Figure 2; Appendix 
9).
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Table 1. Natural history, habitat requirements, and flow needs of selected breeding birds of the Cliff-Gila Valley, Grant County, NM. Information is compiled from 
Hubbard (1965, 1971), Zimmerman (1970), Johnson et al. (1974), Egbert (1981, 1982), Corman and Wise-Gervais (2005), and other sources as indicated. For supplementary 
information on characteristics of vegetation mentioned in this table, please see Kindscher (Chapter 8, this report). For more detailed information on which flow regimes are 
necessary for regeneration and maintenance of riparian vegetation mentioned in this table, please see Stone and Morrison (Chapter 6, this report) and Soles and Cooper (Chapter 7, 
this report) and, as well as Poff et al. (1997). 

Common & Scientific Name Adult Diet 
Foraging Habits & 

Habitat 
Nesting Period & 

Primary Nesting Habitat Adult Habitat Flow Needs 
Common Merganser1 

Mergus merganser 

Small fish, but also 
aquatic invertebrates, 
frogs, small mammals, 
birds, and plants  

Visually pursues prey in 
clear streams and rivers 
that are < 4 m (< 13 ft) 
deep 

May-June 

Cavities in large snags or 
dead limbs of live trees, 
hollow tops of stumps, 
and debris piles along the 
river's edge 

Open water: pools, still 
water, runs and riffles 
with small fish 

Sufficient to maintain low 
flows and deep pools that 
support fish 

Great Blue Heron 

Ardea herodias 

Mostly fish, but also 
amphibians, invertebrates, 
reptiles, mammals, and 
birds 

Hunts most often by 
slowly wading or standing 
in shallow water near 
riparian and marshland 
habitats where fish and 
other large aquatic prey 
are abundant; also 
periodically forages on 
mammals in flooded 
agricultural fields  

March-September 

Nests in single pairs or 
colonies in large trees in 
riparian gallery forest 

Riparian gallery forest for 
nesting and wet areas 
(e.g., Gila River, 
diversion ditches, cattail 
marshlands) for foraging 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of riparian 
gallery forest and shallow 
water (< 1 m [< 3 ft]) 
habitats that support fish 

Common Black-Hawk2 

 Buteogallus anthracinus 

Small vertebrates 
(especially fish, frogs, 
snakes, and lizards), 
crustaceans, and 
arthropods  

A “sit and wait” hunter, it 
perches on a low branch 
or rock before swooping 
or dropping down to 
snatch prey located along 
the river's edge, along 
diversion ditches, in 
shallow water with 
overhanging branches, 
and, occasionally, in 
semi-riparian and upland 
habitats 

April-October 

Mature trees (e.g., 
cottonwood, Arizona 
sycamore), though 
sometimes rock ledges, in 
riparian gallery forest 
within 100 m (328 ft) of 
the river, often near river's 
edge 

Riparian gallery forest 1) 
dominated primarily by 
cottonwoods, willows, 
Arizona sycamore, 
boxelder, and other 
deciduous trees, 2) with 
large crown diameters and 
high canopy tree 
densities, and 3) located 
along large expanses of 
river with a diversity of 
shaded pools and riffles 

Adequate flows to ensure 
prey availability; adequate 
flows and groundwater 
levels for regeneration 
and maintenance of 
riparian gallery forest 
dominated primarily by 
cottonwood along the 
river's edge 
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Table 1 Continued. 

Common & Scientific Name Adult Diet Foraging Habits & 
Habitat 

Nesting Period & 
Primary Nesting Habitat Adult Habitat Flow Needs 

Gila Woodpecker3 

 Melanerpes uropygialis  

Insects and fruit Pecks on, probes, and 
gleans from bark and 
large dead branches (e.g., 
trunks) in the inner 
portion of trees or snags 
in riparian gallery forest 
or in adjacent irrigated 
fields and uplands 

April-August 

Riparian gallery forest 
where competition is low 
with other woodpeckers 
and the cavity-nesting 
European Starling 
(Sturnus vulgaris) 

Riparian gallery forest 
dominated by sycamore 
or cottonwood 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of riparian 
forest dominated by 
sycamore or cottonwood 
with both live and dead 
trees 

Vermilion Flycatcher4 

 Pyrocephalus rubinus  

Insects and other 
arthropods 

Captures prey in the air in 
open areas typically 
located beneath or at the 
edge of the riparian forest 
canopy 

May-July 

Riparian forest and 
adjacent habitats 

Riparian forest and 
riparian shrubland, and 
nearby open areas and 
river 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of riparian 
forest and shrublands with 
open areas near the river 

Brown-crested Flycatcher5 

 Myiarchus tyrannulus 

Arthropods, rarely small 
vertebrates (e.g., lizards, 
hummingbirds) and fruit 

Captures, by sallying or 
gleaning from a perch, 
prey on live foliage in the 
riparian forest canopy, 
sometimes in adjacent 
semi-arid and upland 
vegetation as well as 
willow along the river's 
edge. Occasionally hawks 
prey from midair in open 
areas (e.g., midlevel 
canopy openings).  

March-August 

Abandoned woodpecker 
holes in snags and dead 
limbs of mature sycamore 
trees and mature 
cottonwood, as well as 
other tree species 

Habitat edges of riparian 
forest dominated by 
mature sycamore or 
mature cottonwood, with 
suitable dead and partially 
dead trees interspersed 
with live trees, and a 
healthy woodpecker 
population 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of riparian 
forest dominated by 
sycamore or cottonwood 
with both live and dead 
trees 

Bell's Vireo6 

 Vireo bellii 

 

 

Insects Gleans prey from foliage 
at all levels of the riparian 
vegetation (up to 20 m 
[66 ft] above ground), but 
concentrates foraging in 
the lower to mid-canopies 

March-August 
Dense shrubs, small trees, 
and occasionally 
herbaceous vegetation in 
riparian areas with high 
vegetation density and 
canopy closure 

Riparian forest with a 
well-developed shrub 
component, riparian 
shrublands, and adjacent 
mesquite 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of mosaics 
of riparian forest, riparian 
shrubland, and upland 
shrubby thickets 
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Table 1 Continued. 

Common & Scientific Name Adult Diet 
Foraging Habits & 

Habitat 
Nesting Period & 

Primary Nesting Habitat Adult Habitat Flow Needs 
Lucy's Warbler7 

 Oreothlypis luciae 

Insects Gleans insects from 
foliage in low to mid-
canopies of cottonwood 
and willow, but also will 
forage in mesquite and 
other xeric vegetation 

March-July 
Cavities in or loose bark 
of large cottonwoods and 
willows 

Riparian and semi-
riparian forest and 
shrublands with abundant 
supply of dead limbs and 
located adjacent to 
mesquite uplands 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of mosaics 
of riparian forest, riparian 
shrubland, and upland 
shrubby thickets with 
both live and dead trees 

Yellow Warbler8 

Dendroica petechia 

Insects and other 
arthropods 

Captures insects from 
riparian vegetation by 
gleaning, sallying, or 
hovering 

May-July 
Riparian gallery forest 
dominated by cottonwood 
and willow 

Riparian gallery forest 
dominated by cottonwood 
and willow 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of riparian 
gallery forest dominated 
by cottonwood and 
willow 

Yellow-breasted Chat9 

 Icteria virens 

Small invertebrates, 
occasionally fruit and 
berries 

Forages in low, dense 
shrubs, and thickets 

May-July 
Dense riparian shrubby 
vegetation near the river's 
edge 

Riparian forest with a 
well-developed shrub 
component and riparian 
mesic shrubland 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of mosaics 
of riparian forest and 
shrubland 

Abert's Towhee10 

 Melozone aberti  

Seeds and insects Forages primarily on the 
ground by scratching on 
sandy loam soils or in leaf 
litter on these soils in 
dense shrubby thickets, 
including those under 
riparian forest dominated 
by cottonwood 

January-September, with 
peak March-August 
Small shrubs, mistletoe 
clumps, and tree stumps 
in riparian vegetation 
(e.g., undergrowth, 
thickets of shrubs) with 
high foliage cover, high 
groundcover (mostly 
leaves), and some downed 
woody debris (e.g., 
logjams, debris piles) near 
the vegetation edge and, 
on average, 50 m [164 ft] 
from the river 

Riparian forest dominated 
by cottonwood, 
Goodding's willow, 
seepwillow, and mesquite, 
as well as riparian 
shrubland (e.g., 
seepwillow), that supports 
wet soils and dense 
thickets of shrubs and 
vines 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of mosaics 
of riparian forest and 
shrubland 
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Table 1 Continued. 

Common & Scientific Name Adult Diet 
Foraging Habits & 

Habitat 
Nesting Period & 

Primary Nesting Habitat Adult Habitat Flow Needs 
Summer Tanager11 

Piranga rubra 

Bee and wasp specialist, 
but also consumes 

other insects 

Captures, by sallying or 
gleaning from a perch, 
insects from leaves and 
bark of trees and shrubs; 
concentrates foraging in 
the outer portions of trees 
from 0.5 m (1.6 ft) above 
ground to the top of the 
riparian forest canopy 

April-August 

Riparian gallery forest, 
generally near the river 

Riparian gallery forest 
dominated by mature 
cottonwoods 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of riparian 
gallery forest dominated 
by mature cottonwoods 

Red-winged Blackbird12 

Agelaius phoeniceus 

Insects and seeds Uses a variety of foraging 
techniques in a variety of 
wet habitats (e.g., 
marshlands, agricultural 
fields) 

March-July 

Cattails and bulrushes in 
marshlands and 
agricultural fields 

Areas near slack water 
with dense semi-aquatic 
vegetation, such as 
marshlands, often near 
agriculture 

Adequate flows and 
groundwater levels for 
regeneration and 
maintenance of marshland 
habitat 

1 Mallory and Metz 1999 
2 Sadoti 2008, Sadoti 2010, Neal 2012, Shook and Walkup 2012 
3 Edwards and Schnell 2000 
4 Ellison et al. 2009 
5 Cardiff and Dittmann 2000 
6 Parody 2001, Kus et al. 2010 
7 Stoleson et al. 2000, Johnson et al. 2012a 
8 Lowther et al. 2009 
9 Eckerle and Thompson 2001 
10 Tweit and Finch 1994, Shook 2010, RMRS unpubl data 
11 Robinson 2012 
12 Yasukawa and Searcy 1995 
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Figure 2. Habitat associations by residency status of bird species of the Cliff-Gila Valley, Grant County, New 
Mexico. Habitats correspond with Habitat Associations 1-5 provided in Appendix 9 of this report. 
 
 
Flows necessary to support the five habitats included in the riparian bird-habitat association analyses 
can be found in Poff et al. (1997) and Chapters 6 and 7 of this report. In general: 

 Open Water avifauna respond to water quantity and quality (e.g., turbidity levels that influence 
foraging success), and require sufficient instream flows to maintain water in the main river 
channel and inundate and support backwater marshes. Although Great Blue Heron (Ardea 
herodias) is associated with this habitat, it also forages on terrestrial prey such as mammals in 
flooded agricultural fields and other vegetated habitats. This species, as well as other breeding 
birds associated with this habitat, also use terrestrial habitats for nesting and, thus, require 
flows that support vegetated habitats (as described below). 

 Shoreline avifauna require sufficient flows to support: 1) aquatic prey; 2) processes that create 
shoreline habitat (e.g., high magnitude floods that result in scouring); and 3) low enough flows 
to ensure exposure of shoreline habitat. 

 Avifauna utilizing the three vegetated habitat types depend on river channel processes that 
promote establishment, development, maintenance, and recycling of their required riparian 
vegetation. Principally, riparian vegetation requires the following flows: 1) low to medium 
magnitude flows (400-4,000 cfs) that periodically inundate complex floodplain features and 
recharge groundwater in the floodplain, thereby supporting growth and survival of woody 
riparian and herbaceous vegetation; and 2) extreme and high magnitude flows (> 11,000 and > 
5,200 cfs, respectively) that occasionally (> 25 years and 10-25 years, respectively) result in 
scouring, reconfiguration of the floodplain, and removal of woody riparian vegetation. Some 
bird species associated with the three vegetated habitat types, such as the Southwestern Willow 
Flycatcher, also require availability of lentic surface water and wet soils during the summer 
months to sustain both preferred microhabitat features and the microclimate conditions 
necessary for optimal thermoregulation of adults, eggs, and nestlings. In addition, vegetated 
habitat-associated avifauna require flows that promote availability of food resources during 
peak avian energetic demands. For example, landbirds migrating through and breeding in the 
Valley primarily forage on invertebrate prey that require slow recession rates of surface water 



 

329 

and groundwater in the spring, as well as availability of surface water and wet soils in the hot, 
dry summer months (Michael Bogan, personal communication). 

Life History Requirements and Flow Relationships of Riparian Avifauna: 
Specific Examples 

Southwestern Willow Flycatcher (Empidonax traillii extimus) 

Population Status and Listing History 
The Willow Flycatcher (Empidonax traillii) is a Neotropical migrant landbird that breeds from 
southern California north to British Columbia and east to Maine (AOU 1998). Generally, four 
subspecies of Willow Flycatcher are recognized: E. t. traillii, E. t. adastus, E. t. brewsteri, and E. t. 
extimus (Unitt 1987; Paxton 2000). Each subspecies occupies distinct breeding ranges, but a region 
of genetic overlap has been noted along the breeding range boundaries of E. t. extimus (the 
Southwestern Willow Flycatcher; hereafter, “flycatcher”) and E. t. adastus (Sedgwick 2001; Paxton 
et al. 2008; Paxton 2008). The flycatcher historically bred in dense riparian vegetation almost always 
in the vicinity of surface water or saturated soils from southern California and extreme northwestern 
Mexico eastward through southern Nevada, Arizona, southern Utah, southwestern Colorado, New 
Mexico, and, possibly, Trans-Pecos Texas (Sedgwick 2000; USFWS 2002). Over the last century, 
the flycatcher breeding range has contracted within each state as populations became locally 
extirpated primarily due to degradation and loss of riparian breeding habitats resulting from 
anthropogenic alterations to the functioning of native riparian ecosystems through dam construction 
and operation, groundwater pumping, water diversions, and flood control (Phillips et al. 1964; Unitt 
1987; Hubbard 1987; Rosenberg et al. 1991; USFWS 1995, 2002; Marshall and Stoleson 2000). 

In response to documented declines in flycatcher breeding populations (only 359 known breeding 
territories [defined as an area defended by a singing male during the breeding season] in 1995), the 
flycatcher was listed as endangered in the three states that were known to still harbor breeding 
populations – New Mexico, Arizona, and California (USFWS 1995; Steinhart 1990; AZGFD 2002; 
New Mexico Department of Game and Fish [NMDGF] 2012). The flycatcher also was federally 
listed as endangered in 1995 in response to range-wide population declines (USFWS 1995). 
Associated with federal listing, the following three actions served to synthesize current knowledge on 
the flycatcher, promote management and conservation of the flycatcher and its habitats, and facilitate 
collection of flycatcher population data: 1) publication of a recovery plan in August 2002 (USFWS 
2002); 2) designation of critical habitat on 22 July 1997, and revised flycatcher critical habitat on 19 
October 2005, and 3 January 2013 (USFWS 1997, 2005, 2013a); and 3) development and subsequent 
revision of standardized survey protocol (Sogge et al. 1997, 2010; USFWS 2000a). Because the 
flycatcher’s breeding range is large in geographic extent, the Recovery Plan divides the flycatcher’s 
range into six Recovery Units, which are each further subdivided into Management Units. Recovery 
Units are defined based on large watershed and hydrologic units, while Management Units are based 
on watershed or major drainage boundaries at the Hydrologic Unit Code Cataloging Unit level. The 
Gila Recovery Unit includes the Gila River watershed, from its headwaters in southwestern New 
Mexico downstream to near the confluence with the Colorado River, and is subdivided into seven 
Management Units: Upper Gila, San Francisco, Middle Gila and San Pedro, Santa Cruz, Roosevelt, 
Verde, and Hassayampa/Agua Fria (USFWS 2002). In 2007, the last year for which a rangewide 
territory summary was completed, 51% (659) of the rangewide total known flycatcher territories 
(1,299) were in the Gila Recovery Unit, with a little over half of those (359) found in the Upper Gila 
Management Unit, largely concentrated along the reach of the river from Mogollon Creek (New 
Mexico) to Duncan (Arizona) (Durst et al. 2008b). Due to the high numbers of flycatcher breeding 
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territories in 2007, both the Gila Recovery Unit and Upper Gila Management Unit exceeded the 
numerical recovery criteria (650 and 325, respectively) stipulated in the Recovery Plan (USFWS 
2002). 

The success of recovery in the Upper Gila Management Unit is largely due to the success of two 
breeding populations in New Mexico, one located primarily on U.S. Bureau of Reclamation-
administered lands along the reach of the Gila flowing through the Lower Gila Box of Grant and 
Hidalgo Counties, and the other located on private and Gila National Forest Service-administered 
lands in the upper Gila, Grant County (which includes the Fort West Ditch, Iron Bridge, and U Bar 
Ranch rangewide sites often referred together as “the Cliff-Gila Valley” population). Both the Lower 
Gila Box and upper Gila support some of the largest known populations in the state and rangewide 
(Hubbard 1987; Skaggs 1996; Stoleson and Finch 1999; Durst et al. 2008b), and have benefited from 
restoration, protection, and management of riparian habitats over the last 25 years or so (Meyer 2008; 
USFWS 2013a; U.S. Bureau of Reclamation, unpublished data). In the Lower Gila Box, flycatcher 
breeding habitat greatly improved following the removal of livestock in 1990 and, correspondingly, 
the flycatcher population increased from 3 known territories in 1993 to 111 in 2008 – though 
increased survey effort also contributed to territory increases (Meyer 2008; U.S. Bureau of 
Reclamation, unpublished data). Similarly, partly due to increases in survey effort but also in 
response to management actions, the Valley population increased from 123 known flycatcher 
breeding territories in 1994 to 240 in 1999 (Figure 3; U.S. Bureau of Reclamation, unpublished data). 
However, the population then dropped to 134 in 2000 due, at least in part, to a continuation of the 
severe drought begun in 1999. Despite the low population numbers in 2000, flycatchers in the Valley 
had high reproduction that year (Stoleson and Finch 2001) and the population has since rebounded, 
fluctuating around a 20-year mean of 150 territories per year (Figure 3; U.S. Bureau of Reclamation, 
unpublished data). Long known as the largest flycatcher population in New Mexico, the Valley 
population was surpassed in numbers in 2007 by the San Marcial population located along the Rio 
Grande, Socorro County (U.S. Bureau of Reclamation, unpublished data). 

 
Figure 3. Number of territorial male Southwestern Willow Flycatchers (Empidonax trailli extimus) from 1994-
2013 in the Cliff-Gila Valley, Grant County, New Mexico. Annual variation in number of territories detected 
during standardized surveys reflects annual differences in both population and survey effort (U.S. Bureau of 
Reclamation, unpublished data). 
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Diet and Foraging Habitat 
The flycatcher is exclusively insectivorous during the breeding season (USFWS 2002). By necessity, 
the flycatcher is an insect generalist whose diet composition is determined by the availability and 
variability of invertebrate prey among habitats and years, which, in turn, is influenced by vegetation 
structure and floristic composition, proximity to and presence of water and saturated soil, and 
microclimate (USFWS 2002; Durst et al. 2008a). Breeding flycatchers consume a wide range of 
terrestrial and aquatic invertebrates ranging in size from small leafhoppers (Homoptera) to large 
dragonflies (Odonata), and ranging in location from the air to on vegetation and on the ground (Drost 
et al. 2003). Major prey taxa include wasps and bees (Hymenoptera), flies (Diptera), beetles 
(Coleoptera), true bugs (Hemiptera), leafhoppers (Homoptera), and butterflies, moths, and 
caterpillars (Lepidoptera) (Beal 1912; McCabe 1991; Drost et al. 1998; DeLay et al. 2002). In the 
Valley, DeLay et al. (2002) found that breeding flycatchers consumed a varied diet that was 
dominated by wasps and bees, but also contained substantial amounts of true bugs, flies, and beetles. 
The flycatcher captures its invertebrate prey primarily by sallying from a perch and striking prey 
from the air or hover-gleaning prey from vegetation in habitat patch edges, openings within a habitat 
patch, or the upper tree canopy (Bent 1960; McCabe 1991; Sedgwick 2000; USFWS 2002; Durst 
2004). The flycatcher also will sally-strike prey above water and sally-hover-glean from herbaceous 
ground vegetation (Bent 1960; McCabe 1991; USFWS 2002). 

Breeding Phenology and Habitat 
Figure 4 (reproduced from Sogge et al. 2010) depicts general flycatcher migration and breeding 
phenology, but actual phenology at any given site depends on such factors as latitude, elevation, and 
climate (Ahlers and White 2000; Sogge et al. 2010). In general, a flycatcher located within the 
subspecies’ breeding range during the “non-migrant” period (15 June to 20 July) is likely a male that 
has established a breeding territory, a male looking to establish a territory (i.e., a non-territorial 
floater), or a mated female (Sogge 2000; Sogge et al. 2010). In the Valley, breeding tends to occur 
earlier than the rangewide average, with mean nest initiation from 1997 to 2004 occurring the week 
of 4-10 June (USDA Forest Service Rocky Mountain Research Station [RMRS], unpublished data). 
Flycatchers generally spend only three to four months on their breeding grounds, using this relatively 
short time to find a territory and a mate, build their nests, lay and incubate eggs, raise their young, 
and care for fledged young. Therefore, their reproductive success and fitness hinges largely on 
critical decisions that they make regarding where on the landscape they decide to breed (the 
“landscape” or “breeding site”), where they place their territories on the landscape (the 
“macrohabitat” or “patch”), and where they build their nests within a territory (the “microhabitat” or 
“nest site”). 

Flycatchers breed across a range of elevations (near sea level to over 2,600 m [8,500 ft]) and in a 
diversity of vegetation community types. However, flycatcher breeding populations are not evenly 
distributed across the Southwest landscape, but rather are disproportionately located close to water 
(such as rivers, streams, and reservoirs), in floodplains with a large geographic extent, in areas where 
other flycatcher individuals are present, and in areas that support dense, persistent riparian vegetation 
(Hatten and Paradzick 2003; Durst et al. 2008b; Hatten et al. 2010). In addition, those landscapes that 
support features such as linear water courses that promote the connection (by immigration and 
emigration) of geographically separate (but within 30 to 40 km [18 to 25 mi] of each other) 
flycatcher breeding populations are most likely to support stable and persistent flycatcher breeding 
populations (USFWS 2002; Paxton et al. 2007). Flycatchers exhibit a higher fidelity to a general 
geographic area that supports preferred landscape-level features than to a specific territory or nesting 
site, though they easily can move within and among breeding sites within and among years in 
response to the dynamic nature of riparian ecosystems (Kenwood and Paxton 2001). Along the length 
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of the Gila and across the Southwest, the Valley stands out as one of only a handful of locations that 
support the landscape-level features required by breeding flycatchers. Flycatchers migrating north 
along the Gila in New Mexico are likely enticed to stop and breed within the approximately 18 km 
(11.19 mi) Cliff-Gila Valley by the presence of a mosaic of dense riparian vegetation distributed 
along the anastomosing river within the valley’s broad (1.2 to 2.0 km [0.75 to 1.24 mi] wide), 
lowland (1,350 to 1,420 m [4,429 to 4,659 ft]) floodplain (Brodhead 2005). 

Figure 4. Southwestern Willow Flycatcher (Empidonax trailli extimus) migration and breeding phenology. 
Actual phenology at any given site depends on factors such as latitude, elevation, and climate. Figure reproduced 
from Sogge et al. (2010). 
 
Once a northward migrating flycatcher decides where on the landscape it will stop to breed, it must 
choose where it will establish (if it is male) or occupy (if it is female) a territory. Habitat preferred 
for territory placement varies widely across the Southwest in size and shape, and in vegetation 
structure and floristic composition (USFWS 2002). However, in general, characteristics of flycatcher 
breeding territories include presence of: 1) dense and expansive tree or shrub cover that is ≥ 3 m (10 
ft) tall (with or without a higher overstory layer); 2) dense twig structure; 3) high levels of live green 
foliage; 4) adjacent surface water; 5) saturated soil; and 6) willow, saltcedar, or both (USFWS 2002; 
Sogge et al. 2010). These characteristics influence and correlate with the availability of food 
resources and nesting, foraging, and singing substrates, as well as the degree of predation and 
Brown-headed Cowbird (Molothrus ater) parasitism pressure (Sogge and Marshall 2000). In the 
Valley, flycatcher breeding territories ranging in size from 0.2 to > 1 ha (0.5 to > 2.5 ac) – with some 
as large as 70 ha [175 ac]) – are established in a series of riparian patches distributed over an 
approximately 13 km (8 mi) stretch of the Gila (Skaggs 1996; Sogge and Marshall 2000). Preferred 
patches are those with: 1) a closed canopy; 2) high subcanopy foliage density; 3) horizontal 
heterogeneity (i.e., dense vegetation interspersed with openings); and 4) greater riparian core (i.e., 
distant from habitat edges) area and size (Stoleson and Finch 2003; Brodhead 2005). The breeding 
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patches tend to be of two distinct structural types: riparian scrub and riparian forest. Riparian scrub is 
dominated by 4 to 10 m (13 to 33 ft) tall shrubby coyote willow and seepwillow (Baccharis 
glutinosa) that grow in 10 to 20 m (33 to 66 ft) wide patches along the river bank or in old flood 
channels (Sogge and Marshall 2000). Riparian forest is dominated by 20 to 30 m (66 to 98 ft) high 
trees, such as Fremont cottonwood, Goodding’s willow, Arizona sycamore, and boxelder, which 
grow in 100 to 200 m (328 to 656 ft) wide patches sustained by river water and small, unlined water 
diversions (Sogge and Marshall 2000). The highest flycatcher densities tend to be found in riparian 
forest patches dominated either by boxelder-Goodding’s willow or by the relatively scarce Arizona 
alder (Alnus oblongifolia). Flycatchers tend to be absent from riparian forest patches dominated by 
Arizona walnut (Juglans major) and velvet ash (Fraxinus velutina), and from Fremont cottonwood-
dominated patches that lack a boxelder and Goodding’s willow component (Means and Finch 2001). 

Within a territory, a female flycatcher builds her open cup nest wherever she can find suitable twig 
structure for nest placement (a fork in a branch and adjacent small-diameter vertical stems) and 
sufficiently dense vegetative cover to shelter the nest from inclement weather and conceal the nest 
from predators and nest parasites. Because flycatcher nest site selection is driven more by plant 
structure than by plant species (Sogge et al. 2010), flycatchers nest in a wide variety of plant species, 
including exotics such as saltcedar and Russian-olive (Eleagnus angustifolia); however, across its 
range, the flycatchers does commonly place its nests in native plants such as willow (USFWS 2002; 
Sogge et al. 2010). Corresponding to the variability in floristics of nest substrates, nest height is 
highly variable (0.6 m to 30 m [1.97 to 98 ft]) and depends on the height at which each species of 
plant presents flycatchers with the required nesting structure (Sogge and Marshall 2000; Stoleson and 
Finch 2003). In the Valley, flycatchers appear to prefer to nest in dense, shady thickets of boxelder 
near water (Stoleson and Finch 2003). From 1997-2000, 76% of flycatcher nests were discovered in 
tall boxelder, a dominant understory species in the Valley that is known to support flycatcher nests 
only in that locale (Stoleson and Finch 2003; Durst et al. 2008b). Goodding’s willow was the second 
most frequent nesting substrate at 7% of nests, being used less than expected by chance, and about 10 
other plant species supported anywhere from 0.2% to 4.9% of nests (Stoleson and Finch 2003). No 
mature and only young Fremont cottonwood and seepwillow were used as nesting substrate (Stoleson 
and Finch 2003). Exotic plants species – Russian-olive, saltcedar, and Siberian elm (Ulmus pumila) –
supported only a small percentage (about 5%) of nests (Stoleson and Finch 1999, 2003). Similar to 
other breeding sites, nest height in the Valley is closely linked to the floristics of the nest substrate; 
however, Stoleson and Finch (2003) found that nests are placed higher up in a tree than in most other 
known populations, averaging 7.6 ± 3.7 m (24.0 ± 12.1 ft) with a range of 1.0-24.1 m (3.3-79.1 ft). 
Nest trees averaged 12.3 ± 5.0 m (40.4 ± 16.4 ft) in height with a range of 2.2-27.0 m (7.2-88.6 ft), 
and averaged 22.4 ± 16.7 cm (8.8 ± 6.6 in) in diameter with a range of 0.5-142.7 cm (0.2- 56.2 in). 
Similar to other breeding sites, mean relative nest height (i.e., the height of the nest compared to the 
height of the nest substrate) was found to be 0.62 ± 0.17, indicating that flycatchers place their nests 
in the top two-thirds of the nesting substrate (Stoleson and Finch 2003). 

Migration Phenology and Habitat 
The flycatcher breeds in North America, but winters in the subtropical and tropical regions of 
southern Mexico, Central America, and northern South America (Sedgwick 2000; Koronkiewicz 
2002). Flycatchers typically arrive on breeding grounds from early May to early June and begin 
migrating south to wintering grounds in late July and August (Unitt 1987; Ellis et al. 2008; Moore 
and Ahlers 2009). Arrival dates vary annually and geographically, however, and more northerly-
breeding flycatchers as well as Willow Flycatcher of other subspecies can migrate through areas 
where flycatchers have already begun to breed (Sogge et al. 2010). While travelling approximately 
1,500-8,000 km (932-4,971 mi) each way between wintering and breeding grounds, flycatchers have 
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been documented funneling along major riparian corridors in the Southwest and using riparian 
habitats similar to those preferred on the breeding grounds (Sogge et al. 1997; Yong and Finch 1997; 
Johnson and O’Brien 1998; McKernan and Braden 1999; Finch et al. 2000). However, flycatchers 
can use a wider array of habitats during migration than they do for breeding, including small patches 
of riparian habitat with short or sparse vegetation structure (Finch et al. 2000). In the Valley, Finch et 
al. (2000) report that migrants use broadleafed riparian forests with canopies composed of boxelder, 
Fremont cottonwood, Arizona sycamore, and Goodding’s willow, and understories of mostly native 
species such as skunkbush sumac (Rhus trilobata), false indigo bush (Amorpha fruticosa), coyote 
willow, seepwillow, and Arizona alder. As migration is the period of highest mortality within the 
flycatcher’s annual cycle (Paxton et al. 2007) and likely where flycatchers begin depositing nutrient 
and energy reserves necessary for breeding and egg production (Finch et al. 2000; USFWS 2002), 
stopover habitats are critical to the persistence of flycatcher populations (Sogge et al. 1997; Yong 
and Finch 1997; USFWS 2002). 

Flow Relationships 
Both lentic (slow-moving, swampy, or still) water and moist or saturated soil during non-drought 
years are characteristic of flycatcher breeding territories and nest sites (USFWS 2002). Sites with 
these hydrological characteristics that support the riparian vegetation required by breeding 
flycatchers are generally located along slow-moving, low-gradient streams, as well as along river 
backwaters, swampy abandoned channels and oxbows, marshes, beaver ponds, and inflows of 
streams into reservoirs (e.g., Elephant Butte Reservoir, New Mexico) (USFWS 2002). Lentic water 
and moist or saturated soil, and associated microclimate features (temperature and humidity), 
promote both riparian vegetation and invertebrate prey required by the flycatcher and, thus, 
flycatcher abundance and breeding success (USFWS 2002). Brodhead and Finch (RMRS, 
unpublished data) found that flycatcher breeding chronology, success, densities, and distribution in 
the Valley all respond to hydrological and climatic conditions: 1) breeding is delayed in years when 
spring, pre-breeding streamflows are low; 2) reproductive success is low in dry years, and in years 
when early breeding season temperatures are high and late breeding season climate is variable; 3) 
densities are higher in cooler years with higher instream flows; and 4) breeding territories constrict 
towards water resources during dry years (RMRS, unpublished data). When degradation of local 
habitat (e.g., maturation of vegetation) or hydrological (e.g., dewatering) conditions persist, the long-
term effect on local flycatcher populations is that flycatchers will, generally within 1-3 years, seek 
out new breeding sites (USFWS 2002). The flycatcher’s ability to respond to conditions on the 
breeding grounds is an adaptation to the dynamic nature of riparian ecosystems (Paxton et al. 2007). 
Hydrological conditions of flycatcher breeding sites can vary greatly within a breeding season and 
among years; water and saturated soil can persist year-round or be present only early in the breeding 
season (May and early June), and both surface water and groundwater can fluctuate widely in depth 
between dry and wet years (USFWS 2002). 

Establishment, development, maintenance, and recycling of flycatcher breeding habitats are 
dependent on hydrological events such as scouring floods, sediment deposition, periodic inundation, 
and groundwater recharge (USFWS 2002). Therefore, any alteration to the hydrological conditions 
(i.e., to the frequency, magnitude, duration, and timing of streamflow) necessary to establish and 
maintain flycatcher habitat can threaten flycatcher breeding populations. Regulation and management 
of water and hydrological conditions can promote establishment and maintenance of flycatcher 
habitat if they mimic key components of the natural hydrologic cycle that sustain sufficient surface 
moisture, elevated subsurface groundwater tables, and floodplain fine sediments required for the 
germination, growth, and maintenance of riparian vegetation. In fact, a number of flycatcher breeding 
sites across the Southwest are supported by regulated and managed water sources, including 
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reservoirs, dam outflows, irrigation or diversion ditches, and treated water outflow (USFWS 2002, 
2013a). However, anthropogenic hydrological manipulations that do not simulate natural river 
dynamics can greatly reduce the quality and extent of flycatcher habitat (Sogge et al. 2010). 
According to Marshall and Stoleson (2000), the Valley flycatcher population is currently threatened 
by a combination of bank stabilization structures and agricultural practices within the floodplain. 
Specifically, much of the floodplain and the flycatcher habitat it supports are no longer sustained by 
natural hydrologic cycles due to flood control structures in the river channel (e.g., riprapping, earthen 
dikes), extensive use of levees along the border of agricultural fields, and appropriation of the 
floodplain for agricultural and other uses (e.g., livestock grazing) (Marshall and Stoleson 2000). Any 
future efforts to divert water out of the floodplain could serve to compound the threats to flycatcher 
habitat and prey availability within the Valley by altering flood frequency and duration, reducing 
instream flows, and lowering water tables (Marshall and Stoleson 2000; see Chapter 15, this report, 
for additional analyses). 

Western Yellow-billed Cuckoo 

Population Status and Listing History 
The Yellow-billed Cuckoo (hereafter, “cuckoo”) is a Neotropical migrant that breeds in wet habitats 
from temperate North America south to Mexico and the Greater Antilles, and winters primarily in 
South America east of the Andes (Hughes 1999). Breeding cuckoo populations in the U.S. west of 
the Continental Divide, in southwestern Canada, and in northwestern Mexico are separated 
geographically from those in eastern North America, eastern Mexico and the Yucatan Peninsula, and 
certain Caribbean Islands by high mountains, extensive desert, and ecological deserts (i.e., areas 
absent of habitat), with the shortest separation between western and eastern breeding populations 
occurring across 257 km (160 mi) of desert between the Pecos River and Rio Grande in southern 
New Mexico and western Texas (USFWS 2013b). Possibly associated with west-east differences in 
climate, vegetation, and food base, cuckoos breeding in the western U.S. tend to differ from those 
breeding in the eastern U.S. in morphology, egg size and weight, bill color, and timing of migration 
and breeding (Cresswell et al. 2011; USFWS 2013b). Despite the genetically-controlled physical and 
behavioral differences between western and eastern cuckoos, there is an on-going debate regarding 
cuckoo taxonomy and the validity of genetically separating the species into the eastern (C. a. 
americanus) and western (C. a. occidentalis) subspecies (e.g., Banks 1988; Fleischer 2001; Pruett et 
al. 2001; Farrell 2006). 

Both western and eastern cuckoo breeding populations have undergone declines: eastern populations 
have declined by 59 to 67 percent over the past 43 years (USFWS 2013b), while western populations 
have been extirpated from or have undergone catastrophic declines in British Columbia, Colorado, 
Idaho, Nevada, Oregon, Utah, Washington, and Wyoming (Center for Biological Diversity [CBD] 
1998; Hughes 1999; USFWS 2013b). The declines in western cuckoo populations are primarily in 
response to degradation and loss of required breeding habitats resulting from anthropogenic activities 
such as dam construction and operations, groundwater pumping, water diversions, stream 
channelization and stabilization, livestock grazing, and urban development (Howe 1986; CBD 1998; 
Hughes 1999; USFWS 2013b). In response to documented declines in and local extirpations of 
cuckoo breeding populations in the western U.S., the United States Fish and Wildlife Service 
(USFWS) published a 12-month petition finding on 25 July 2001 concluding that cuckoo populations 
west of the Continental Divide constituted a Distinct Population Segment (DPS) that was warranted 
for listing as threatened; however, this action was precluded by higher priority listing actions, and the 
western DPS was placed on the candidate species list (USFWS 2001). On 3 October 2013, the 
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USFWS again proposed to list the western DPS as threatened based on the premise that loss of the 
western DPS would result in a significant gap in the range of the taxon (USFWS 2013b). 

Although the rapidly expanding human population along major New Mexico rivers and the loss of 90 
percent of the riparian habitat in the state certainly has threatened the persistence of cuckoo 
populations, New Mexico has not listed the cuckoo (Howe 1986; USFWS 2000b; NMDGF 2012). 
After 90 years of population decline and range contraction, New Mexico – along with California and 
Arizona – is presumed to support the only healthy cuckoo populations remaining in the western U.S. 
(Howe 1986; Hughes 1999; Laymon 2000; USFWS 2013b). West of the eastern boundary of the Rio 
Grande drainage (the dividing line between the two DPSs in New Mexico), New Mexico likely 
currently supports from 100 to 155 breeding cuckoo pairs, primarily concentrated within major 
lowland river valleys (USFWS 2013b). The largest cuckoo populations occur at the inflow to 
Elephant Butte Reservoir on the middle Rio Grande and along the upper Gila, with additional 
concentrations along other reaches of the Rio Grande and Gila, as well as along the San Francisco, 
San Juan, and Mimbres Rivers (Bailey 1928; Hubbard 1971, 1978; Egbert 1982; Howe 1986; CBD 
1998; Woodward et al. 2003; Sechrist et al. 2009; Ahlers et al. 2013). Based on available habitat, the 
USFWS (2013b) estimates that a maximum of 35 cuckoo pairs could breed on the Gila. For 
comparison, Woodward et al. (2003) found 48 individuals along the Gila. Woodward et al. (2003) 
also found that cuckoos were relatively abundant throughout the Valley (n = ~20 territories) and 
Shook (2013a) found that cuckoo numbers showed no significant change in average detections per 
km censused per breeding season for the years 1997 through 2012 within the Gila River Bird Habitat 
Management Unit, Grant County. However, population estimates, population trends, and distribution 
information for the Gila and elsewhere in New Mexico remain unreliable in the absence of long-term 
standardized datasets (USFWS 2001). 

Diet and Foraging Habitat 
Cuckoos are primarily insectivorous, feeding on large insects such as cicadas (Homoptera), 
dragonflies (Odonata), caterpillars (Lepidoptera), and grasshoppers, crickets, and katydids 
(Orthoptera) (Hughes 1999; Halterman 2009). Cuckoos also feed on other food items, particularly 
during migration and on the wintering grounds, such as small frogs, arboreal lizards, bird eggs and 
young, fruit, and seeds (Beal 1898; Clay 1929; Bent 1940; Voous 1955; Hamilton and Hamilton 
1965; Rappole et al. 1983; Laymon et al. 1997; H. Woodward and S. Stoleson, pers. comm.). Cuckoo 
diet tends to vary over the course of the breeding season, with the bird capitalizing on invertebrate 
outbreaks and pulses of high abundance of preferred prey (Beal 1898; Bent 1940; Preble 1957; Nolan 
and Thompson 1975; Laymon 1980). No formal diet studies of the cuckoo have been completed in 
the Valley, but opportunistically collected data indicated that cuckoos (N = 31 observations) foraged 
on a high abundance of caterpillars followed by unidentified vertebrates, praying mantises 
(Stagmomantis sp.; Mantodea), and unidentified Orthopterans in July. Cicadas (including those from 
both riparian and upland mesquite vegetation) and praying mantises were the primary prey taken in 
August (RMRS, unpublished data; S. Stoleson, pers. comm.). 

Cuckoos primarily capture their invertebrate prey by gleaning prey from vegetation or hovering or 
hawking from a perch 3 m (9.8 ft) or higher in openings in riparian vegetation, in orchards adjacent 
to riparian areas, and along the water’s edge (Hughes 1999). Laymon (1980) calculated the mean size 
of foraging areas to be 19.6 ha (48.4 ac), but more information is needed on this topic. Little 
information is available on cuckoo foraging habitat, but high foliage volume – particularly of 
cottonwoods and willows – appears to be an important characteristic of foraging sites (Laymon 1980; 
Laymon and Halterman 1985; Rosenberg et al. 1991). No formal foraging habitat studies of the 
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cuckoo have been completed in the Valley, but S. Stoleson (pers. comm.) has observed cuckoos 
foraging within the riparian floodplain as well as in upland mesquite vegetation. 

Breeding Phenology and Habitat 
Little is known about the cuckoo’s breeding behavior, partly due to the cuckoo’s secretive nature. 
What is known is often referred to as “bizarre” and “peculiar” (Hughes 1999), as behaviors are varied 
and often seemingly unpredictable among individuals, populations, and years. Figure 5 depicts what 
is thought to be general cuckoo migration and breeding phenology (M. Halterman, unpublished data). 
The cuckoo’s breeding cycle is geared toward taking advantage of short-term food abundances 
(Laymon 1980). During spring migration, high prey abundances en route to northerly breeding 
grounds might induce cuckoos, particularly females, to “drop out” of migration and breed (USFWS 
2013b). Furthermore, once a cuckoo arrives on the breeding grounds, it likely has short nomadic 
movements to appraise quality (e.g., invertebrate prey abundances) of available territories, and then it 
uses this information to synchronize the onset of breeding and its very rapid nesting period (16-20 
days from egg laying to fledging) with peak prey availability (Hamilton and Hamilton 1965; Laymon 
1980; Hughes 1999). In late summer or fall, once a cuckoo has completed up to three breeding 
attempts at a breeding site, it might move to a more southerly site – which can be significantly 
geographically distant from the first site (e.g., individuals breeding in the Valley could later breed in 
Sonora, Mexico) – and complete an additional nesting attempt before beginning its southerly 
migration and non-breeding phase of its annual cycle (Rohwer et al. 2009). In New Mexico, breeding 
can occur anytime from May-September, but, because timing of breeding and migration can overlap, 
only those cuckoos located within the species’ breeding range during the “non-migrant” period (late 
June to July) can be reasonably identified as those that intend to breed locally (Travis 2005; USFWS 
2013b; NMDGF, unpublished data). In the Valley, RMRS (unpublished data) documented active 
cuckoo nests (N = 52) from 8 June through 1 September, with peak nesting occurring between 15 
June and 23 July. 

 
 

Figure 5. Western Yellow-billed Cuckoo (Coccyzus americanus) migration and breeding phenology. Actual 
phenology at any given site depends on factors such as latitude, elevation, and climate. Figure adapted from M. 
Halterman (unpublished data). 
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Similar to other Neotropical migrant landbirds, cuckoos make decisions regarding where on the 
landscape they decide to breed (the “landscape” or “breeding site”), where they place their territories 
on the landscape (the “macrohabitat” or “patch”), and where they build their nests within a territory 
(the “microhabitat” or “nest site”). Across the Southwest and in New Mexico, the riparian obligate 
cuckoo breeds in riparian areas below 2,438 m (8,000 ft), most often those found in major lowland 
river valleys dominated by expansive stands of mature cottonwood-willow forests. Landscapes 
supporting breeding cuckoos tend to: 1) be large in geographic extent (i.e., large in riparian width); 2) 
be of moderate terrain ruggedness (e.g., not flat); and 3) support large patches of structurally-diverse, 
dense, and floristically-uniform native riparian vegetation (i.e., patches greater than 81 ha [200 ac], 
with a Normalized Deference Vegetation Index > 0.41, and dominated by unfragmented native 
vegetation such as cottonwood-willow forest) (Gaines and Laymon 1984; Halterman 1991; Hughes 
1999; Johnson et al. 2012b). Greco (University of California at Davis, unpublished data) found that 
floodplain age can be a surrogate variable for many variables associated with landscape features of 
cuckoo habitat. In the Valley, landscape features consistently associated with cuckoo detections 
include wide (> 50 ha [123.6 ac]) floodplains or flat open areas supporting Fremont cottonwood-
willow-boxelder forests (Woodward et al. 2003). 

Within the landscape, cuckoos tend to establish territories in large patches of riparian vegetation. 
Associated with the cuckoo’s large home ranges (an average of 50 ha [123 ac] across sites in 
California, Arizona, and New Mexico), there is a significant relationship between the size of a habitat 
patch and the likelihood of its being occupied, with suitable habitat patches generally being at least 
100 m wide (Gaines and Laymon 1984; Laymon and Halterman 1989; Girvetz and Greco 2009; 
Johnson et al. 2012b). However, in the Valley, cuckoos appear to use vegetation patches that are 
smaller (~5 ha [12.4 ac]) than the Southwest average, including those found along diversion ditches, 
with an estimated 1 territory per 3.83 ha [9.5 ac] (Baltosser 1986; Woodward et al. 2003; Brodhead 
and Finch 2005). In Arizona and New Mexico, vegetation within occupied territories can be 
dominated by native (e.g., cottonwood, willow, velvet ash, Arizona walnut, mesquite), exotic (e.g., 
Russian-olive, saltcedar), and mixed native and exotic plant species (Corman and Wise-Gervais 
2005; Travis 2005; Johnson et al. 2008; NMDGF, unpublished data). Vegetation structure within 
territories tends to be characterized by a dense and well-developed subcanopy and canopy, and a 
sparse shrub layer (Hughes 1999; Johnson et al. 2012b). In the Valley, cuckoos primarily occupy 
patches with an overstory of cottonwood and an understory of various native plant species 
(Woodward et al. 2003). 

Within a territory, both members of a cuckoo pair build their open cup nest (a loose, flat, oblong 
platform of dry twigs) in vegetation 1) with a dense subcanopy and overstory, 2) that is located in 
proximity to slow or standing water, and 3) that has relatively low daytime temperatures and high 
day and night humidity levels (Laymon et al. 1997; Hughes 1999; Johnson et al. 2008). Cuckoos 
possibly require the specific microclimate conditions found near river bottoms, ponds, oxbow lakes, 
marshes, swampy areas, and damp thickets for successful hatching and rearing of young in the mid-
summer heat and dryness of the western U.S. (Hamilton and Hamilton 1965; Gaines and Laymon 
1984; Rosenberg et al. 1991; Johnson et al. 2008). Nests are usually placed 1-6 m (3-20 ft) above the 
ground on well-foliaged horizontal branches or in vertical forks of trees or large shrubs that are 
protected from inclement weather by thick overhanging branches (Hughes 1999). Throughout the 
range of the western DPS, the majority of nests are placed in willow trees, but nests can also be 
placed in alder, cottonwood, mesquite, walnut, boxelder, sycamore, and saltcedar (USFWS 2013b). 
Displaying preference for less wet conditions than elsewhere across its range, cuckoos nesting in the 
Valley from 1997-2002 (N = 59) tended to be located away from water (mean = 36.2 m [118.8 ft]) 
and on or near habitat edges (mean = 7.7 m [25.3 ft]); however, there was much variability in these 
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measurements (SD = ± 44.9 m [147.3 ft] and 7.7 m [25.3 ft], respectively) (Woodward et al. 2003). 
The majority of nests were in boxelder (45.8%, N = 27) and Goodding’s willow (42.4%, N = 25), but 
a few nests were in Fremont cottonwood (N = 3), New Mexican locust (Robinia neomexicana; N = 
2), Russian-olive (N = 1), and saltcedar (N = 1) (Woodward et al. 2003; Brodhead and Finch 2005). 
Nests were often placed an average height of 7.4 ± 4.3 m (24.3 ± 14.1 ft) in subcanopy trees that 
averaged 11.8-m (38.7-ft) tall, which is similar to that of Southwestern Willow Flycatchers 
(Woodward et al. 2003). However, there was much variability in nest height (range = 1-21 m [3.3-
68.9 ft]) (Brodhead and Finch 2005). Nest trees had a mean diameter of 34.4 ± 25.9 cm (13.5 ± 10.2 
in), which is 12 cm (4.7 in) larger on average than nest trees of Southwestern Willow Flycatchers 
(Woodward et al. 2003). 

Migration Phenology and Habitat 
In general, western cuckoos arrive on their breeding grounds in mid-June, though individuals can 
arrive as early as May and as late as early July (Figure 5; Gaines and Laymon 1984; Hughes 1999; 
NMDGF, unpublished data). In the fall, western cuckoos begin their southward migration in mid-
August and most birds are gone from their breeding grounds by mid-September (Gaines and Laymon 
1984; Hughes 1999). A few “stragglers” have been documented on breeding grounds as late as 
November (Howe 1986; Groschupf 1987; NMDGF, unpublished data). Determining and predicting 
the conclusion of spring migration and the onset of fall migration are complicated by the fact that 
timing of both migration arrival to and departure from breeding grounds is partly controlled by 
annual variation in abundance of preferred invertebrate prey (Hamilton and Hamilton 1965; Hughes 
1999). Cuckoo migration phenology is further complicated by the fact that, within a single breeding 
season, individuals can move between disjunct breeding locations (Rohwer et al. 2009). Within the 
Valley, little is known about migration timing; however, active cuckoo nests have been documented 
from 8 June through 1 September (RMRS, unpublished data), indicating that some individuals in 
some years likely arrive in mid-May and leave by late September. 

Cuckoo migration routes are poorly known (USFWS 2013b), though Sechrist et al. (2012) describe 
the complex migration route and behavior of a single cuckoo equipped with a geolocator as it 
traveled from its breeding grounds along the middle Rio Grande, New Mexico, to its wintering 
grounds in eastern Bolivia, southwestern Brazil, Paraguay, and northeastern Argentina. In addition, 
little is known about stopover habitats selected and used by cuckoos along their migration routes 
(USFWS 2013b). However, cuckoos have been documented in a wider variety of vegetation types 
during migration than during the breeding season, including coastal scrub, secondary growth forest, 
hedgerows, humid lowland forests, and forest edges from sea level to 2,500 m (8,125 ft) (Hughes 
1999). Cuckoos also likely can use smaller patches of vegetation for stopover than they can for 
breeding (USFWS 2013b). Fragmentation, degradation, and loss of stopover habitats, similar to that 
of breeding habitats, pose a threat to the persistence of western cuckoo populations (Hughes 1999). 

Flow Relationships 
The cuckoo’s dependency on large patches of native riparian vegetation in excess of 20 ha (49 ac) 
with a dense subcanopy for nesting, a dense canopy for foraging, and high abundance of large 
invertebrate prey confers a dependency on active river channel processes that promote establishment, 
development, maintenance, and recycling of mosaics of vegetation patches of varying ages (Laymon 
1998; Greco 2008, 2012). Areas where the floodplain is still hydrologically connected to the river 
and has relatively unconstrained riverflow tend to support the highest cuckoo numbers (Greco 2008, 
2012; USFWS 2013b). According to USFWS (2013b:p. 61646): 
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The hydrologic regime (stream flow pattern) and supply of (and interaction between) surface 
and subsurface water is a driving factor in the long-term maintenance, growth, recycling, and 
regeneration of western [Yellow-billed Cuckoo] habitat ([USFWS] 2002, p. 16). As streams 
reach the lowlands, their gradients typically flatten and surrounding terrain opens into 
broader floodplains ([UFSWS] 2002, p. 32). In these geographic settings, the streamflow 
patterns (frequency, magnitude, duration, and timing) will provide the necessary stream-
channel conditions (wide configuration, high sediment deposition, periodic inundation, 
recharged aquifers, lateral channel movement, and elevated ground water tables throughout 
the floodplain) that result in the development of western [Yellow-billed Cuckoo] habitat 
(Poff et al. 1997, pp. 770–772; [USFWS] 2002, p. 16). 

Any alteration to the above-described hydrologic regime necessary to establish and maintain cuckoo 
habitat can threaten cuckoo breeding populations (USFWS 2013b). Specifically, water diversion and 
dam and reservoir management that result in unnatural rates of flow – that is, flows at inappropriate 
times of year, inappropriate intervals (too frequent or infrequent), or inappropriate levels (too high or 
low) – might lead to flooding or desiccation beyond the tolerance limits of native riparian vegetation, 
conversion of riparian vegetation to that dominated by drought-tolerant and exotic vegetation, and, 
consequently, degradation and losses in the cuckoo’s required nesting and foraging habitats (Poff et 
al. 1997; Greco 1999; USFWS 2013b; see Chapter 15, this report). In addition, sediment retention 
caused by controlled water flows can reduce or prevent establishment and regeneration of 
cottonwood and other native vegetation used by breeding cuckoos (USFWS 2013b). Furthermore, 
accumulation of woody and herbaceous debris in the absence of scouring flows can increase fire 
frequency and intensity, resulting in losses in cuckoo habitats (Stromberg and Chew 2002; USFWS 
2013b). It should be noted that, in some instances, water resource development and management can 
benefit the cuckoo. Across the cuckoo’s range, there are some breeding sites that are supported by 
supplemental water, including dam outflows, reservoirs, agricultural and urban runoff, irrigation and 
diversion ditches, and treated water outflow (USFWS 2002). 

Potential Effects of Climate Change on Riparian Avifauna of the Cliff-Gila 
Valley 

As with anthropogenic alterations to the natural hydrology, climate change has the potential to have 
substantial negative effects on long-term sustainability of riparian bird populations. Specifically, 
climate change in the Southwest is projected to result in overall warmer, drier, and more frequent or 
sustained drought-like conditions with infrequent but severe flooding (Seager et al. 2007; Karl et al. 
2009; Ellis et al. 2010; Dominguez et al. 2012; see Chapter 3, this report), which will have direct 
impacts on riparian birds, their habitats, and their prey (see Chapter 15, this report, for additional 
analyses). Furthermore, as human demand on water resources likely will increase in response to 
future climate change (e.g., prolonged low flows and stream drying), there will be an increased 
potential for conflict between the water needs of humans and those of the riparian birds (and their 
habitats) – thus, exacerbating impacts from management of river flows (Stromberg et al. 2013). 

Climate change will likely lead to reduced vigor and geographic extent in riparian habitats required 
by the Southwestern Willow Flycatcher and other riparian birds, which, in turn, could result in and be 
exacerbated by an increased fire frequency in riparian areas (USFWS 2013a). The extent and 
distribution of riparian bird habitats also likely will be reduced as a result of changes in the 
hydrological regime necessary to establish and maintain riparian vegetation (USFWS 2013b). 
Specifically, predicted higher winter and spring temperatures along with lowered winter snowpack 
and spring precipitation will likely: 1) reduce annual runoff and groundwater recharge; 2) cause 
spring and summer water flows to peak sooner than they did historically, thus reducing flows later in 
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summer; and 3) modify disturbance regimes by changing the magnitude and frequency of floods 
(Smith et al. 2001; Stewart et al. 2005; Ellis et al. 2010; USFWS 2013b; see Chapters 3 & 15, this 
report). Lowered flows in spring and summer can reduce surface water and groundwater available to 
regenerate and sustain riparian forests. High magnitude floods can result in a positive regenerating 
effect on riparian bird habitats, but such floods also can excessively scour riparian areas and result in 
a net loss of riparian vegetation when they occur too frequently (USFWS 2013b): record snowpack 
and resultant high river flows in early 2005 contributed to loss of flycatcher habitat in the Valley that 
year (Brodhead 2005). Both drought and increased fire frequency, along with warmer water 
temperatures, will likely result in habitat conversion to fire-adapted and drought-tolerant vegetation 
types (e.g., monotypic saltcedar forests) unsuitable for nesting by some riparian bird species, such as 
Gila Woodpecker and Summer Tanager (Glenn and Nagler 2005; Walker 2006; Kerns et al 2009; 
USFWS 2013a). 

Additional predicted impacts of climate change on riparian birds include extreme physiological stress 
and mortality as increasing air temperatures will lead to large increases in thermoregulatory water 
requirements of riparian bird adults, nestlings, and eggs (McKechnie and Wolf 2010). Furthermore, 
predicted higher ambient and water temperatures, along with associated decreases in streamflows, 
could suppress riparian bird prey abundances and disrupt the synchrony between peak prey 
emergence and availability with peak riparian bird energetic demands, thereby reducing riparian bird 
survivorship and breeding success (Newton 1980; Durst 2004; Scott et al. 2004; Visser and Both 
2005; Anders and Post 2006). 

Climate change–induced reductions in riparian bird habitat and food availability possibly could result 
in riparian bird population declines in the Valley and across species’ ranges. Specifically, in the 
Valley, there is evidence that the flycatcher population would likely decline in response to climate 
change, as the population does appear to respond negatively to drought conditions: 1) the population 
declined 43% to approximately 120 territories in 2000 following a severe drought; 2) the population 
declined by 27% in 2011, a year when January to September was the driest period on record in New 
Mexico and June to August was a period of exceptional drought in southwestern New Mexico; and 3) 
the population declined by 16% in 2012, a year when the mountains in southwestern New Mexico 
averaged 74% of normal precipitation (Stoleson and Finch 2000; Shook 2013b). 

Concluding Thoughts 

The riparian and aquatic ecosystems supported by the reach of the Gila River flowing through the 
Cliff-Gila Valley support some of the highest numbers of bird species in the contiguous United States 
(GAP 2011) and provide important breeding and foraging habitats both for bird species of 
conservation concern and for peripheral bird species. Thriving populations of these bird species in 
the Valley, particularly riparian obligate and associated bird species, are not only robust indicators of 
functioning riparian ecosystems but also indicators of the population health of other riparian wildlife. 
Owing to their dependence on the resources provided by riparian and aquatic habitats, a number of 
riparian birds would disappear from the Valley and could experience statewide and rangewide 
declines should the flow regime of the Gila be altered to the extent that the river no longer sustains 
required riparian and aquatic habitats. These birds include Abert’s Towhee, Common Black-Hawk, 
Gila Woodpecker, Brown-crested Flycatcher (Myiarchus tyrannulus), Bell’s Vireo, Lucy’s Warbler, 
and Southwestern Willow Flycatcher, among others (Zimmerman 1968; Hubbard 1971; see Chapter 
15, this report). Therefore, how resource managers and conservationists address water demands and 
climate change in the Valley can have profound impacts on the future of local bird populations, as 
well as other important components and natural processes of riparian ecosystems. 
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Prescribing flow management actions necessary to sustain local bird populations is hampered by the 
fact that little information exists regarding the flow relationships of riparian bird species, which are 
often complex and indirect (through their interactions with vegetation and prey). Nonetheless, water 
resource managers can mitigate potentially negative effects of flow diversion on avifauna by 
preserving natural floodplain dynamics that: 1) maintain open water habitats; 2) create shoreline 
habitats; 3) inundate and support backwater marshlands and wet meadows; and 4) promote 
establishment, development, maintenance, and recycling of mosaics of woody riparian vegetation 
patches of varying physiognomy, floristics, ages, and sizes. Management actions can protect those 
riparian and aquatic habitats used by birds if they ensure that river flows are not altered to the extent 
that they occur at inappropriate times of year, inappropriate (too frequent or infrequent) intervals, and 
inappropriate (too high or low) levels. In addition to ensuring availability of riparian and aquatic 
habitats to birds, it is important that water, wet soils, and prey are available to birds during peak 
demands (e.g., April-July for the Southwestern Willow Flycatcher). 
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Chapter 13. Riparian Mammals of the Gila River, New Mexico: 
Impacts of Flow 
Jennifer K. Frey, New Mexico State University 

Summary 

The region surrounding the upper Gila River watershed is one of two hotspots of mammal diversity 
outside of the tropics in North America. A total of 106 species of native, non-human mammals have 
been documented from the upper Gila River watershed, with 83 species in the Cliff-Gila Valley. Of 
the species known from the Valley, nearly half (41%) were categorized as either strongly associated 
or obligate to riparian habitats. Overall, the most important riparian habitat types for mammals were 
herbaceous. The mammal fauna of the upper Gila River watershed is in a state of ecological decline 
with a high rate of extirpation (9.4% of fauna), establishment of nonnative species, and an additional 
50% of the mammal fauna at risk of population loss in the region. Ecological changes to riparian 
systems are more likely to result in wholesale loss of unique species and escalated destabilization of 
the system. Thus, it is essential to maintain and enhance riparian habitat to maintain mammal 
diversity in the region. Key flow-ecology relationships for mammals include: 

 American beavers (Castor canadensis) require perennial water with pools that exceed 1.0 m 
(3.28 ft) in depth. Reductions in frequency and magnitude of floods cause channel 
stabilization and narrowing which eliminates the secondary channels preferred by beavers on 
large rivers. Rapid fluctuation of flows, particularly during winter, can negatively impact 
beavers. 

 Muskrats (Ondatra zibethicus) require perennial water with deep pools (> 0.3 m [1 ft]). They 
require relatively stable flows, in part because this enhances production of emergent aquatic 
food plants. Reductions in frequency and magnitude of floods causes channel stabilization 
and narrowing which eliminates the secondary channels and ponded water preferred by 
muskrats. 

 New Mexico meadow jumping mice (Zapus hudsonius luteus) require well-developed 
herbaceous riparian vegetation on saturated soil. Loss of frequency and magnitude of 
moderate and large floods diminishes hydro-geomorphic processes that promote herbaceous 
vegetation. Reductions in base flows and loss of frequency and magnitude of elevated flows 
and small floods reduce the extent of wetted habitat during the crucial summer low flow and 
monsoon periods when the species is active above ground. 

 Terrestrial small mammal assemblages are best expressed in native early successional 
riparian habitats. Flow reductions lower groundwater levels that result in a decrease in 
abundance of hydrophilic species, which allows more drought-resistant species such as exotic 
saltcedar (Tamarix spp.) to outcompete native riparian species. Loss of peak flows causes 
loss of gravel bars and subsequent deposition of finer textured sediments above flood stage, 
which normally promotes mature cottonwood gallery forests to the exclusion of earlier 
successional stage herbaceous and willow-dominated communities preferred by the majority 
of aquatic and terrestrial mammals. 

 Bats utilize riparian systems for important life history functions, including access to free 
drinking water and the production of insect prey. 

 North American river otters (Lontra canadensis) require adequate perennial flow (> 35.31 
cubic feet per second [cfs]) that provides abundant and diverse fish prey and dilutes 
pollutants. Flow regimes that benefit beavers also benefit otters. 
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Overview of Gila River Mammal Diversity 

The importance of riparian zones for supporting vertebrate diversity, especially in arid ecosystems, is 
well documented (Hubbard 1977; Baker et al. 2004; Poff et al. 2011). For instance, in the arid 
Southwest it has been estimated that 80% of vertebrates utilize riparian habitats for some portion of 
their life history, while 60% of vertebrates are obligate to riparian habitats (Hubbard 1977; Ohmart 
and Anderson 1982). The high diversity and abundance of plants and animals found in riparian zones 
is due both to shared use of riparian zones as well as presence of a unique suite of species (Soykan et 
al. 2012). With exception of some game and endangered species, however, mammals tend to be 
poorly studied, particularly with respect to habitat associations (Frey 2010). Although there have 
been a small number of studies concerning mammal communities within different riparian habitats in 
the arid West (e.g., Ellis et al. 1997; Ellison and van Riper III 1998; Andersen and Nelsen 1999; Frey 
2006a; Williams et al. 2006; Soykan et al. 2009; Bateman and Ostoja 2012; Longland 2012), there 
remains a paucity of information comparing mammal distribution, abundance, and ecology in 
riparian versus adjacent upland habitats (but see Soykan et al. 2012). Thus, knowledge about the 
importance of riparian habitats to mammals and the influence of changes to riparian habitats on 
mammals lags behind that of many other groups. Therefore, the goals of this chapter are to evaluate 
the importance of the Gila River to mammal diversity, to identify characteristics of the flow regime 
important for sustaining key groups of riparian mammals, and to examine potential impacts of altered 
flow regime due to diversion and climate change on the mammal fauna of the Gila River region. 

The region surrounding the upper Gila River watershed is a hotspot of mammal diversity in non-
tropical North America (Simpson, 1964). The only region to exceed this diversity of mammals is the 
Sierra Nevada, California. In a recent review of the mammals of the upper Gila River region, I 
documented 106 species of native, non-human mammals (Frey 2010; Appendix 10, this report), 
which represents 77% of native mammals known from Arizona and 65% of native mammals known 
from New Mexico (Hoffmeister 1986; Frey et al. 2006). This high diversity is due to the geographic 
position of the area at the intersection of several major biogeographic regions and its high 
topographic relief (Frey and Yates 1996; Frey 2010). Thus, as the Gila River flows from its 
headwaters on the peaks of the Mogollon Mountains at 3,321 m (10,895 ft) elevation to the Arizona 
border at 1,131 m (3,693 ft) elevation, it passes through a diverse array of biotic communities (and 
hence different mammal communities), including various coniferous forest types, coniferous and 
encinal woodlands, mesic and arid grasslands, and Chihuahuan desert scrub (Frey 2010). 

In addition to compiling a list of mammals for the upper Gila River region, I also evaluated biotic 
affinities, rarity, and threats to the mammal species in this region (Frey 2010). I classified each 
species as either common or into one of seven forms of rarity (sensu Rabinowitz 1981; Rabinowitz et 
al. 1986; Yu and Dobson 2000) according to local population density, geographic range, and habitat 
specificity. I discovered that most species were specialized in their habitat affinities, using just one to 
three biotic communities (Figure 1). Of the 10 major biotic communities I examined, riparian habitat 
had the highest number of unique species, and hence I considered this habitat of singular importance 
as a contributor to mammal diversity in the region. However, I also concluded that the upper Gila 
River region had reached an early to moderate state of ecological decline on the basis of a high rate 
of extirpation (9.4% of fauna) and establishment of nonnative mammal species. Although most of the 
earliest extirpations were due to overharvesting and predator control, the more recent losses (i.e., 
meadow vole, river otter) were due to changes in riparian habitat. I identified an additional 50% of 
the mammal fauna as both rare and facing threats, and hence at risk of population loss in the region, 
which underscored the current vulnerability of the region to further ecological decline and 
destabilization. I concluded that ecological changes to riparian systems are more likely to result in 
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wholesale loss of unique species and escalated destabilization of the system. Consequently, I 
recommended that management strategies aimed at maintaining and enhancing riparian habitat (and 
subalpine conifer forests, which also harbored a unique fauna) might be most effective for 
maintaining mammal diversity in the region. 

 
Figure 1. Frequency histogram of the number of mammal species utilizing different numbers of biotic 
communities in the upper Gila region. The solid line represents the normal curve (SD = 1.70, mean = 3, N = 106). 
 
To more thoroughly evaluate the importance of riparian habitat to mammals in the upper Gila River 
region, I categorized each species into four groups: 1) does not normally use riparian habitat; 2) uses 
riparian habitat; 3) is strongly associated with riparian habitat (i.e., abundance is higher in riparian 
zones but may use other habitat types); 4) is obligate to riparian habitat (Appendix 10, this report; 
Figure 2). The vast majority of native wild mammals (73%) use riparian habitats, with 38% either 
strongly associated or obligate users of riparian habitat (Figure 1). I also more specifically examined 
the mammal fauna of the Valley. The mammal fauna of this study area contains 83 species of native 
mammals. Ten of these mammals are considered to potentially occur, due to either rarity or lack of 
verification of presence as a result of a poor mammal survey record of the area. An additional four of 
these are currently extirpated including the black-tailed prairie dog (Cynomys ludovicianus) and its 
specialized predator the black-footed ferret (Mustela nigripes), the brown bear (Ursus arctos), and 
the North American river otter (Lontra canadensis; Appendix 10, this report). The smaller number of 
species in the local Cliff-Gila Valley compared to the upper Gila River Basin region is primarily due 
to the loss of species restricted to coniferous forest habitats. However, 83 species is still a larger 
mammal fauna than is found in most eastern U.S. states (NatureServe 2002). With respect to riparian 
habitat association, 34 (41%) of these species were strongly associated or obligate to riparian habitat. 
The percentage of strongly associated species in this local fauna remained as high as for the larger 
upper Gila River region. Consequently, changes to riparian habitats in this study area are anticipated 
to have impacts to a substantial component of the mammalian fauna. 



 

356 

 
 

Figure 2. Use of riparian habitat by the mammal fauna of the upper Gila River region. The number of species 
in each category are in parentheses; see Appendix 10, this report, for the identity of species in each category. 
 
In order to better understand what aspects of riparian habitat were most important to mammals in the 
upper Gila River region, I categorized each native mammal species into three broad riparian 
community types: riparian forest, riparian shrub, and riparian herbaceous. These habitat types 
generally corresponded to the forested wetland alliances, scrub-shrub wetland alliances, and 
persistent emergent wetland alliances, respectively, as used in the Handbook of Wetland Vegetation 
Communities of New Mexico (Muldavin et al. 2000). A species was categorized into a community 
type if it regularly and characteristically makes use of that habitat. These analyses revealed the 
importance of herbaceous riparian habitat to the mammal fauna (Figure 3). Of the 77 species of 
native non-human mammals in the upper Gila River region that make regular use of riparian habitats, 
68 (88%) use herbaceous riparian, 58 (75%) use forest riparian, and 50 (65%) use shrub riparian. The 
pattern becomes more pronounced when only those species most strongly associated with riparian 
habitats are considered. Of the 38 native species strongly associated with riparian habitat, 36 (95%) 
were associated with herbaceous riparian, 25 (66%) were associated with forest riparian, and 24 
(63%) were associated with shrub riparian. Of that group of 38 species, 12 (32%) exclusively used 
herbaceous riparian while only 2 (5%) exclusively used forest riparian (no species exclusively used 
shrub riparian). All 7 mammal species obligate to riparian habitat used herbaceous riparian habitat, 4 
of which used herbaceous to the exclusion of other riparian habitats (meadow vole [Microtus 
pennsylvanicus], common muskrat [Ondatra zibethicus], New Mexico meadow jumping mouse 
[Zapus hudsonius luteus], water shrew [Sorex palustris]). In contrast, of the 7 riparian obligate 
species, only 3 use shrub riparian and 2 use forest riparian, but none exclusively. Thus, factors that 
deteriorate herbaceous riparian habitats are likely to have the most profound impacts on this mammal 
fauna. 

Does Not Use 
27% 
(29) 

Regularly Uses 
35% 
(37) 

Strongly Associated 
31% 
(33) 

Obligate 
7% 
(7) 
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Figure 3. Use of major riparian habitat types by the native non-human mammal fauna of the upper Gila 
River region. See Appendix 10, this report, for the identity of species in each category 
 

Flow-Ecology Relationships for Key Riparian Mammals in the Cliff-Gila 
Valley 

Key Riparian Mammals 

American Beaver 
The American beaver (Castor canadensis) is a semi-aquatic, riparian obligate that is regarded both as 
an ecosystem engineer and a keystone species (Rosell et al. 2005). Beavers can exert strong changes 
to the chemical and physical properties of water, biogeochemical cycles, valley geomorphology, and 
terrestrial and aquatic plant and animal communities (Naiman et al. 1988; Gurnell 1998; Collen and 
Gibson 2001; Müller-Schwarze and Sun 2003). However, the strength of the influence of beavers on 
aquatic and riparian ecosystems is dependent on the kind of aquatic system inhabited. Beavers 
require water that is deep enough (> 1m) to cover the entrances to dens as a means to reduce 
predation risk (Collen and Gibson 2001). In large rivers or lakes, adequate deep water habitats are 
readily available. On smaller streams, however, beavers construct dams to impound water and it is on 
these streams that beavers exert their most profound effect on the ecosystem. 

Discharge requirements for dam-building beavers are poorly defined. Streamflow must be great 
enough to allow for ponded deep water year-round, but also low enough that dams are not frequently 
or seriously breached by flood water (Macfarlane and Wheaton 2013). Thus, dam-building usually is 
limited to first- through fifth-order streams (Naiman et al. 1986; Beier and Barrett 1987). Beaver 
dams can create higher flows on small streams (at least in mesic regions; see Andersen et al. 2011), 
even causing intermittent streams to become perennial, hence facilitating continued occupation of the 
stream by beavers (Stabler 1985; Pollock et al. 2003). On larger streams (i.e., > fourth order) dams 
may be more prone to failure during high water flows (Rutherford 1953; Naiman et al. 1986; Suzuki 
and McComb 1998). Besides water volume, potential for dam breaching also is determined by stream 
gradient. Ideal gradients for dam building are < 3%, with dam frequency greatly reduced above 5% 
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and dams absent above 10% (Beier and Barrett 1987; McComb et al. 1990; Barnes and Mallik 1997; 
Suzuki and McComb 1998; Leary 2012). In low gradient reaches of higher order streams, beavers are 
most abundant in secondary channels, especially near small islands, where they may construct dams 
on smaller channels (Martin 1977). 

Besides suitable water, beavers also require adequate food supplies. Beavers are strict herbivores and 
prefer herbaceous vegetation during all seasons (Müller-Schwarze and Sun 2003). However, during 
winter, especially in regions with snow cover and ice formation where herbaceous plants are 
unavailable, beavers utilize the inner bark of certain trees and shrubs for food and dam building 
material (Jenkins and Busher 1979). In the western U.S. the most important tree species used in the 
diet is willow (Salix), and aspen and cottonwood (Populus; Rutherford 1964; Slough and Sadleir 
1977). Beavers cut down the trees and then cache the branches in the water for access during the 
winter (Müller-Schwarze and Sun 2003). Other commonly encountered species within the riparian 
zone, such as mule-fat (Baccharis salicifolia), saltcedar (Tamarix ramosissima), and conifers, are 
generally not used for food, but some may be used for construction (i.e., saltcedar; J.K. Frey, 
unpublished data). Reductions in the availability of preferred food items, such as through excessive 
ungulate grazing or altered hydrology, can make habitats unsuitable for beavers (Smith 1980, 2007; 
Baker et al. 2005; J.K. Frey, unpublished data). 

Altered flow regimes can negatively impact beavers in a number of ways. Drought or draw-downs 
that cause perennial systems to become ephemeral can cause beaver populations to be greatly 
reduced or eliminated (Wolff et al. 1989; J.K. Frey, unpublished data). Rapid fluctuation of flows, 
particularly during winter, can negatively impact beavers by eliminating stored food reserves and 
exposing them to higher predation risk (Gurnell 1998). On larger streams in low gradient reaches 
(such as the Gila River in the Cliff-Gila Valley), reduced flooding causes channel stabilization and 
narrowing which eliminates the secondary channels preferred by beavers (Martin 1977; Poff et al. 
1997). Further, loss of peak flows causes loss of gravel bars and subsequent deposition of finer 
textured sediments (Martin 1977; Poff et al. 1997). This loss of disturbance and shift to siltier soils 
above flood stage promotes mature cottonwood gallery forests to the exclusion of earlier successional 
stage herbaceous and willow-dominated communities that are preferred by beavers (and most other 
riparian mammals; Martin 1977; synopsis herein). Stream diversion lowers groundwater levels and 
results in a decrease in abundance of hydrophilic species (e.g., Populus and Salix) in the streamside 
plant community (Stromberg et al. 2010). Nonnative species, such as saltcedar (Tamarix spp.), are 
more drought-resistant and outcompete native riparian species when water levels are depleted 
(Cleverly et al. 1997). Saltcedar and Russian olive (Elaegnus augustifolia) use more water than 
native riparian species and hold it without release (Cameron and Brotherson 1982). 

Muskrat 
The muskrat (Ondatra zibethicus) is a medium-sized semi-aquatic herbivorous rodent. Like the 
beaver, the muskrat has two key habitat requirements: cover from predators and adequate food 
resources. Muskrats are vulnerable to a wide spectrum of predators and they use water as protection 
from predation. In streams and rivers, dens are usually made in burrows in the bank with entrances 
that are at least 0.3 m (1 ft) under water (Hoffmeister 1986). However, in some cases where there is 
extensive shallow still water, such as in emergent marshes, muskrats den in lodges they construct out 
of piles of vegetation built in the water; such lodges also have underwater burrow entrances. The 
underwater burrow entrances of both kinds of dens help to prevent access by most predators. In the 
Southwest, most muskrat live in bank dens, probably due to rarity of marsh habitats (Bailey 1932; 
Hoffmeister 1986). Muskrats primarily eat the roots and vegetative parts of herbaceous riparian and 
hydrophytic plants including grasses, sedges, forbs, cattails (Typha), bulrush (Schoenoplectus), 
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horsetail (Equisetum), pondweed (Potomogeton), and water-lily (Nuphar) (Willner et. al 1980; 
Hoffmeister 1986). Adequate herbaceous plant production is essential to maintaining muskrat 
populations. Their foraging and house construction activities can alter plant communities and at high 
densities muskrats are prone to “eat-outs” wherein they decimate aquatic vegetation (Willner et al. 
1980). Regional abundance of muskrats may be related to mean annual precipitation, which 
contributes to seasonal stability of perennial flow and promotes dispersal corridors (McDonald 
2006). 

The overall natural geographic range of the muskrats is nearly identical to that of the American 
beaver (Hall 1981). Muskrats benefit from beavers in a number of ways including: creation of deep 
water habitats, providing den locations in beaver lodges, providing access to felled tree leaves, and 
especially through creation of herbaceous wetland and marsh habitats (e.g., Leighton 1933). Beavers 
may be especially important to muskrats in the arid Southwest where emergent wetland habitats are 
rare. 

There has been very little research on muskrats in the arid West. However, distribution and 
abundance of the species in the Southwest has undoubtedly declined. Factors that reduce the key 
habitats for muskrats include reductions in streamflow, loss of riparian habitats, conversion of 
floodplains to agriculture or development, loss of beavers, and competition with livestock. 

Muskrats require streams with a relatively constant and stable flow of water, primarily because 
unstable levels inhibit establishment of important aquatic plants, which influences predation risk 
(Bailey 1932; Bellrose and Low 1943; Errington 1939; Hoffmeister 1986). Flooding may be 
detrimental to muskrats if it causes loss of cover, silting in of sloughs and marshes, or causes death of 
plants such as cattails that are especially important to muskrats (Bellrose and Low 1943; Boyce 1978; 
Hoffmeister 1986). Draw-downs are likely a more frequent and serious threat to muskrats in 
comparison with flooding, especially in the Southwest (Bellrose and Low 1943; McDonald 2010). 
For instance, muskrats historically had a broad distribution in Arizona associated with most of the 
larger streams, but subsequent dewatering of many streams has caused them to become unsuitable for 
muskrats (Hoffmiester 1986). Studies have demonstrated that drought and low water negatively 
impact muskrats through reduced survival because movements are increasingly risky due to threat of 
predation; hence, they are hesitant to leave their home range, which then causes food to become 
limited (Errington 1939; Bellrose and Low 1943). Besides direct loss of water due to drought, 
McDonald (2010) also argued that muskrats were negatively impacted during drought due to the 
competitive advantage cattails have over other wetland plants during these conditions, which causes 
conversion to monotypic stands that have higher rates of transpiration and hence further reduce 
water. Further, aquatic macrophytes that are important in the diet of muskrats are impacted by 
fluctuating water levels. Although extended flooding may directly kill some plants (e.g., cattail), a 
more common problem is low water, which can directly cause die-off of many species of plants (e.g., 
Carex, Scirpus, Sagittaria), or indirectly kill plants such as cattail by allowing access to grazing 
ungulates (reviewed by Boyce 1978). 

New Mexico Meadow Jumping Mouse 
The New Mexico meadow jumping mouse (Zapus hudsonius luteus; hereafter, “NM jumping 
mouse”) is a riparian obligate that is endemic to the American Southwest (Hafner et al. 1981; 
Malaney et al. 2012). It has been proposed for listing as endangered with critical habitat under the 
Endangered Species Act (U.S. Fish and Wildlife Service [USFWS] 2013a,b). Its current (i.e., 2005-
2013) distribution is restricted to 18-29 locations in 8 isolated areas (USFWS 2013c). It is known to 
occur in the Gila River watershed in the White Mountains of east-central Arizona and evidence 
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suggests it also historically occurred within this watershed in the upper Verde River drainage (Frey 
2011, 2012). Ecological niche modeling of both paleo-distribution and current distribution suggest 
that the natural distribution of NM jumping mouse was broad and contained other areas of the Gila 
River watershed, including the Mogollon Mountains (Malaney et al. 2012). Frey (2013b) considered 
the potential distribution of NM jumping mouse to include the Gila River watershed above 1,219 m 
(4,000 ft) elevation. The NM jumping mouse is difficult to trap and surveys requiring specialized 
techniques. No surveys for NM jumping mouse have been conducted in the Cliff-Gila Valley or 
elsewhere within the upper Gila River region of New Mexico. Thus, the species is considered to 
potentially occur within the study area. 

The NM jumping mouse is a profound hibernator that is active above ground only during the warmer 
months (Frey 2013b). During this brief active season, its key habitat consists of saturated soils 
associated with flowing water that supports tall, dense herbaceous riparian vegetation, especially 
characterized by the presence of sedges and expressed as sedge-forb or sedge-grass communities 
(Frey and Malaney 2009; Frey 2011). Such habitat may be found along small tributary streams, 
floodplains of large rivers, or irrigation canals (Frey 2013b). Key habitat is best expressed in low-
gradient reaches in broad valleys, similar to preferred habitat for beaver. The NM jumping mouse 
uses this key habitat for foraging and it is not known to occur in locations that lack this specialized 
habitat. Consequently, any factors that contribute to loss or degradation of this habitat poses a threat 
to populations (Hafner and Yensen 1998; Morrison 1990, 1992; Frey 2011; Frey and Malaney 2009; 
USFWS 2013a,b,c). Although livestock grazing has been identified as a primary factor in the 
species’ decline (Frey and Malaney 2009), another serious threat to populations of NM jumping 
mouse is altered hydrology. For instance, NM jumping mouse was extirpated from several montane 
locations in New Mexico that had lost perennial water flow since the mid-1980s (Frey 2005). In a 
more dramatic example, during 2013, NM jumping mouse could not be detected at locations at 
Bosque del Apache National Wildlife Refuge (BANWR) on the floodplain of the Rio Grande where 
it had been known to occur as recently as 2010 (Frey and Wright 2012; Frey 2013a). The main 
difference in habitat conditions during the two time periods was a reduction in soil moisture (Lincoln 
soil moisture index ranges from 0-no moisture to 10-saturated) from a mean of 9.5 at 43 capture 
locations and a mean of 8.6 at 480 telemetry locations during 2009-2010 (Wright 2012) to a mean 
soil moisture of 3.2 in 2013. It was concluded that the loss of soil moisture was related to possible 
extirpation of NM jumping mouse on the refuge. 

As an extreme habitat specialist, this species may also be impacted by other kinds of changes to 
riparian habitat. For instance, at BANWR, the only woody vegetation selected as cover by foraging 
NM jumping mouse was narrowleaf willow (Salix exigua), while more drought-tolerant species were 
avoided including mule-fat (Baccharis salicifolia), Rio Grande cottonwood (Populus deltoides), 
screwbean mesquite (Prosopis pubescens), and exotic saltcedar (Tamarix ramosissima). Native 
wooded riparian habitats dominated by willow, cottonwood, and screwbean mesquite were used for 
maternal and hibernation nesting (Frey and Wright 2012). However, use of narrowleaf willow by 
NM jumping mouse was limited to regenerating stands that had an abundant and diverse herbaceous 
ground layer; older stands devoid of herbaceous ground cover also were avoided (Frey and Wright 
2012). At BANWR, regeneration of willows was primarily maintained by mowing. However, in 
other populations, ideal habitat conditions are often promoted by dam-building beavers, which can 
create herbaceous riparian habitats and maintain regenerating willows (Frey 2006b, 2011). 
Consequently, flow alterations that causing drying or loss of beavers can negatively impact NM 
jumping mouse. 
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Terrestrial Small Mammal Assemblage 
I define terrestrial small mammals as those species of rodents and shrews that can be routinely 
captured in arrays of Sherman live traps, which is a method commonly employed for ecological 
studies on these species. Small mammals account for more than half of all species in the upper Gila 
River region (of the total mammal fauna, 47.7% were rodents and 4.7% were shrews; Frey 2010). 
Besides the sheer diversity of this group, small terrestrial mammals are vital to ecosystem 
functioning as dispersers of seeds and fungi and as prey to a wealth of other vertebrates. For instance, 
riparian zones may be the only habitats that are capable of producing small mammal prey in high 
enough abundance to support some predators such as weasels (Frey and Calkins 2014). However, 
most small mammals that utilize riparian zones are not strictly associated with riparian habitats. This 
pattern is particularly true in the arid ecosystems of the American West where the proportion of 
riparian obligate mammals is lower than in more mesic regions. For instance, in riparian habitats at 
the headwaters of the Gila River in the White Mountains, Arizona, the community of small mammals 
consisted of 17 species, of which 8 (47%) were strongly associated and 2 (12%) were obligate to 
riparian habitats, including various shrews (Sorex) and voles (Microtus), and jumping mice (Zapus; 
Frey 2011). In contrast, in the more arid Cliff-Gila Valley the small-mammal community consisted 
of 28 potential species, of which 9 (32%) were strongly associated, and only 1 of potential 
occurrence (4%) was obligatory to riparian habitat. In an even more arid location along the lower 
Colorado River, the small-mammal community consisted of 22 species, of which 5 (23%) were 
strongly associated with riparian habitats and none were obligate (Andersen and Nelson 1999). 

Despite the lack of riparian obligates in arid regions, riparian zones still can exert a strong influence 
on the composition of the small-mammal fauna. For instance, abundance of desert shrews 
(Notiosorex crawfordi) is higher in native riparian habitats than in adjacent uplands (Duncan and 
Corman 1991). Other studies have found that the distribution and abundance of small mammals is 
strongly influenced by plant structure with high abundance of many species associated with dense 
herbaceous cover (e.g., Ellison and Van Riper III 1998; Andersen and Nelson 1999; Frey 2011). 
Studies comparing small-mammal communities in native or exotic (e.g., saltcedar) riparian habitats 
often produce conflicting results, likely due to differences in study design and differences in response 
by particular species represented in the study communities (e.g., Ellis et al. 1997; Bateman and 
Ostoja 2012; Longland 2012). One recurring theme in these studies, though, is that saltcedar 
communities are more likely to be occupied by more arid-adapted species, such as kangaroo rats 
(Dipodomys), than are native riparian habitats. 

Bat Assemblage 
Bats are the second largest group (19.6% of species) of mammals in the upper Gila River region 
mammal fauna (Frey 2010). Fully 20 species of bats occur within the Cliff-Gila Valley, including the 
long-eared myotis (Myotis evotis) which might occur in the study area (Appendix 10, this report). Of 
those, 40% are strongly associated or obligate to riparian habitat. For instance, three of these species, 
cave myotis (M. velifer), Yuma myotis (M. yumanensis), and Arizona myotis (M. occultus), while not 
strictly obligatory to riparian habitats, are usually found in association with perennial streams, though 
they may also be found using springs and other isolated water holes (Findley et al. 1975; Rosier 
2008). Since these and other species also may have specialized roosting requirements (e.g., caves, 
crevices, large ponderosa pine), they may have to travel long distances from roost sites to riparian 
habitats. Bats primarily use the stream and associated riparian zone for access to free drinking water 
and foraging, although the aquatic-riparian system provides many other benefits to bats such as 
protection from predators, roost sites, and landmarks for navigation (Fukui et al. 2006; Greif and 
Siemers 2010). In a study conducted in Japan, Fukui et al. (2006) demonstrated that the most 
important factor determining use of the riparian zones by bats was the flux of aquatic insects 
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emerging from the stream. For instance, although the dietary requirements of most bats are poorly 
known, the Yuma myotis is known to primarily feed on emerging aquatic insects such as caddisflies 
and midges (Brigham et al. 1992). Natural flow regime is considered essential to maintaining aquatic 
biodiversity. Streams with managed flows can reduce abundance and diversity of aquatic insects 
through a number of mechanisms, such as loss of habitat, reduced allochthonous (i.e., originating 
elsewhere) carbon inputs, and different temperature water from reservoirs, which may alter 
emergence (Penaz and Jurajda 1995; Pomeroy et al. 2000). 

In arid environments, availability of free drinking water is a critical resource for small-bodied 
temperate bats as more than 20% of daily water must be replaced by drinking (Webb 1995; Adams 
and Hayes 2008). Bats drink water by skimming the water surface and lowering their jaw to procure 
a drop of water. Consequently, pooled water that is both unobstructed and in certain configuration is 
essential. Adams and Hayes (2008) found that lactating females drank more frequently than non-
reproductive females and that drinking rates increased with warmer less humid conditions. They 
further modeled loss of bat lactation in the arid western U.S. with climate warming and warned that 
reduced water will cause serious consequences to bat populations (Adams and Hayes 2008). 
Consequently, losses of water can seriously compromise resources for many bats. 

Although habitat relationships of most bats are poorly known, changes to riparian habitat is likely to 
have negative impacts on some bats. For instance, the western red bat (Lasiurus blossevillii) is 
considered an obligate to riparian habitats in the arid western U.S., although it is known to use other 
habitats such as orchards and exotic park plantings in other regions (Findley et al. 1975; Hoffmeister 
1986; Pierson et al. 2004). Western red bats use riparian zones both for roosting in the foliage of 
broad-leaf trees and foraging. In California, activity of western red bats was significantly higher in 
wide (> 50 m) strips of riparian habitat dominated by mature cottonwoods and sycamores, as 
compared to narrow strips of mature trees or strips of young trees; no activity was found in non-
riparian grass-shrub habitats (Pierson et al. 2004). 

North American River Otter 
Until recently, the North American river otter (Lontra canadensis) was considered extirpated from 
New Mexico (e.g., Frey 2004; Polechla et al. 2004). The river otter historically occurred in the Gila 
River watershed, but the last documented occurrence was an individual trapped in 1953 in the Cliff-
Gila Valley (Pattie 1831; Bailey 1932; McClellan 1954). Decline of the river otter in the American 
Southwest has been attributed to habitat changes associated with altered hydrology (e.g., 
channelization, reduced flows), decreased water quality, changes in riparian and upland vegetation 
due to livestock grazing, altered aquatic animal prey communities, loss of beavers (Frey 2010; 
Arizona Game and Fish Department, unpublished data). Others have postulated that historical 
overharvesting was primarily responsible for the decline of the river otter (Savage and Klingel, n.d.). 

Following a feasibility study completed in 2006, the New Mexico Game Commission approved the 
reintroduction of river otters into the upper Rio Grande and Gila River (New Mexico Department of 
Game and Fish [NMDGF] 2006). Subsequently, 33 river otters from Washington state were released 
into the Rio Grande drainage from 2008 to 2010, which concluded the planned introduction in the 
Rio Grande (NMDGF 2012). No releases were made into the Gila River watershed. During 2009-
2011 further planning occurred for the Gila River introductions, including consultation with the 
USFWS regarding potential impacts to threatened and endangered species, such as the Chiricahua 
leopard frog (Rana chiricahuensis), Gila chub (Gila intermedia), roundtail chub (Gila robusta), Gila 
trout (Oncorhynchus gilae), spikedace (Meda fulgida), and loach minnow (Tiaroga cobitis; NMDGF 
2012). In 2012, the NMDGF announced that they were rescinding support for introduction of river 
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otters into the Gila River, citing concerns about impacts to endangered and sport fishes (Montoya 
Bryan 2012). However, there is considerable uncertainty about the potential impacts of otters on 
species of concern in the Gila watershed, and it is possible that introductions could occur in the 
future. There also remains a possibility for remnant native otters to occur in the Gila River 
watershed, as comprehensive surveys have not occurred in Arizona or New Mexico. In Fall 2013 
there was a credible, though unverified, report of a river otter in the Gila River near Duncan, 
Arizona. If accurate, it is unknown if the animal represents a relict native Sonoran river otter or 
perhaps a dispersing individual originating from an introduction of Louisiana river otters into the 
Verde River, Arizona. 

River otters are large-bodied (1.3 m total length), semi-aquatic predators of fishes, although, 
depending on location, the diet may also contain high proportions of crayfish, as well as small 
amounts of other animal food items including aquatic insects, frogs, salamanders, gartersnakes 
(Thamnophis), waterfowl, and riparian mammals (Hansen 2003). Like other members of the weasel 
family, river otters have exceptionally high energy requirements, consuming 16-22% of body mass 
per day (Dekar et al. 2010). Consequently, a key habitat requirement for river otters is adequate 
perennial flow throughout the year that provides abundant and diverse fish prey (Toweill and Tabor 
1982). Specific flow requirements for North American river otters are not known, though Armstrong 
et al. (2011) suggested a minimum of 0.28 m3/sec (9.9 cfs). Ben-David (2013) found a positive 
correlation between streamflow volume and river otter density, although otters may use streams with 
low flows only intermittently. Other studies have also showed that otter occupancy is greater in large 
streams (Jeffress et al. 2011). Altered river flows due to dams constructed for water diversion and 
hydro-electric projects have caused extirpation of European otters (Lutra lutra) in downstream 
reaches (Mason 1995). In Spain, European otters were extirpated from rivers where flows were 
reduced to 1.0 m3/sec (35.3 cfs) (Mason 1995). Besides the loss of key aquatic habitat, reductions in 
streamflow also are critical to otters because it concentrates pollutants, which is thought to be a 
particularly severe threat to otters (Mason 1995). Thus, reduced flows due to diversions or climate 
change may severely impact river otters. 

Besides adequate clean water, river otters also require suitable adjacent riparian habitat. River otters 
prefer forested riparian habitats, perhaps because woody debris provides habitat for fishes and den 
sites (Jeffress et al. 2011). In addition, forested riparian habitat may provide better habitat for 
beavers. River otters are considered facultative commensal with beavers (e.g., Tumlison et al. 1982; 
Polechla 1993; Reid et al. 1994; Jeffress et al. 2011). River otters select watersheds with high 
proportions of beaver wetlands because these provide key habitat factors such as stable water levels, 
cover, and abundant food (Dubuc et al. 1990). In Idaho, beavers benefitted otters by providing the 
primary sites for denning and resting, which were in beaver bank dens and lodges (Melquist and 
Hornocker 1983). Beaver activities are thought to play a major role in allowing expansion of otters 
into smaller streams and preventing extirpation of otters in Arkansas (Tumlison et al. 1982). At the 
time of the last documented otter on the Gila River, beavers were abundant (McClellan 1954). 

Synopsis of Flow-Ecology Relationships 

A commonality of habitat requirements for most mammals that are strongly associated with or 
obligate to riparian habitats in the Southwest is reliance on herbaceous aquatic or riparian vegetation 
(i.e., herbaceous riverine vegetation). Notable exceptions include river otters, which because of 
dietary reliance on fishes and other aquatic species tend to reflect habitat needs of those prey, and 
bats, which because of their insectivorous diets tend to resemble habitat needs of some birds. 
Herbaceous riparian plant communities represent an early successional stage that is often overlooked 
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or underrepresented in resource management and conservation planning for rivers and other riparian 
systems. In contrast, such planning often focuses on the species associated with the aquatic (i.e., 
fishes) and woody (i.e., birds) components of the system. This unequal focus might relate to the fact 
that other taxonomic groups, especially fishes and birds, are better studied and contain a larger 
number of threatened and endangered species; terrestrial habitat classifications also tend to 
emphasize woody plant species (e.g., Jennings et al. 2009). However, the mammals supported by 
herbaceous riverine vegetation are both an ecologically and economically significant group, as they 
represent a majority of the biomass of terrestrial vertebrates, they contribute to many ecosystem 
functions, and some are important game species. 

Herbaceous aquatic and riparian vegetation is associated with perennial water or flooded areas, 
where soils remain saturated with water over long periods or remain moist during the growing season 
(Muldavin et al. 2000). Aquatic plants, which are generally only accessible to the semi-aquatic 
mammal species, are found in relatively still areas of permanent water (Cowardin et al. 1979). 
Beaver ponds increase the availability of this habitat while factors that cause loss of flows decrease 
this habitat. In the Southwest, most of the herbaceous aquatic and riparian vegetation is associated 
with flooded areas. On the wetter end of the spectrum, emergent wetland communities, which 
represent the quintessential herbaceous riparian community types, are found in semipermanently 
flooded or seasonally flooded water regimes (Muldavin et al. 2000). These also may dominate 
palustrine systems (here included as part of the riparian zone) associated with the river floodplain. 
Beaver ponds can increase the distribution of these community types. Changes to timing or duration 
of flooding can cause loss of these emergent communities. Lowering the water table can make these 
early successional communities vulnerable to invasion by exotic plants such as saltcedar (Muldavin 
et al. 2000). 

At intermediate soil moistures are the scrub-shrub communities that occur in seasonally flooded 
water regimes. These shrub-dominated habitats often represent an intermediate successional stage 
between herbaceous and forested communities (Muldavin et al. 2000). The extent to which these 
communities support herbaceous plant communities is dependent on soil moisture and light 
availability (Stromberg et al. 2012). For instance, meadow jumping mice, which require tall, dense 
herbaceous plant communities, utilize stands of regenerating willow on moist soil, but not stands of 
older willow or stands of other riparian shrubs that occupy drier sites such as mule-fat and saltcedar 
(Frey and Wright 2012). The regenerating willows provided enough light penetration to allow for 
herbaceous growth. Beavers are essential for maintaining willows at an early successional stage that 
promotes herbaceous plants. Terraces are on the driest end of the spectrum as these are only 
infrequently flooded and the water table is far below the surface. Terraces support riparian forests. 
These may have closed canopies and shrub understories that limit the amount of herbaceous ground 
cover. The herbaceous plants that occur in these communities tend to be more arid-adapted grasses 
and forbs. The Arizona gray squirrel (Sciurus arizonensis) is the only species of terrestrial mammal 
in the upper Gila River region that is strongly associated with riparian forest to the exclusion of other 
riparian associations (Frey et al. 2008), but it is also uses Madrean pine-oak forests (Cudworth and 
Koprowski 2011). 

Impacts of Diversion and Climate Change on the Mammal Fauna 

Diversion Scenario: 150 cfs Minimum Bypass Flow 

Diversion scenarios are anticipated to result in negative impact to the mammal fauna of the Cliff-Gila 
Valley due to several anticipated changes to the flow regime of the Gila River. Most importantly is 
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the loss in magnitude of small and moderate floods (See Chapter 5, this report). These floods are 
crucial for inundating secondary channels and greater areas of the floodplain during all periods (i.e., 
snowmelt runoff, monsoon, and fall-winter base flow) except the summer low flow period. This 
would reduce the amount of aquatic habitat for semi-aquatic species such as beaver and muskrat. 
Reductions in depth of water or dewatering of secondary channels could be particularly detrimental 
to these species during the winter as they would be exposed to higher predation rates while accessing 
food. 

A second important impact of the anticipated reduction in the magnitude of floods is the loss of 
riparian vegetation due to increased drying of the floodplain. For instance, under the 150 cfs 
minimum bypass scenario the frequency of inundation would be reduced across the year such that the 
predicted area of inundation would be reduced by 19%. Reduced inundation eliminates areas of moist 
soil habitats for species such as the meadow jumping mouse. Further, this reduction is most profound 
during the snowmelt run-off period, which is a critical time for promoting growth of the herbaceous 
riparian vegetation. However, the loss of inundation during the monsoon and early fall also would 
inhibit maintenance of herbaceous communities (see additional information in Chapter 7, this report). 
Thus, an anticipated consequence of diversion would be loss of herbaceous riparian vegetation, 
which is a key concern for maintaining overall mammal diversity. In addition, the expected more 
abrupt reduction in streamflow during the snowmelt runoff period during diversion is projected to 
cause more rapid recession in groundwater. This recession can exceed the tolerance for seedling 
survival of key woody species such as cottonwood. Thus, overall, under the 150 cfs minimum bypass 
scenario there would be an estimated 18% reduction in recruitment of native hydrophilic woody 
plants. Such losses would dramatically impact species such as bats and the Arizona gray squirrel that 
rely on riparian forests. 

Diversion Scenario: No Minimum Bypass Flow 

The no-minimum-bypass diversion scenario is anticipated to have a number of negative impacts to 
the mammal fauna. Most importantly, this scenario could increase the number of days in which the 
Gila River ceases to flow. Dewatering and very low flows (< 150 cfs) could cause mortality to semi-
aquatic mammals due to increased predation risk. Such events would be most likely to occur during 
the dormant season (i.e., fall-winter base flow and snowmelt runoff periods), which is the most risky 
time period for these species. Dewatering of the river is also anticipated to have profound impact on 
species that rely on it for drinking water, such as bats. Bats also are expected to be impacted by the 
loss of emerging insect prey due to dewatering. Finally, reduced frequency and extent of inundation 
of the floodplain is expected to result in much the same consequences as it does in the 150 cfs 
minimum bypass flow scenario. However, additional losses of herbaceous riparian communities 
would be expected due to the loss of irrigation tailwater and seepage. 

Climate Change Scenarios 

Research has shown that natural climatic variability (i.e., Pacific Decadal Oscillation) is responsible 
for maintaining a shifting mosaic of riparian habitats on free-flowing rivers (Whited et al. 2007). 
More specifically, cool phases were associated with larger and more frequent floods that restructured 
the floodplain and promoted early successional plants, while warm phases were associated with 
reductions in critical flows floodplain restriction that promoted late successional plants (Whited et al. 
2007). Consequently, climate warming is anticipated to exacerbate warm phase conditions, such that 
riverine systems will experience reduced critical flows and promote later seral stage vegetation. 
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Because most mammals are associated with early seral vegetation (i.e., herbaceous), such changes 
will have negative impacts on a wide spectrum of mammal species. 
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Chapter 14. Workshop Outcomes: Ecological Response to 
Hydrologic Variability in the Gila River, Cliff-Gila Valley 
David Gori, Martha S. Cooper, and Dale Lyons, The Nature Conservancy 

Introduction 

To better understand the interactions between streamflow in the Gila River and ecological processes, 
The Nature Conservancy convened a workshop of experts in Silver City, New Mexico, on January 8-
9, 2014. More than 50 scientists specializing in hydrology, geomorphology, climate change, riparian 
vegetation ecology, and riparian and aquatic wildlife attended the workshop (Appendix 11, this 
report). The participants had extensive research experience on the Gila or on other Southwestern 
rivers and represented 24 institutions, agencies, and organizations. Prior to the workshop, this larger 
team of scientists received a draft of the assessment report to review. 

The goals of the Gila Ecosystem Flow Needs Workshop were to: 

 Describe, qualitatively and quantitatively, historic and current streamflow conditions necessary 
to sustain viable populations of all native riparian and aquatic species; 

 Incorporate knowledge of participating experts at the workshop into relationships between 
flows and the ecological response of species, building on information summarized in the 
assessment report; 

 Make predictions of the ecological effects on native riparian and aquatic species that can be 
expected from flow changes resulting from the proposed Consumptive Use and Forbearance 
Agreement (CUFA) diversion and climate change; and 

 Identify key information gaps in our understanding of the Gila River ecosystem, including 
uncertainties in flow-ecology relationships, that we can address with future research. 

 
The workshop was facilitated by Leslie Bach and Andy Warner from The Nature Conservancy, who 
have facilitated similar workshops around the United States. The workshop began with a series of 
presentations describing the purpose and structure of the workshop, expected products, and key 
findings by lead authors of the report. Breakout and plenary sessions followed over the next two 
days. 

In the first breakout session, participants were split into three groups according to their area of 
expertise: 1) Aquatics (i.e., fish, aquatic invertebrates, reptiles and amphibians); 2) Riparian 
Vegetation; and 3) Birds and Mammals. Each group was tasked with identifying important 
relationships between flows—their magnitude, timing, duration, and frequency—and their ecological 
function or response, hereafter referred to as flow-ecology relationships. 

The flow-ecology relationships identified by each group considered a range of flows (Chapter 2, 
Table 2, this report). As a starting point, participants were provided with a graphic depicting the 
mean daily flows expressed as daily exceedance probabilities for the Cliff-Gila Valley based on the 
Gila near Gila gage (USGS 09430500). The hydrograph was divided into four seasonal blocks (fall-
winter base flow, snowmelt runoff, summer low flow, and monsoon). Some flow-ecology 
relationships, expressed in terms of flow exceedance probabilities, were identified by the project 
team prior to the Workshop and were superimposed on the annual hydrograph (Appendix 12, this 
report). 
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Flow-Ecology Relationships by Biological Group 

The following sections describe the flow-ecology relationships as well as knowledge gaps, research 
needs, and uncertainties identified and developed by the three breakout groups. Each section 
describes the approach followed by the group to develop these relationships and summarizes these 
relationships in a table. Each group’s approach was unique and, as the following sections show, 
differed in format and content. Discussions and outcomes from the three groups were recorded on 
flipcharts and by note-takers. 

Aquatics Group 

Approach and Objectives 
The group acknowledged that the Gila River’s flow regime is characterized by extreme variability, 
which is critical for sustaining the high diversity of native riparian and aquatic birds and fish, 
amphibians, reptiles, invertebrates, and mammals in the Cliff-Gila Valley. With this complex 
ecology of the Cliff-Gila Valley in mind, the first step in identifying flow-ecology relationships was 
to define objectives for the breakout session: 

1) Identify qualitatively and, to the extent possible, quantitatively the important relationships 
between flows—their magnitude, timing, frequency, and duration—and their ecological 
response or function with respect to aquatic species; 

2) Identify a set of indicator species for which there is sufficient ecological information to 
define the flow-ecology relationships for different life stages, including their dependence on 
natural flow patterns and their resilience or resistance to high and low flows. Indicator 
species should be selected on the basis of their importance to the food web, their utilization 
of different aquatic habitats within the floodplain, and their representation of a species 
assemblage that contributes to the overall diversity of the Cliff-Gila Valley; and 

3) For one species, the loach minnow, identify the flow needs of different life stages with a 
focus on habitat and how habitat quality and quantity are influenced by flows. 

Indicator Species 
The following invertebrates were identified by the group as indicator species or taxa: 

 Blackfoot springfly, Isogenoides colubrinus (Periodidae), emerges in the spring (March-
April) and uses cobble substrates that have been “cleaned” of silt and fine sediments by 
elevated winter flows and spring snowmelt runoff including an extended (and gradual) 
recession limb. Although I. colubrinus occurs in several other streams in the northern Rocky 
Mountains, it is rare in New Mexico (two localities) and the Gila River population is both the 
southern-most population of the species and is highly disjunct (200+ miles) from other 
populations. 

 Net-spinning caddisflies (Hydropyschidae), which occupy cobble substrates where they spin 
silk nets to capture food. These caddisflies are important prey items for native fish and their 
nets capture food items from the water column that are also used by other benthic 
invertebrates. 

 Assemblage of mayflies (Ephemeroptera), which is composed of multiple families including 
the family Baetidae. More than 40 species are found in the Gila region. Some species have 
very short life cycles, while others have longer ones (1+ yr.), so they encompass a variety of 
potential responses to flow manipulation and climate change; the species Lachlania 
dencyannae is endemic to the Gila River. Mayflies in the family Baetidae commonly enter 
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the drift and are often the most abundant invertebrate in riffle habitats; as such, they are 
important prey items for native fish. 

 
Specific invertebrate assemblages can be found in different aquatic habitats within the floodplain, 
including those in the main channel, ephemeral floodplain pools, off-channel perennial pools, and 
wetlands. For example, many aquatic beetle, true bug, and true fly taxa are restricted to off-channel 
and floodplain lentic habitats, while most stonefly, mayfly, and caddisfly taxa are found only in the 
main channel with perennial flow. Thus, multiple suites of invertebrate taxa are dependent on 
different high flow and low flow regimes characteristic of these different floodplain environments 
contributing to the high beta-diversity of the riparian corridor in the Cliff-Gila Valley. 
The group considered all native and nonnative species when developing flow-ecology relationships 
for the fish community, but selected loach minnow as an example to illustrate how different flow 
regime attributes affected a species. Participants stressed that loach minnow should not be considered 
a surrogate for the rest of the native fish community because its habitat needs and response to flows 
are different than spikedace and other species, particularly when looking at the relationship between 
flows and reproductive success (Chapter 10, this report). 

Finally, the following amphibians and reptiles were identified as indicator species: 

 Sonoran mud turtle and northern Mexican gartersnake, both of which occupy off-channel 
wetlands; 

 Narrow-headed gartersnake, which occurs in a variety of main channel habitats depending on 
life stage; 

 Great plains toad and spadefoot toads, which breed in ephemeral pools within the floodplain 
during the summer monsoon; and 

 Bullfrog, a nonnative species, which occurs in off-channel pools and wetlands, habitats that 
were formerly occupied by leopard frogs that were extirpated from the Cliff-Gila Valley. 
 

In addition to these indicator species, the group also considered terrestrial reptiles dependent on the 
riparian forest and on its associated floodplain microhabitats (Chapter 11, this report). 

Flow-Ecology Relationships: Aquatic Indicator Species, Other Species 
The group reviewed the flow-ecology relationships by seasonal block that were prepared by the 
chapter authors before the workshop (Appendix 12, this report), selecting and, in some cases, 
elaborating on those that applied specifically to indicator species or to fish, invertebrates, 
amphibians, and reptiles in general. Each of these relationships was “color-coded” to represent flow 
magnitudes expressed as exceedance probabilities. The group added additional flow-ecology 
relationships. The results of the group discussion are summarized in Table 1. To prepare this table, 
flow magnitudes expressed as flow exceedance percentages in the flow-ecology graphic were 
converted into flow magnitudes by seasonal return or recurrence interval. A full elaboration of flow 
events (magnitudes) by seasonal recurrence interval can be found in Chapter 2 of this report. 
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Table 1. Flow-ecological response relationships for aquatic species and terrestrial reptiles by seasonal block for the Gila River, Cliff-Gila Valley (see 
Chapter 2, this report). High Flows include large floods (10-25 yr. return interval (RI) events) and extreme floods (> 25 yr. RI events); Mid-Range Flows 
include small floods (2-5 yr. RI) and moderate floods (5-10 yr. RI); and Maintenance & Low Flows include maintenance flows (1.25-2 yr. RI events) and low 
flows (< 1.25 yr. RI) for 3 of the 4 seasonal blocks: Fall-Winter Base Flows, Snowmelt Runoff, and Monsoon. For the Summer Low Flow period, flows are 
divided into two classes, maintenance and low flows (< 2 yr. RI event or 125 cfs) and large summer floods (> 10 yr. RI event). Taxa and species in parenthesis 
benefit from the ecological process or response; abbreviations are: Mx gartersnake = northern Mexican gartersnake; NH gartersnake = narrow-headed 
gartersnake; YOY = young-of-the-year; GW = groundwater. 
 

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

High Flows 

 

Extreme Floods 
(> 25 yr. RI) 

 
Large Floods 
(10-25 yr. RI) 

 

  

 
> 6,000 cfs (large & extreme 
floods) 
 Promotes cottonwood-willow 

recruitment: scours away 
competing herbaceous veg., 
creates germination beds near 
H2O table. 

 Creates floodplain scour holes 
that remain moist during year 
(woody & herbaceous veg.) 

 Creates off-channel pools, 
wetlands (Mx gartersnake, 
Woodhouse’s toad, inverts: 
Dytiscidae, Hydrophilidae, 
Callibaetis) 

 Clears main-channel habitat for 
“weedy” invert. taxa (Simulidae, 
Chironomidae); causes high 
mortality of sensitive lotic taxa 
(Isogenoides, Hydropsychidae) 

 Reconfigures floodplain 
 Removes woody riparian 

vegetation, shifts mosaic; 
maintains structure & 
composition diversity 

 Reduces survivorship of YOY 
fish, bullfrogs 

 Creates/restructures floodplain 
debris piles (terrestrial herps) 

 

> 6,000 cfs (large & extreme 
floods) 
 Promotes cottonwood-willow 

recruitment; scours away 
competing veg.; creates 
germination beds near H2O 
table 

 Creates floodplain scour 
holes that remain moist 
during year 

 Reconfigures floodplain 
 Removes woody riparian 

vegetation, shifts mosaic; 
maintains structural & 
compositional diversity 

 Creates/restructures 
floodplain debris piles 
(terrestrial herps) 

 

 

> 300 cfs (large summer 
floods) 
 Suppresses nonnative fish 

reproduction by displacing 
young, disrupting 
reproductive cycle 

 
> 1,200 cfs (large & extreme 
floods) 
 Creates & maintains 

heterogeneity of aquatic & 
riparian habitats 

 Removes bullfrog tadpoles & 
adults to benefit native fish & 
herps 

 Creates/restructures 
floodplain debris piles 
(terrestrial herps) 
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Table 1. Continued 
 

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

Mid-Range 
Flows 

 

Moderate Floods 
(5-10 yr. RI) 

 
Small Floods 
(2-5 yr. RI) 

 

> 600 cfs (small, moderate, & 
larger floods) 
 Maintains primary channel, 

restructures aquatic habitat 
(fish, herps, aquatic inverts) 

 Maintains instream 
productivity; transport of 
nutrients, organic material 
from floodplain & 2o channels 
to main channel) 

 Recharges GW in floodplain; 
maintains woody and 
herbaceous riparian 
vegetation (terrestrial herps, 
Mx gartersnake, NH 
gartersnake) 

 
> 1,600 cfs (moderate & larger 
floods) 
 Moves woody debris from 

floodplain to create instream 
habitat structure (fish, inverts, 
herps) 

 Removes bullfrog tadpoles & 
adults to benefit native fish & 
herps 

 
> 400 cfs (small & larger 
floods) 
 Moves woody debris w/in 

channel: creates habitat 
structure & complexity 

 Maintains primary channel; 
restructures aquatic habitat 

 Provides cues for spawning 
(temp, recession limb, water 
clarity); adult fish move for 
reproduction & genetic 
exchange 

 Promotes early seral 
herbaceous vegetation (Mx 
gartersnake, NH gartersnake) 

 

 
 
 

 
> 400 cfs (small & larger 
floods) 
 Recharges GW in floodplain 
 Maintains instream 

productivity: nutrient & organic 
material transport from 
floodplain to main channel 

 Truncates nonnative fish 
spawning season & displaces 
young nonnative fish (native 
fish, aquatic herps) 

 Triggers secondary spawning 
(loach minnow, spikedace) 

 Promotes riparian woody & 
herbaceous veg. growth along 
2o channels, floodplain (herps, 
MX gartersnake, NH 
gartersnake) 

 Provides access to refuge 
habitats in 2o channels from 
main channel (native fish, 
amphibians) 
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Table 1. Continued 
 

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

Mid-Range 
Flows 

 

Moderate Floods 
(5-10 yr. RI) 

 
Small Floods 
(2-5 yr. RI) 

  
> 400 cfs (small & larger 
floods) cont. 
 Rehydrates off-channel 

perennial wetlands, pools 
(mud turtles, ranid frogs, 
toads, gartersnakes, some 
lentic inverts) 

 Provides riparian vegetation 
w/ nutrients, mulch for growth; 
moistens soil, recharges GW 
in floodplain; maintains woody 
& herbaceous riparian veg. 
(terrestrial invertebrates, 
amphibians, reptiles) 

 Maintains instream 
productivity: nutrient & organic 
material transport from 
floodplain to main channel 

 Initiates reproduction & 
development of lentic invert 
assemblages in off-channel, 
secondary channel aquatic 
habitats (Dytiscidae, 
Hydrolphilidae, Callibaetis, 
others) 

Recession limb & tail (March, 
April, May) 
 Sorts & cleans sediments of 

fines, ash & fire debris 
 Maintains water temperatures 

for aquatic fauna (young fish, 
inverts) 

 Provides connectivity for 
dispersal of larval fish by drift 

 
 

 
> 400 cfs (small & larger 
floods) cont. 
 Fills ephemeral pools to 

benefit summer-breeding 
toads, lentic inverts. 
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Table 1. Continued 
 

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

Maintenance & 
Low Flows 

 
Maintenance Flows 

(1.25-2 yr. RI) 
 

Low Flows 
(< 1.25 yr. RI) 

 
< 600 cfs (maintenance & low 
flows) 

 Maintains overwinter aquatic 
habitat (fish, inverts, herps) 

 Supports root growth & 
survival of riparian woody 
vegetation (all age classes) 

 (Small pulse & regular flow) 
Puts detrital resources into 
suspension; food for 
Hydropsychidae, Baetidae 
which are prey for 
Isogenoides 

 

< 400 cfs (maintenance & low 
flows) 
 Maintains aquatic habitat (fish, 

herps, inverts) 
 Supports root growth & 

survival of riparian woody 
vegetation (all size classes) 

 
 

 
< 125 cfs (maintenance & 
low flows) 
 Relatively constant flows (no 

spikes) enhances algal 
productivity to benefit 
secondary consumers (fish, 
inverts, herps) 

 (but > 50 cfs) Increases 
amount & quality of riffle & 
pool habitat (native fish, NH 
gartersnake) 

 Supports native fish growth 
from larvae to juvenile 

 Maintains cottonwood-willow 
seedlings & saplings, 
herbaceous cover (herps, Mx 
gartersnake, NH 
gartersnake) 

 Maintains refugia habitats: 
pools, small riffles (native 
fish, NH gartersnake, inverts: 
Hydropsychidae, mayflies, 
Elmidae) 

 

 

< 300 cfs (maintenance & low 
flows) 
 Maintains riparian woody and 

herbaceous veg. growth along 
main channel (herps, Mx 
gartersnake, NH gartersnake) 

 Maintains connectivity for fish 
dispersal & genetic exchange 
upstream (juveniles, adults); 
also benefits NH gartersnake 
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Maintenance and Low Flows 
Maintenance and low flows vary seasonally up to about 300 to 600 cubic feet per second (cfs). These 
flows maintain aquatic habitat for fish, amphibians, aquatic reptiles, and invertebrates and support 
root growth and survival of riparian woody vegetation during the fall-winter and spring snowmelt 
runoff periods. In addition, maintenance and low flows maintain herbaceous vegetation growth 
adjacent to the main channel during these periods. Riparian vegetation, both herbaceous and woody, 
provides cover and basking sites for narrow-headed and northern Mexican gartersnakes, supports 
terrestrial invertebrate and mammal populations (food), and provide mesohabitat features (e.g., trees, 
logs, woody debris, and leaf litter) for toads, riparian lizards, and snakes. 

In the summer period, maintenance and low flows < 125 cubic feet per second (cfs) enhance algal 
productivity, which benefits secondary consumers including native fish, aquatic invertebrates, and 
amphibians, and support growth of larval native fish to juveniles. Summer maintenance and low 
flows also maintain cottonwood-willow seedlings and saplings and herbaceous riparian vegetation as 
well as refuge aquatic habitats such as pools and small riffles for native fish, narrow-headed 
gartersnakes, and invertebrates, especially mayflies and species in the family Hydrodropsychidae and 
Elmidae. 

Mid-Range Flows 
Among other functions, mid-range flows > 600 cfs during the fall-winter period restructure aquatic 
habitats in the main channel, maintaining their structural diversity for aquatic invertebrates, fish, 
narrow-headed gartersnakes, and amphibians. 

Mid-range flows > 400 cfs in the spring snowmelt runoff period are important for a large number of 
ecological processes and functions. These include: 1) moving wood debris within the channel, which 
creates habitat for native fish and amphibians; 2) restructuring aquatic habitats, thereby increasing 
habitat diversity, and maintaining instream productivity by transporting nutrients and organic 
material from the floodplain to the main channel; 3) providing cues for spawning and facilitating 
movement of adult fish up- and downstream for reproduction and genetic exchange; and 4) initiating 
reproduction and development of lentic invertebrate assemblages in off-channel and side-channel 
aquatic habitats. These invertebrates are the base of complex riparian-aquatic food chains and are an 
important food source for toads, Sonoran mud turtles, riparian lizards, snakes, and a host of birds and 
mammals. 

Mid-range flows > 400 cfs in the snowmelt runoff period also inundate secondary channels and low 
floodplain areas, providing riparian vegetation with nutrients and mulch for growth, recharging the 
alluvial aquifer, moistening soils, and raising groundwater levels, all of which contribute to the 
regeneration and maintenance of woody and herbaceous riparian vegetation. This vegetation provides 
cover for reptiles and amphibians, including narrow-headed and northern Mexican gartersnakes. 
Insects that consume this vegetation provide abundant food for higher trophic levels. Finally, mid-
range flows rehydrate and disperse nutrients to off-channel wetlands and pools, which benefit mud 
turtles, toads, gartersnakes, and some lentic invertebrates. Mid-range flows > 1,600 cfs can move 
woody debris and other organic detritus from the floodplain to the main channel, creating habitat for 
native fish, amphibians, and some mammals, as well as food for aquatic invertebrates. 

The recession limb of the hydrograph during the snowmelt runoff period also has a number of 
important functions. Water traveling downstream from higher watershed elevations during this 
period is typically clear, transporting little to no sediment. Gradually declining flows therefore sort 
and clean gravel and cobble substrates of silt and fine sediments. This cleansing creates high-quality 
habitat for aquatic invertebrates, native fish spawning, and narrow-headed gartersnakes that use the 
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interstices of cobble substrates for hunting and protective cover. A gradual recession limb generally 
inhibits abrupt changes in water temperature and enhances dispersal of larval fish by drift to nursery 
habitats. A truncated recession limb with a subsequent longer low-flow period may increase 
impediments to native fish dispersal and benefit nonnative fish by increasing the relative abundance 
of low-velocity habitats and concentrating native fish and other prey in these habitats. Temperature is 
a critical factor in the emergence of aquatic invertebrates when larvae metamorphose and become 
terrestrial flying adults. A gradual recession limb during the snowmelt runoff period provides the 
habitat and environmental cues for proper emergence; an abrupt flow change followed by a rapid 
temperature increase results in earlier emergence. 

During the monsoon period, mid-range flows, particularly flows > 400 cfs, recharge groundwater; as 
flows increase, the extent of secondary channels inundation also increases, promoting woody and 
herbaceous riparian vegetation growth and survivorship along secondary channels and the floodplain. 
When mid-range monsoon floods interrupt long periods of drought, localized rehydration in parts of 
the floodplain may mean the difference between survival and mortality of riparian or herbaceous 
wetland vegetation. These flows directly benefit riparian vegetation and indirectly benefit 
amphibians, riparian lizards, and snakes. These mid-range flows also fill ephemeral pools on the 
floodplain, benefiting not only terrestrial mammals but also summer-breeding toads and lentic 
invertebrates, and provide native fish with refuge habitats from the main channel during these higher 
flows. Finally, small and larger floods truncate the spawning season for nonnative fish and displace 
their young downstream. In contrast, secondary spawning by loach minnow and spikedace can be 
triggered by small and larger floods during the monsoon period. 

Table 1 identifies additional flow-ecological response relationships for mid-range flows in the four 
seasonal blocks and the aquatic taxa, in parenthesis, that benefit from these flows and their ecological 
functions. 

High Flows 
During the fall-winter and spring snowmelt runoff periods, floods > 6,000 cfs reconfigure the 
floodplain and scour away woody riparian vegetation, maintaining the structural and compositional 
diversity of the riparian forest. This diversity of habitats sustains the diversity of many riparian 
lizards and snakes, amphibians, invertebrates, and mammals. Floods > 11,000 cfs promote 
cottonwood-willow recruitment by scouring away competing herbaceous vegetation and preparing 
germination beds near the water table. These large and extreme floods also: 1) create floodplain 
scour holes that remain moist during the year; these sites support woody and herbaceous riparian 
vegetation, and ephemeral pools for breeding toads and lentic invertebrates; and 2) create off-channel 
pools and wetlands that provide habitat for northern Mexican gartersnakes, Woodhouse’s toad, and 
wetland invertebrates (Dytiscidae, Hydrophillidae, and Callibaetis). In addition, large and extreme 
floods create and restructure floodplain debris piles, which hold moisture and are important cover 
features for riparian lizards and snakes. 

During the monsoon, large and extreme floods > 1,200 cfs remove bullfrog tadpoles and adults. 
Table 1 identifies additional flow-ecology relationships for high-range flows in the four seasonal 
blocks. 

Loach Minnow: Flow-Habitat Relationships 
To define quantitative flow-ecology relationships for one species, the group focused on the life stages 
of loach minnow, defining its habitat needs and identifying flows that can produce these habitats. The 
flow-habitat relationships for other native fish species are different (Chapter 9, this report). 
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Loach minnow spawning habitat. Spawning may occur as early as February, but timing in any 
particular year depends on timing of snowmelt and peak runoff. Most commonly the 2- to 3-week 
spawning season occurs during late March through early May. Spawning occurs in riffles over cobble 
substrates. Reproductive success, measured as autumn density of age-0 loach minnow, is positively 
associated with increasing discharge during the spring (February through April), especially for mean 
daily discharge up to about 300 cfs. Critical flows are those that mobilize silt and sand, thereby 
cleansing spaces among pebbles and cobbles of riffles where loach minnow spawn. This cleansing 
occurs during peak snowmelt runoff and flow recession prior to spawning. 

Larval nursery habitat. After emergence, larval loach minnow use shallow, low-velocity edges of 
spawning riffles as nursery habitat. In these areas, young loach minnow feed on zooplankton and 
small aquatic insects. As individuals grow, they move into slightly deeper and more rapid-velocity 
water with cobble substrate. 

Juvenile loach minnow. By late July, juveniles are large enough to survive monsoon high flow 
events and are resilient to a wide range of flow magnitudes. During this stage, juveniles move 
laterally back into mid-channel habitats. Faster growth rates during this period may lower winter 
mortality. 

Adult loach minnow. Adults occur almost exclusively in riffles, where flows of sufficient magnitude 
maintain interstitial spaces occupied by loach minnow. Within riffles, invertebrate production is 
typically high, thus providing loach minnow with sufficient prey to maintain healthy populations. 

Although these flow-habitat relationships for loach minnow are described qualitatively, enough is 
known about the habitat requirements of loach minnow and other native fish species (Chapter 10, this 
report) to develop quantitative estimates of the magnitude, range, and frequency of flows needed to 
create and maintain spawning, nursery, juvenile, and adult habitat. This could be accomplished 
through an extension of the SRH-2D hydrodynamic model if in-channel LiDAR data were to become 
available. Changes in the amount of useable habitat by life stage could be modeled as a function of 
changes in the flow regime. The group identified this as a high priority research need that is critical 
to fully evaluating the impacts of the CUFA diversion on loach minnow and other fish species. 

Riparian Vegetation Group 

Approach and Objectives 
The objective for the breakout session was to exchange information and come to a shared 
understanding of riparian vegetation dynamics in the Cliff-Gila Valley. Specifically, the group 
focused on how flows—their magnitude, timing, duration, and frequency—contributed to and 
influence these dynamics. 

Cottonwood-Willow Recruitment 
Because cottonwood-willow community types are the most studied and best understood, the session 
facilitator, Andy Warner, suggested the group begin by reviewing the recruitment box model for 
cottonwood (Mahoney and Rood 1998). Fremont cottonwood (Populus fremontii) and Goodding 
willow (Salix gooddingii) can reproduce both sexually and asexually. Although asexual reproduction 
is important especially in willows, sexual reproduction is the primary mode giving rise to riparian 
forests in the Cliff-Gila Valley. For this reason, the discussion focused on sexual reproduction. Seeds 
are released in spring during the snowmelt run-off period and transition to summer low flows. If the 
water table declines slowly enough (~4 cm/day) seedling roots stay connected to moist soil and 
successful recruitment occurs. In general, recruitment events occur in two ways. First, large stage-
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setting flood events (> 25-year return interval, > 12,800 cfs) that occur in fall-winter may result in 
channel avulsion or scouring of secondary channel features, creating topographic low points across 
the floodplain (Stromberg et al. 1993). These topographic lows provide potential riparian nursery 
sites. Optimum conditions for recruitment include areas scoured of herbaceous vegetation that have 
fine sediments, sunlight, and spring wetting during seed availability (which might include wetting 
through precipitation). Depth to the water table, soil texture, air temperature, and wind all influence 
seedling survival. In nursery sites distant from the active channel, scouring of seedlings and young 
trees during subsequent floods is reduced because flow velocity through these secondary channels is 
much less than along the active channel. The majority of cottonwoods and willows in the Cliff-Gila 
Valley occur along secondary channels, not along the main channel (Chapter 7, this report). 

Second, smaller, individual recruitment events occur more frequently than gallery forming events, 
typically along the banks of the main channel and in secondary channels. Individuals that germinate 
along the main channel are especially susceptible to flood scour and may not become mature trees. 
Recruitment along secondary channels depends on the size of flows and whether the channels carry 
surface water. Depths to groundwater are less beneath secondary channels, supporting root growth 
and seedling survivorship. 

The group discussed the timing of cottonwood and willow seed release. In Arizona, it occurs from 
mid-March to mid-May (Stromberg et al. 1991). In the Cliff-Gila Valley, seed release is thought to 
occur approximately 3 weeks later, from mid-April through June. According to field work 
documentation and photographs, cottonwood seed release in 2010 occurred between about April 21 
and May 25. The difference between areas may be due to differences in air and soil temperatures, 
which are thought to be the primary cues for flowering. Willow seed release is thought to occur a few 
weeks later than cottonwoods. The duration of willow seed dispersal is unknown. 

Cottonwood and willow seedlings may germinate as late as August, as long as the seeds remain dry 
prior to this. This is not the major pathway for recruitment, however, because monsoonal germinating 
individuals may lack the carbon resources to survive winter conditions. 

The frequency and duration of recruitment events, both stage-setting flood events and individual 
recruitment events, are not known. A study of the age structure of cottonwoods and its relationship to 
the historic hydrograph would increase our understanding of hydrological conditions for successful 
recruitment and establishment in the Cliff-Gila Valley. 

Secondary Channels 
The maintenance of the complex mosaic of community types on the Gila requires surface flow 
through multiple side or secondary channels. Surface flow appears in some secondary channels 
around 400 cfs. Surface flow connectivity between secondary channels and the main channel 
increases as discharge rises, and depends on the elevation of each secondary channel at its 
intersection with the primary channel. The higher the flow is, the greater the number of secondary 
channels that carry water. The majority of riparian vegetation, including cottonwood and willow, is 
located on and sustained by flows in these secondary channels. The channels are lower 
topographically and closer to groundwater tables than the adjacent floodplain. The spatial diversity of 
riparian communities within the floodplain contributes to habitat diversity, food webs of riparian 
species, and overall species diversity within the Gila riparian corridor (Ward et al. 2002).  

Groundwater 
Adequate groundwater, particularly in the spring runoff and monsoon seasons, is a key element for 
survival of all riparian vegetation, including cottonwoods and willows. Flows of 50-100 cfs during 
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the summer maintain groundwater levels, but flows lower than this may dramatically increase the 
depth to groundwater. There is a critical threshold in the low flow range below which there may be 
non-linear impacts on groundwater depths. Existing land and water use is recognized as having 
significant effects on groundwater levels in the Cliff-Gila Valley (Chapter 7, this report). 

Tree Mortality 
Scattered stands of dead cottonwoods are currently found in the Cliff-Gila Valley. The most likely 
mechanism is water stress. The group discussed two sources of water stress. Ash from the 2012 
Whitewater-Baldy Fire clogged interstitial spaces in the floodplain alluvium and “sealed” the river 
banks so that water was unable to infiltrate. After the first pulse of ash was transported down the 
river, a decline in groundwater levels was observed in floodplain monitoring wells. Another cause of 
water stress along one reach is where irrigation withdrawals dewater the river, causing steep 
groundwater declines. Since stands of dead trees are seen on the reach of the river above irrigation 
withdrawals and below it, both sources of water stress likely contributed to tree mortality. 

Groundwater is important for riparian species such as cottonwood and willow, and many have roots 
that can follow declines in the water table, but there may be a threshold in the rate of groundwater 
decline beyond which they cannot survive. Rapid groundwater declines can negatively affect mature 
trees because despite their carbon storage, they also need their roots in contact with the water and 
cannot respond rapidly to drastic changes in groundwater conditions. Steep declining limbs on the 
hydrograph correlate with 6-10 cm/day drops in the water table. When flows are diminished by 350 
cfs naturally in the historic record, groundwater declines (Chapter 7, this report). If diversion were to 
cause this abrupt flow reduction, groundwater levels also would abruptly decline.  

Other Riparian Vegetation Communities 
The group discussed other riparian vegetation communities and species, including: 

 Herbaceous communities composed of groundwater dependent, wetland species and those 
composed of more upland species; 

 Other native riparian forest composed of Arizona sycamore, Arizona walnut, netleaf 
hackberry, Arizona ash, alder, and box elder; and 

 Invasive woody species including saltcedar, Siberian elm, tree-of-heaven, and juniper (native 
but invading).  
 

Marshland or emergent wetlands are herbaceous communities dominated by obligate wetland species 
such as sedges and cattails. Wetland communities generally exist within 30-50 cm of groundwater 
(Stromberg et al. 2005) and have the ability to tolerate inundation, saturated soils, and anoxic 
conditions. Often they occur in secondary channels, oxbows, and topographic low spots in the 
floodplain and are maintained by high water tables. Fine sediments and clays help hold moisture. 
Information gaps for the Cliff-Gila Valley include the historical extent of wetlands, their acreage 
today, and how the arrangement and extent of wetlands changes over time. These community types 
are recognized as very important to invertebrate communities, birds, amphibians, and some reptiles 
including northern Mexican gartersnakes. In addition, these community types are recognized as 
critical to many mammals such as muskrat, beaver, cotton rats, and shrews. 

The group did not have time to discuss non-wetland herbaceous communities in depth, but it was 
recognized that these types are important to some reptiles and mammals and are part of the overall 
mosaic of riparian habitats on the floodplain. Non-wetland herbaceous communities can occur in the 
understory of mature riparian forests or on floodplain terraces. 
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Early- and Later-Successional Native Riparian Forest 
In addition to cottonwoods and willows, other early-successional riparian trees found adjacent to the 
main channel include alder and Arizona sycamore. Sycamores typically establish on cobble 
substrates and rely on access to groundwater (Stromberg 2001). After establishment, older sycamores 
may be found on high terraces. 

Floodplain edges are more likely to include species that occur within the transition from riparian to 
upland habitats and include Arizona walnut, netleaf hackberry, Arizona ash, desert willow, juniper, 
honey mesquite, and locust. The average depth to groundwater for the later-successional native 
riparian forest community is 5.5 m (Chapter 7, this report). Arizona walnut seedlings germinate 
under an overstory of cottonwoods and this species’ large seed and stored reserve allow it to establish 
farther from the water table (Stromberg and Patten 1990). In the Cliff-Gila Valley, box elder is 
typically found under a mature cottonwood-willow overstory. A greater understanding is needed of 
the hydrological conditions necessary for regeneration and the age structure of riparian and woody 
species in these communities in the Valley. 

Invasive Species 
Nonnative invasive woody species include saltcedar, Siberian elm, tree-of-heaven, and Russian olive. 
The presence and relative abundance of saltcedar is related to perennial, intermittent, and ephemeral 
streamflow and associated depth to groundwater (Stromberg et al. 2007). Streamflow from perennial 
to ephemeral (permanence of water less than 64%, groundwater depth of > 3 m) increases the 
susceptibility of areas to invasion by saltcedar. Saltcedar does not appear to be widespread in the 
basin, but does occur scattered along the Gila in the Cliff-Gila Valley. It is thought that the natural 
flow regime of the Gila has historically prevented its widespread establishment and spread. 

Russian olive occurs in a few small stands in the Cliff-Gila Valley, while Siberian elm is found in 
dense localized stands in certain areas. Tree-of-heaven is typically found along irrigation ditches. 
Juniper, a native species, appears to be invading riparian areas (Whiteman 2010) and is more drought 
tolerant than saltcedar. It has rooting depth of up to 15 m, and its seeds are bird dispersed. Juniper 
appears to tolerate periodic inundation and having its roots in water but may be vulnerable to 
scouring events. Saltcedar and juniper may respond similarly to reduced water availability because 
they are both drought tolerant. 

Flow-Ecology Relationships 
Throughout the course of our discussion the group identified some flow-ecology relationships by 
seasonal block. The results of the group discussion are summarized in Table 2. 

Maintenance and Low Flows 
Maintenance and low flows during all seasonal blocks support root growth and survival of young 
riparian woody vegetation and mature riparian trees. Maintaining perennial flows helps maintain 
groundwater levels. Extreme low flows or dewatering contributes to mortality in all age classes.
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Table 2. Flow-ecological response relationships for riparian vegetation by seasonal block for the Gila River, Cliff-Gila Valley (see Chapter 2, this 
report). High Flows include large floods (10-25 yr. return interval (RI) events) and extreme floods (> 25 yr. RI events); Mid-Range Flows include small floods 
(2-5 yr. RI) and moderate floods (5-10 yr. RI); and Maintenance & Low Flows include maintenance flows (1.25-2 yr. RI events) and low flows (< 1.25 yr. RI) for 
3 of the 4 seasonal blocks: Fall-Winter Base Flows, Snowmelt Runoff, and Monsoon. For the Summer Low Flow period, flows are divided into two classes, 
maintenance and low flows (< 2 yr. RI event or 125 cfs) and large summer floods (> 10 yr. RI event). 
 

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

High Flows 
Extreme Floods 

(> 25 yr. RI) 
 

Large Floods 
(10-25 yr. RI) 

> 6,000 cfs (large & extreme 
floods) 
 Set the stage for cottonwood 

recruitment events: create 
bare soils by scouring, drop 
fine sediments, & create 
topographic low points. 

 
 Re-arrange dead and down 

woody debris, speeding 
decomposition. 
 

 Promote early seral 
herbaceous riparian 
vegetation. 

 

> 6,000 cfs (large & extreme 
floods) 
 Set the stage for cottonwood 

recruitment events: create 
bare soils by scouring, drop 
fine sediments, create 
topographic low points. 

 Promote early seral 
herbaceous riparian 
vegetation. 

 Re-arrange dead and down 
woody debris, speeding 
decomposition. 

 The roots of newly established 
woody vegetation grow and 
follow the declining 
groundwater that tracks the 
gradual, extended recession 
limb of high flows.  

   

Mid-Range 
Flows 

 
Moderate Floods 

(5-10 yr. RI) 
 

Small Floods 
(2-5 yr. RI) 

> 600 cfs (small, moderate & 
larger floods) 
 Secondary channels become 

inundated and recharge 
groundwater in floodplain 
aquifer. Groundwater 
maintains woody riparian and 
herbaceous wetland 
vegetation. 

> 400 cfs (small & moderate 
floods) 
 Secondary channels become 

inundated & recharge 
groundwater in floodplain 
aquifer. Groundwater 
maintains riparian vegetation. 

 Rate of decline of flows 
influences whether roots can 
follow the dropping 
groundwater. 

 
 
 

> 300 cfs (small & larger 
floods) 
 Variable flows promote root 

growth for riparian vegetation. 
 Maintains riparian vegetation, 

especially along secondary 
channels. 

 Because groundwater levels 
are typically lowest during 
summer, elevated flows 
during the monsoon are 
particularly important for 
raising groundwater levels. 
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Table 2. Continued 
 

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

Maintenance & 
Low Flows 

 
Maintenance Flows 

(1.25-2 yr. RI) 
 

Low Flows 
(< 1.25 yr. RI) 

 
< 600 cfs (maintenance & low 
flows) 

 Support root growth and 
survival of young riparian 
woody vegetation and mature 
riparian trees. 

 
< 400 cfs (maintenance & low 
flows) 

 Maintain groundwater levels 
that support riparian 
vegetation. 

 
< 125 cfs (maintenance & 
low flows) 
 Maintain cottonwood and 

willow seedlings, saplings, 
and poles, and herbaceous & 
grass cover. 

 Maintaining perennial flows 
helps maintain groundwater 
levels. 

 
0-50 cfs (extreme low flows) 
 Exceedingly flow flows or no-

flows contribute to riparian 
tree mortality. 

 

 
< 300 cfs (maintenance & low 
flows) 
 Maintain groundwater levels 

that support riparian 
vegetation. 
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Mid-Range Flows 
Mid-range flows include small and moderate floods (300-5,000 cfs). This range of flows during all 
seasonal blocks recharges groundwater in the floodplain aquifer and includes small and moderate 
floods that generate surface flow in secondary channels. Groundwater maintains cottonwood and 
willow seedlings, saplings, poles, and adults, as well as herbaceous and grass cover. The rate of 
decline of flows influences whether roots can follow the dropping groundwater. Because 
groundwater levels are typically lowest during summer, elevated flows during the monsoon are 
particularly important for raising groundwater levels and allowing individuals to recover from water 
stress. 

High Flows 
Particularly during the fall-winter seasonal block, large floods set the stage for cottonwood-willow 
recruitment events by creating bare soils through scouring, dropping fine sediments, and creating 
topographic low points that are closer to the water table. These flows also promote early seral 
herbaceous riparian vegetation. Flows during the snowmelt runoff period are important for seedling 
survival, in particular peak flows in early spring followed by a gradual, extended recession limb. The 
roots of newly established vegetation grow and can remain in contact with the declining 
groundwater. 

Birds and Mammals Group 

Approach and Objectives 
The group was composed of wildlife, riparian vegetation, and hydrology experts. The group’s 
objective was to consider the ecological responses of birds and mammals to Gila River flow 
magnitude, timing, frequency, and duration. The following discussion and Table 3 summarize 
qualitative and quantitative flow-ecology relationships identified by the group. 

While there was general agreement among the bird and mammal experts that river flow was needed 
throughout the year in order to maintain the variety of habitat types that support a diversity of birds 
and mammals, the group acknowledged that there was limited information on flow-ecology 
relationships for birds and mammals for the Gila River. For this reason, flow-ecology relationships 
for riparian vegetation, on which many birds and mammals depend, were used to guide the 
discussion and meet the objective. Specifically, riparian vegetation recruitment facilitates habitat 
creation for birds and mammals, so vegetation response to changing hydrologic conditions in the Gila 
River strongly influence the flow-ecology relationships of birds and mammals. As a result, vegetative 
responses to changing flow conditions that are important to bird and mammal habitat were identified 
through the group’s discussion. 

Flow-Ecology Relationships 
The group discussed whether birds influence the distribution of plant seeds and, in turn, the 
distribution of riparian vegetation. It was concluded that, on a large scale, birds don’t have a large 
influence on seed dispersal of riparian vegetation because the majority of riparian tree and shrub 
species are wind-dispersed and the landbird community is primarily composed of insectivorous bird 
species. However, birds are important seed-dispersers for the few fruiting riparian plants present in 
the Cliff-Gila Valley: Arizona walnut, netleaf hackberry, honey mesquite, and three-leaf sumac. 
Although juniper trees are not common in the river’s floodplain, birds are also important for seed 
dispersal.
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Table 3. Flow-ecological response relationships for birds and mammals for high flows, mid-range flows, and maintenance and low flows by seasonal 
block. High flows are defined as floods > 6,000 cfs; mid-range flows range from 300-6,000 cfs and include floods > 400 cfs that inundate secondary channels 
and the floodplain; and maintenance and low flows are defined as flows < 300 cfs. Flow ranges for flow-ecological response relationships within each seasonal 
block were identified in breakout group discussions and through analysis of the hydrograph record.  

  Fall-Winter Spring/Snowmelt Runoff Summer Monsoon 

High Flows 
(>6,000 cfs) 

Landscape forming/geomorphic 
reset (10,000-40,000 cfs) 
 Create vegetation mosaics of 

age class & successional stages 
 Shifts vegetation mosaic 
 Native plant species maintain a 

competitive advantage 
 Creation of off-channel wetland 

topography 
 Creation of floodplain refugia 
 Transport of material & nutrients 

in the channel and floodplain 

   

Mid-Range 
Flows 

(300-6,000 cfs) 

 Channel maintenance (1,500-3,000 cfs) 
 Vegetation recruitment along main 

channel banks & in secondary channels 
 Survival & reproductive success of 

terrestrial plant species (presence & 
proximity to water) 

 Keeps wetlands wet 
 

Maintain flow regime that promotes 
recruitment and backwater areas (2-5 
year events?) 
 Soil & nutrient deposition 
 Seed germination 
 Seedling survival 

 
Recession limb (> 500 cfs) 
 Allochthonous input 

 Inundation of secondary 
channels & floodplain (400- 6,000 
cfs) 
 Replenish soil moisture 
 Stimulate nutrient cycling 
 Recharge groundwater 
 Replenish food supply and cover 
 Maintain riparian vegetation 
 

Maintenance & 
Low Flows 
(< 300 cfs) 

Groundwater maintenance of 
perennial flow 
 Maintains vegetation 

assemblages 
 Sufficient flow to provide aquatic 

habitat for mammals and birds 
and associated food sources 

 Maintenance of off-channel 
wetlands and backwaters 

 

Groundwater maintenance of perennial 
flow 
 Maintains vegetation assemblages 
 Sufficient flow to provide aquatic habitat 

for mammals and birds and associated 
food sources (e.g., invertebrates) 

 Maintenance of off-channel wetlands 
and backwaters 

 

Groundwater maintenance of 
perennial flow 
 Maintains soil moisture  
 Maintains groundcover 
 Maintains food primary and 

secondary production (e.g., plants 
and insects, respectively) 

 Maintains terrestrial cottonwood-
willow habitat 

 Maintains sufficient surface water 
for water dependent species (e.g., 
common merganser) 

Groundwater maintenance of 
perennial flow 
 Maintains soil moisture 
 Maintains groundcover 
 Maintains food production 

(primary and secondary) 
 Maintains terrestrial 

cottonwood/willow habitat 
 Maintains sufficient surface water 

for water dependent species 
(waterfowl) 
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The group acknowledged that the Gila River’s hydrologic regime has undergone several alterations, 
including historical grazing and mining and current agricultural diversions. The degree to which 
alteration has affected vegetation distribution, composition, and geomorphology is unknown. Despite 
anthropogenic alteration to the streamflow regime, the group agreed to consider, to the best of the 
group’s understanding, the unaltered hydrologic conditions in which birds and mammals evolved. 

The group identified fundamental ecological requirements of birds and mammals for three distinct 
flow ranges (maintenance and low flows, mid-range flows, and high flows) within the four seasonal 
blocks (fall-winter, spring/snowmelt-runoff, summer, and monsoon). 

Maintenance and Low Flows 
In addition to supporting invertebrate prey and microclimates for breeding birds and bats, 
maintenance and low flows < 300 cfs in the fall-winter and summer maintain groundwater levels that 
support riparian vegetation important to birds and mammals. Specifically, riparian vegetation located 
away from the main channel benefits from maintenance and low flow–supported groundwater during 
these periods. The group noted that during maintenance and low flows, small changes in river stage 
have larger effects on the wetted channel area, which in turn impact riparian vegetation maintenance. 
Maintaining groundwater levels in the drier seasons is important for maintenance of: 1) soil moisture 
and herbaceous groundcover, which is a critical habitat component for many small mammals; 2) 
primary and secondary food sources for birds and mammals; and 3) cottonwood-willow habitat.  

Maintenance and low flows during the fall-winter, summer, and monsoon periods also maintain 
aquatic (open water) habitats used by birds (e.g., waterfowl) and semi-aquatic mammals and their 
associated food resources. For example, beavers and otters require pools at least 1 m in depth. 

Because of higher temperatures and reduced river flows, birds and mammals experience more stress 
during the early summer months, prior to the monsoons, than at other times of the year. Riparian 
plant communities need adequate surface water and groundwater to support invertebrate populations 
that birds and small mammals depend on for survival during this period. 

The group acknowledged that alteration of flow regime could impact overall avian biodiversity along 
the Gila River. An important factor influencing riparian bird and mammal diversity along the Gila 
River is the mosaic of riparian vegetation, including cottonwood and willow stands of different ages. 
The group agreed that maintenance of perennial flows is necessary to support bird and mammal 
habitats. Specifically, when depth to groundwater is greater than approximately 3 m, there is the 
possibility of large losses in woody riparian vegetation. As groundwater level declines, especially in 
the late summer and early fall, vegetation patches become less contiguous and more fragmented, 
resulting in bird and mammal community decline. 

The group discussed the need to identify minimum vegetation patch size requirements for bird 
species along the Gila River. This information will help clarify ecosystem interactions and the direct 
impacts of surface water abstraction (i.e., reduced flooding, groundwater decline, and vegetation 
decline) on bird populations. Specific bird species can be used as indicators of riparian habitat health 
and to determine minimum habitat size. 

The group also thought that moist soil beneath understory vegetation is very important for foliage 
cover and insect production (important to both birds and mammals). The group identified the need to 
quantify the minimum stream flow for maintenance of critical groundwater levels, which in turn 
maintain minimum levels of vegetation required by birds and mammals. Specific aspects of 
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vegetation that should be considered include continuity of cover, productivity, and food availability 
for invertebrates, birds, and mammals. 

Mid-Range Flows 
Mid-range flows (particularly those > 500 cfs) are important for re-sculpting previous geomorphic 
changes resulting from larger flows as well as for maintaining off-channel wetlands. 

During the snowmelt runoff period, moderate floods in the range of 1,500 to 3,000 cfs, (5-10 year 
events) are thought to be important for vegetation recruitment along the banks of the main channel as 
well as in secondary channels and backwaters. These flows are also important for terrestrial species 
that require the presence of nearby surface water for survival and reproductive success, as well as for 
soil and nutrient deposition, seed germination, and seedling survival. 

During the snowmelt runoff period, the rate of decline in flows during the recession limb of the 
hydrograph supports critical riparian habitat for birds and mammals. Specifically, a gradual decline 
in flow rate during this period maintains channel shape, groundwater levels, and diverse woody and 
herbaceous riparian plant communities by synchronizing seedling germination and growth with 
nutrient delivery and adequate soil moisture. 

During the monsoon season, mid-range flows > 400 cfs inundate secondary channels and the 
floodplain, stimulating nutrient cycling, replenishing soil moisture, recharging groundwater, and 
maintaining riparian vegetation (i.e., seedlings, saplings and mature trees, riparian shrubs, and 
wetland herbaceous plants) required by birds and mammals, including seedlings, saplings and mature 
trees, riparian shrubs and wetland herbaceous plants. This input to riparian vegetation increases 
vegetation cover and boosts food supplies, both of which are important to birds and mammals. 

High Flows 
During the fall-winter season, high flows in the range of 10,000 to 40,000 cfs scour and set the 
landscape stage for cottonwood-willow recruitment. Despite the destructive nature of these high flow 
events to established vegetation, they are infrequent and benefit the overall river ecosystem because 
they perform necessary geomorphic resetting of the floodplain. Specifically, disturbance associated 
with high flow events is necessary to maintain the mosaic of vegetative age classes and successional 
classes, to cycle nutrients, and to redistribute habitat-forming debris. Large floods also may hinder 
establishment of nonnative vegetation, because native vegetation recruitment is more robust 
following disturbance. These high-flow events also create off-channel wetlands, backwaters, and 
floodplain refugia that are important habitat for birds and mammals. However, large floods often 
result in loss of large woody debris that is important habitat for mammals, and areas lacking 
vegetation prior to floods are disproportionately disturbed during these events. 

During the spring, high flows promote riparian vegetation recruitment, which is beneficial for bird 
and mammal habitats in the later seasons.  
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Chapter 15. Workshop Outcomes: Impacts of Flow Alteration 
from the Consumptive Use and Forbearance Act (CUFA) 
Diversion and Climate Change on Gila Riparian and Aquatic 
Species 
David Gori, Dale Lyons, and Martha S. Cooper, The Nature Conservancy 

Introduction 

An important objective of the Gila Ecosystem Flow Needs Workshop (Silver City, January 8-9, 
2014) was for participants to analyze the impacts of flow alteration resulting from the proposed 
CUFA diversion and climate change on native riparian and aquatic species. To facilitate this task, 
background information for the analysis of four flow-alteration scenarios was distributed to 
workshop participants at the end of the first day. This information, in the form of a narrative for each 
scenario, was drawn from the results of the assessment chapters and summarized the important 
changes in environmental flow components, floodplain inundation, groundwater-surface water 
interactions, and sediment transport and their effects on aquatic habitat and riparian vegetation 
(Appendix 14, this report; hereafter, all appendix and chapter citations refer to this report). The four 
scenarios focused on Gila flows with: 1) CUFA diversion assuming a 150 cubic feet per second (cfs) 
minimum bypass; 2) CUFA diversion with no minimum bypass; 3) future climate change using two 
climate models: UA WRF-MPI and NC-CGCM, a drier and wetter model respectively; and 4) 
climate change plus CUFA diversion with a 150 cfs minimum bypass (Chapters 3, 5, 6). 

Prior to the breakout session on Day 2, participants were given an opportunity to ask clarifying 
questions about the scenarios and the CUFA terms of diversion. One important question related to 
Scenario 2 and whether the existence of no-flow diversion days (i.e., all flow diverted from the Gila) 
considered existing water rights in the Cliff-Gila Valley. Interestingly, although there is no legal way 
to divert all flows in the river due to existing water rights, the CUFA terms of diversion do not 
specify a minimum bypass flow that would provide a minimum amount of water to pass to 
downstream irrigators in the Valley. The CUFA terms pertain to downstream water users in Arizona 
and the Virden Valley in New Mexico. The New Mexico Interstate Stream Commission has stated 
that if a diversion project is built, they would ensure that a 150 cfs minimum bypass is maintained in 
the Gila downstream of the diversion. Scenario 2 addresses the possibility that the State could divert 
all flow in the river under the existing CUFA terms.  

Participants were then divided into two groups and tasked with analyzing the effects of the flow-
alteration scenarios on geomorphological and ecological processes and on riparian and aquatic 
species, drawing on the flow-ecology relationships developed in Day 1. The two groups were formed 
by remixing scientists from the previous day’s breakout groups so that both groups had expertise in 
hydrology, geomorphology, riparian vegetation, fish, aquatic invertebrates, amphibians, reptiles, 
mammals, birds, and climate change. Unfortunately, participants had only enough time to discuss the 
first scenario during the breakout session. As a result, we organized a second, smaller workshop in 
Albuquerque in April 2014 for participants to complete the discussion of Scenario 1 impacts and to 
analyze a single climate change scenario (Appendix 14). For the latter, we focused on the UA-
HADCM3 model that projects more moderate reductions in future flows than UA-MPI and shows an 
increase in extreme flow events. The magnitudes of these extreme events, however, are not as large 
as NC-CGCM projects. In addition, the UA-HADCM3 model projects flow changes that are close to 
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the five-model weighted average (Chapter 3). The following is a summary of the discussion of these 
two scenarios (i.e., Scenarios 1 and 3) from the workshops. 

Scenario 1: CUFA Diversion with 150 cfs Minimum Bypass 

Scenario Description. Under this scenario, assuming all other terms of diversion described in the 
CUFA are met, no diversion would occur if flows at the Gila near Gila gage are < 150 cfs; if flows 
are greater than this, then up to 350 cfs could be diverted providing that a 150 cfs minimum bypass 
flow in the Gila is maintained at the gage. Based on average existing rates of agricultural diversion, 
this translates into a flow of approximately 100 cfs downstream from the Fort West and Upper Gila 
irrigation ditches. 

During the discussion, participants focused on flows in the 400 to 4,000 cfs range because the 
proportionate effect of diverting up to 350 cfs is relatively greater in this flow range (Chapter 5). 

Hydrology and Riparian Vegetation 

The Gila River through the Cliff-Gila Valley alternates between being a losing and gaining reach; 
flows > 400-500 cfs cause a temporal shift from a losing to a gaining reach (Chapter 7). The duration 
of small and moderate floods and of elevated flows during the recession limb of the hydrograph 
determine the amount of alluvial aquifer recharge and the rate at which groundwater levels decline as 
low-volume flows return. The CUFA diversion would reduce floodplain inundation, decrease alluvial 
groundwater recharge, and increase the rate of groundwater decline, as streamflow recedes. 
Seasonally gaining reaches, where stored alluvial groundwater levels are higher than surface flow in 
the main channel, would revert more rapidly to losing reaches. During low flow periods, alluvial 
groundwater temperatures are typically lower than those of surface water in the main channel. Thus, 
alluvial water that enters the stream in gaining reaches reduces surface water temperatures. If gaining 
reaches shift to losing reaches more quickly, cooler alluvial groundwater would cease infiltrating the 
stream, resulting in increased stream temperatures. Under the CUFA diversion, these impacts would 
occur during the snowmelt runoff, monsoon, and early fall periods (Chapter 5). 

The CUFA diversion with a 150 cfs minimum bypass would likely have minimal effect on the 
establishment and maintenance of riparian vegetation adjacent to the main channel because flood 
scour, rather than water availability, is the principal factor determining its current species 
composition, distribution, and abundance. Successful recruitment years when the magnitude, 
duration, and timing of spring flows coincide with seed dispersal and are conducive to seedling 
germination are infrequent. Seedlings that establish on bars and floodplain surfaces adjacent to the 
active channel are at greatest risk of scouring during subsequent higher flows, even 2 to 3 years post-
establishment. This is probably one reason that most of the riparian vegetation in the Cliff-Gila 
Valley, including cottonwoods and willows, occurs along secondary channels away from the main 
channel (Chapter 7). 

Flows in the 400-4,000 cfs range inundate many of the secondary channels distributed across the 
floodplain, recharge groundwater, and raise the water table. Groundwater levels across the floodplain 
closely mirror stage changes in the river, and groundwater declines rapidly after abrupt changes in 
surface flow (Chapter 7). During snowmelt runoff, monsoon, and early fall periods, flows in the 400-
4,000 cfs range are particularly important for riparian vegetation. During the snowmelt runoff period, 
cottonwood and willow seedlings are germinating and becoming established, while saplings and 
older cohorts are renewing growth. In addition, during that period, annual and perennial herbaceous 
species are germinating and already-established perennial herbs and grasses are re-sprouting from 
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root stock. During the monsoon and early fall periods, riparian vegetation is coming out of an 
extended period of low flows and declining groundwater levels during the summer. Small and 
moderate floods at this time recharge groundwater levels and allow woody and herbaceous 
vegetation to recover from the summer stress; these floods may be particularly important for 
sustaining riparian vegetation and preventing mortality (Chapter 7). 

The CUFA diversion with a 150 cfs minimum bypass would reduce the number and magnitude of 
small and moderate floods in the 400 to 4,000 cfs range, thereby reducing floodplain inundation 
(Chapters 5, 6). Based on two-dimensional hydrodynamic modelling results, the median reduction in 
floodplain inundation frequency would be10% annually, with a greater reduction in inundation 
frequency estimated for the snowmelt runoff period (22%) compared to the monsoon and early fall 
(12%). These figures are likely to be conservative because flows < 750 cfs could not be modeled due 
to the lack of LiDAR data within the main channel. 

Diversion would result in a more rapid rate of flow decline during the recession limb (or limbs) of 
the hydrograph compared to what typically occurs in the snowmelt runoff period (Chapter 2). This 
rapid (and abrupt) decrease in streamflow when diversion occurs would be reflected in groundwater 
levels in and adjacent to secondary channels. Using piezometer data collected in the Cliff-Gila 
Valley, Soles and Cooper showed that the rate of streamflow decline significantly affected the rate of 
groundwater decrease (Chapter 7, this report). When streamflow decreased by 350 cfs over extended 
periods ranging from 8 to 30 days, groundwater levels declined by 0.5 to 1 cm per day. In contrast, a 
350-cfs reduction over 4 to 48 hours resulted in groundwater declines of 6 to 10 cm per day. On days 
when diversion occurs, the 350-cfs reduction in flows would occur almost instantaneously, 
suggesting that the rate of groundwater decline may be even more rapid. Mahoney and Rood (1998) 
found that the maximum rate of groundwater decline that cottonwood (Populus) seedlings could 
survive was 4 cm per day. Willow (Salix) seedlings have similar germination and establishment 
requirements (Stromberg et al. 1991). Thus, rates of streamflow and groundwater decline under the 
CUFA diversion would threaten survival of cottonwood and willow seedlings. 

In addition, reducing the frequency and magnitude of flows in the 400-4,000 cfs range would reduce 
the deposition of fine sediments in secondary channels. Fine sediments hold water and slow the rate 
of groundwater decline and they remain wetter due to capillary action than coarser sediments. Thus, 
diversion could further reduce water availability to seedling cottonwoods and willows. 

Consistent with the impacts of diversion on floodplain inundation, alluvial groundwater recharge, 
and the rate of groundwater decline discussed above, Stone and Morrison modeled a median decrease 
of up to 9.5% in the probability of cottonwood-willow recruitment, with some areas of the floodplain 
(e.g., secondary channels, backwater areas) showing a greater than 15% decrease in the recruitment 
probability under this scenario (Chapter 6). This result was a major concern to workshop participants. 
Although there is some uncertainty around the numerical value of these estimates, there was general 
consensus that diversion would result in an increase in “recruitment failure”, that is, fewer 
cottonwood-willow cohorts becoming established than would occur in the absence of the CUFA 
diversion. Greater declines in groundwater levels due to diversion would also reduce the vigor of 
and, during periods of water-stress, could increase the mortality of sapling, poles, and mature trees. 
This would most likely occur when small, brief floods that interrupt extended periods of extreme low 
flows when groundwater levels are at their lowest are diverted. Mortality of saplings, poles, and 
mature trees depends on the amount of groundwater decline as critical depth-to-groundwater 
thresholds are crossed rather than the rate of groundwater decline, which affects seedling 
survivorship. In summary, combining the quantitative models of less floodplain inundation (i.e., 
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fewer events in the 400-4,000 cfs range and smaller areas of the floodplain inundated for a shorter 
duration), a reduced frequency of cottonwood-willow recruitment, and reduced seedling survivorship 
due to more rapid groundwater declines leads to a high degree of confidence that there would be 
decreased structural diversity and aerial extent of the cottonwood-willow forest in the Cliff-Gila 
Valley due to the CUFA diversion. Vegetation patchiness of the riparian forest mosaic could also be 
reduced as bare, unvegetated portions of the floodplain increased in size and areal extent. 

The lower stem density of cottonwood-willow seedlings, saplings, and poles due to diversion could 
increase the vulnerability of younger stands to flood scour during large flood events. This, in turn, 
would result in further reductions in the cover and structural diversity of the cottonwood-willow 
riparian forest as patches are removed or reduced in size during large events. 

Late-successional species such as box elder, walnut, ash, and hackberry could also be impacted by 
the CUFA diversion. As groundwater-dependent species, their recruitment, growth, and survivorship 
are influenced by changes in floodplain inundation, alluvial aquifer recharge, and groundwater levels. 
In addition, these species typically germinate and establish under the canopy of mature cottonwood-
willow stands and as the areal extent of these latter stands decrease, recruitment opportunities for the 
late-successional species could also be reduced. Additional studies in the Cliff-Gila Valley are 
needed to better quantify the hydrological requirements for establishment and maintenance of these 
late-successional woody riparian species. 

The diversion could also facilitate the invasion and spread of more arid-adapted nonnative and native 
woody species by promoting groundwater conditions (increased rates of groundwater declines) and a 
relaxed competitive environment (fewer cottonwood-willow seedlings) conducive to their spread. 
This could lead to a compositional change in the riparian forest over time. Groundwater depths of 
greater than 5-10 feet in other riparian systems (e.g. San Pedro River) lead to an increase in saltcedar 
dominance (Stromberg et al. 1996; however, other factors such as elevation and temperature regimes 
also contribute to their potential for invasion and increase. Participants expected to see an increase in 
the abundance of arid-adapted nonnative species like saltcedar and natives such as rabbit brush, 
desert willow, juniper, and mesquite. 

Groundwater levels between 1 and 50 cm below the surface are needed to sustain wetland herbaceous 
vegetation such as cattails, rushes, bulrush, and spikerush. This vegetation type is limited in the Cliff-
Gila Valley, and much of it occurs in secondary channels and in off-channel wetlands distant from 
the active channel. Small and moderate floods rehydrate wetlands, transport sediments and nutrients 
that maintain wetland productivity, recharge the alluvial aquifer, and maintain groundwater levels 
required by wetland herbaceous plants. In addition, along secondary channels, annual spring herbs 
and grasses germinate, grow, and disperse seeds. Small and moderate floods and high spring flows 
are required for germination and establishment of these annual species. Species composition may 
change from year to year depending on flood timing, duration of inundation, soil moisture, 
temperature, and presence of an adequate seed bank; however, these compositional changes are not 
currently predictable in semi-arid systems. 

Through its effects on the frequency and duration of floodplain inundation during the snowmelt 
runoff period, the CUFA diversion would reduce the areal extent, vigor, cover, and compositional 
diversity of spring annuals within the floodplain. Similarly, reductions in the frequency of floodplain 
inundation and sediment transport events would result in reduced hydration of off-channel wetlands, 
reduced aquifer recharge, more rapid declines in groundwater levels as low flows return, and less 
sediment and nutrients transported into wetlands to sustain nutrient cycling there. All of these factors 
would likely reduce the growth, survivorship, and vigor of herbaceous wetland species and the size 
and productivity of off-channel wetlands. 
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The distribution and cover of perennial non-wetland herbaceous plants within the floodplain could 
also be impacted by diversion; however, little is known about the hydrological requirements for 
establishment and maintenance of these species in the Cliff-Gila Valley. Given their importance as 
habitat (cover) and as a source of invertebrate prey for higher trophic levels (Chapters 11-13), 
participants felt that greater attention and study should be given to this topic in order to better 
understand the effect of the CUFA diversion on their distribution, cover, and diversity. 

Participants recognized the highly variable seasonal flows in the Gila and questioned whether a 
bypass flow of 150 cfs in itself would be sufficient for protecting the seasonal variability that defines 
the ecosystem. For example, it may be important to minimize withdrawal during some seasonal 
blocks and have greater withdrawals during other seasons (Kelly et al. 2005). Furthermore, as it is 
difficult to accurately forecast the potential for recurrent floods during most years, avoiding diversion 
during the first 400-4,000 cfs flow event of any season may be important in that it would ensure that 
some amount of alluvial aquifer recharge would occur even in dry years. Advanced modeling would 
be necessary to inform management of the diversion system in such a dynamic manner. 

Aquatic Invertebrates, Fish, Amphibians, and Reptiles 

Participants discussed the importance of the natural hydrograph during the snowmelt runoff period—
specifically, peak runoff and the recession limb or limbs of the hydrograph (for years with multiple 
peaks) when flows gradually decline into the summer low flow period. This is a critical time for 
native fish, as young are present as eggs, larvae, and juveniles and may be especially sensitive to 
alterations in the flow regime. Spawning by spikedace, loach minnow, and other native species 
normally occurs in March to mid-April after peak snowmelt runoff. The rate of flow change during 
the recession limb and associated changes in water temperature are the primary cues that initiate 
spawning. Higher flows with a clear-water characteristic during the recession limb are needed to 
cleanse spawning substrates of silt and fine sediments (i.e. course sand and smaller) (Chapter 10). 
The rate of flow change during the recession limb also determines how water temperatures change 
over time and how long nursery habitats are available to larval fish, both of which affect larval 
growth rates. In general, as flows decline through the recession limb, so does the areal extent of 
nursery habitats in the main channel and in backwater zones (Chapter 6); slower rates of decline are 
associated with more gradual temperature increases and nursery habitats that persist at specific 
locations for longer periods of time. 

The snowmelt runoff period is also critical for aquatic invertebrates which, as larvae or free-flying 
adults, are an important food source for native fish, amphibians, reptiles, and aquatic and terrestrial 
birds. Gravel bars are productive habitats for invertebrates; cleansing of silt and sand from these bars 
during the spring provides open interstitial spaces for invertebrate larvae to feed and grow. 
Temperature dynamics in the main channel affect the emergence time of aerial flying adults from 
aquatic larvae. Gradual declines in flows during the snowmelt runoff period result in slower increases 
in water temperatures, longer development times for growth, and later emergence and larger adult 
sizes for aquatic insects. 

An abrupt transition from higher to low flows during runoff recession, for example when CUFA 
diversion would cause flows to drop from 500 cfs to 150 cfs, would alter sediment scour and 
deposition dynamics and result in abnormal deposition of fine sediments (i.e. coarse sand and 
smaller) on gravel and cobble substrates in riffles, gravel bars, and other aquatic habitats (Chapter 10; 
Appendix 14). This would negatively impact the quality of gravel bar habitats used by aquatic 
invertebrates (Osmundson et al. 2002) and would reduce egg survivorship in spawning habitats used 
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by loach minnow, spikedace, and desert sucker. Blanketing of gravel and cobble substrates with fine 
sediments reduces the movement of oxygenated water through them, which is critical for egg 
development (Minckley 1973). Loach minnow nursery habitat would also be affected, as interstitial 
spaces in riffles are important for larvae. Deposition of fine sediments would also eliminate the 
interstitial spaces between cobbles that narrow-headed gartersnakes use for hunting and predator 
escape (Chapter 11). Abrupt changes in flows during the recession limb would also result in stranded 
(dead) larval fish and invertebrates and rapid increases in water temperature that could be lethal to 
them (Carveth et al. 2007; Dewson et al. 2007). In addition, rapid water temperature increases would 
compress invertebrate (i.e., insect) larval development and lead to earlier emergence, while other 
larvae would have insufficient time to complete their life cycle, thereby reducing the overall 
abundance of emerging individuals. 

During years of sporadic winter precipitation, snowmelt may produce only a single, relatively brief 
peak runoff event. This in turn creates a single opportunity to flush fine sediment from spawning 
substrates and to recharge groundwater levels. Diverting flow during such years could substantially 
decrease suitable spawning and nursery habitats. 

Reduced floodplain inundation due to diversion would diminish exchange of organic and inorganic 
material between the river and floodplain, altering nutrient transport and productivity within the 
system. In addition, reduced inundation, especially in years where more than 20% of monthly or 
seasonal flows are diverted, would alter sediment mobilization and transport and thus the extent of 
aquatic habitats available (Chapter 10). Finally, reduced inundation would decrease the extent and 
hydroperiod of ephemeral wetlands that develop in the spring and monsoon-early fall which, in turn, 
would negatively impact toads (Great Plains and Woodhouse’s toads) and an assemblage of aquatic 
invertebrates that use these wetlands for breeding and to complete their life cycle (Chapters 9 and 
11). 

Mid-range flows and larger floods are also important for geomorphic work that restructures aquatic 
habitats and creates habitat heterogeneity that is continually shifting in both space and time within 
the main channel. Aquatic habitat heterogeneity sustains the assemblage of native fish species, each 
species and life stage with different and relatively specialized habitat requirements (Chapter 10). By 
reducing the frequency and magnitude of flows in the 400-4,000 cfs range, diversion would increase 
channel stability, decrease aquatic habitat heterogeneity, and potentially increase the cover of 
bankside vegetation, further constricting and stabilizing the channel. Channel stability, including the 
increase in bankside vegetation, would result in deeper pools and simplified aquatic habitat, favoring 
nonnative fishes as well as long-fin dace, a generalist native species, and negatively impacting other 
native fish species, especially spikedace (Rinne 1999). 

Measured as autumn density, reproductive success of loach minnow, spikedace, and desert sucker 
was shown to be quite variable in years when mean daily spring runoff was < 185 cfs, and generally 
increased with flows > 185 cfs (Chapter 10). CUFA diversion would significantly reduce mean daily 
spring flows and decrease reproductive success of the three species in some years. For example, 
between 1988 and 2012, mean daily spring discharge would be reduced from 262.7 to 228.9 cfs (13% 
reduction) and in 7 of 25 years (28%), water withdrawal would reduce mean daily spring discharge 
by > 10% resulting in immediate and quantifiable reductions in reproductive success for native 
fishes. As Turner and Propst point out, mean values can mask what occurs in a given year (Chapter 
10). For example, in two years, 2001 and 2008, CUFA diversion would reduce mean daily spring 
discharge from > 185 cfs (observed) to < 185 cfs. In 2008, spring mean daily discharge would be 
reduced from 247 to 171 cfs (31% reduction). Furthermore, in 2008, autumn density of spikedace 
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and loach minnow was 0.79 and 0.17 individuals/m2, respectively, among the highest recorded for 
either species during the 25-year monitoring period. When diversion is applied to 2001 and 2008, 
exceptionally good years for spikedace and loach minnow become poor ones. For short-lived species 
like spikedace and loach minnow that exist in few locations besides the Cliff-Gila Valley and that 
face a number of other threats, this is a potentially major impact as illustrated in this scenario using 
historical data and the CUFA diversion model. 

Surface water temperature is influenced, in part, by the hyporheic flow of cooler groundwater from 
the floodplain alluvial aquifer into the main channel, resulting in heterogeneous water temperatures 
across aquatic habitats. By reducing floodplain inundation, the CUFA diversion would result in 
seasonally gaining reaches switching to losing reaches sooner and an alteration in hyporheic flows. It 
is difficult to predict the effect of increased water temperatures on aquatic organisms since 
temperature effects are species-specific. However, in general, alteration of hyporheic flows would 
lead to increased temperature homogeneity across habitats, which in turn would favor nonnative 
species like crayfish and disfavor native fish as habitats with their preferred water temperatures are 
eliminated or reduced in extent. Crayfish increased substantially in the Cliff-Gila Valley during 
drought periods when ambient and water temperatures increased (Richards et al. 1996; Whitney et al. 
2014).  

Furthermore, most of the Valley is a gaining reach during the summer low flow period due to 
irrigated agriculture. Reduced floodplain inundation and aquifer storage in the fall-winter and 
snowmelt runoff periods could have a non-linear impact on the gaining nature of the reach, 
transforming it into a losing reach where water from the main channel moves into the alluvial 
aquifer. This would significantly reduce flows during the summer low flow period, resulting in a 
reduction in the amount, depth, and velocity of aquatic habitats and reduced invertebrate productivity 
in riffles and gravel bars. Reduced flows could also cause a shift in the composition of the 
invertebrate community from one dominated by high-quality prey items for native fish, like mayflies, 
to one dominated by less preferred prey items like stone-cased caddisflies (Helicopshyche) and 
worms (Chapter 9). Finally, nonnative and native fish as well as aquatic invertebrates and narrow-
headed gartersnakes would be concentrated in the remaining aquatic habitats, increasing competition 
for food and predation on native species. Under extreme situations, aquatic invertebrates could 
become limiting as a food resource for native fish, increasing mortality of all age classes. In general, 
hydrological alterations due to CUFA diversion that favor nonnative species over native fish and 
amphibians would negatively impact narrow-headed and northern Mexican gartersnakes due to 
competition with nonnatives for food and direct predation (Chapter 11). 

Finally, reductions in the extent of emergent wetlands and their productivity as well as decreased 
cover and vigor of wetland herbaceous vegetation within these wetlands together would likely: 1) 
depress aquatic invertebrate populations that occupy these habitats and depress emergence; and 2) 
negatively impact northern Mexican gartersnake, Sonoran mud turtle, and amphibian populations that 
use these wetlands as habitat and to obtain prey. Furthermore, reductions in the cover, structural 
diversity, and vigor of the cottonwood-willow riparian forest and in riparian (non-wetland) 
herbaceous vegetation could negatively impact riparian-obligate and riparian-associated reptiles, like 
Clark’s lizard, Madrean alligator lizard, Gila spotted lizard, and ring-necked snake, that depend on 
riparian vegetation for abundant insect prey and key habitat features such as large trees, downed logs, 
debris piles, and leaf litter (Chapter 11; Harmon et al. 1986). 
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Other Considerations 
Although design details for the diversion structure have not been finalized by the Interstate Stream 
Commission, participants discussed the genetic and ecological consequences of fragmentation on 
native fish due to a diversion structure. Based on analysis of microsatellite DNA, 5 out of 12 native 
species show moderate to high gene flow rates among populations distributed from Forks Area 
downstream to the Arizona-New Mexico border (Chapter 10). The five species are loach minnow, 
spikedace, Sonora sucker, desert sucker, and longfin dace. Distributional and allelic richness data 
indicate that core populations of spikedace and longfin dace exist in the Cliff-Gila Valley. Satellite 
populations of these two species in the Forks Area are periodically refreshed by upstream migration 
and gene flow from downstream populations. Even in the absence of detrimental impacts to Cliff-
Gila populations resulting from flow and habitat modification due to diversion, a diversion structure 
would result in diminished gene flow and reduced genetic diversity of the Forks Area populations in 
both species. Because they occur at low abundance and have a limited distribution in the Forks Area, 
spikedace would be especially sensitive to ecological and genetic consequences of demographic 
isolation including stochastic extinction of the upstream populations due to broad-scale disturbances 
(e.g., wildfires and drought), loss of genetic variability, and inbreeding depression. A similar effect is 
predicted for longfin dace, although genetic and ecological consequences could take longer to 
express because the species is more abundant and widely distributed in upstream populations. 
Inhibition or prevention of upstream migration would also disrupt demographic exchange between 
loach minnow populations in the Cliff-Gila Valley and adjacent populations in the Forks Area. 
Fragmentation would increase the risk that upstream populations would be extirpated due to 
ecological and genetic factors similar to the prediction for spikedace. Desert and Sonora sucker 
populations are expected to show different responses to diversion. For these species, core populations 
exist upstream in the Forks Area and continue through the Cliff-Gila Valley. Because upstream 
populations are large, fragmentation is expected to have less of an impact on genetic diversity and 
population persistence compared to the other three native species, although a newly isolated 
population (upstream) due to a diversion structure would be more susceptible to broad-scale 
disturbances or upstream changes in structural connectivity due to climate change. Downstream 
populations are expected to persist by dispersal of larvae from upstream core populations assuming 
that appropriate habitat is available post-diversion. 

The diversion structure would negatively affect downstream movement for all five native species. 
Entrainment of fish in diversion channels or pipes and increased predation on dispersing fish by 
nonnative fish, crayfish, and bullfrogs that are likely congregate in the pool behind the diversion 
structure would limit downstream movement of native fish, especially larvae. In addition, if fish 
populations in the Cliff-Gila Valley are negatively impacted by flow and habitat alterations due to 
diversion, downstream effects on genetic diversity due to reduced population sizes would likely be 
more severe. For example, if spikedace and loach minnow populations in the Valley are depressed, 
we would expect the reach-wide probability of loss to increase and genetic impacts to allelic diversity 
to be more severe than predicted based on the fragmentation alone. Even with the construction of a 
fish passage structure, dispersing fish would pass through a “gauntlet” of nonnative species at the 
structure, significantly diminishing effective dispersal and gene flow. For a more detailed discussion 
on the genetic and population impacts of fragmentation on upper Gila River fish, see Chapter 10. 

The CUFA diversion infrastructure could also involve construction of an off-channel reservoir or 
impoundment where water is stored prior to conveyance to water-users. These features (lentic 
habitats) usually support dense populations of nonnative species, including nonnative fish, crayfish, 
and bullfrogs, providing a constant source of colonists that can profoundly alter native aquatic 
communities in nearby streams (USFWS 2008). 
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Birds and Mammals 

As described in the previous sections, diversion would result in reductions in floodplain inundation 
and alluvial aquifer recharge and greater and more rapid declines in groundwater levels. This would 
strongly influence the quantity and quality of riparian and aquatic habitats as well as the timing and 
abundance of aquatic invertebrate emergence. These factors would likely have direct and negative 
impacts on riparian-obligate and riparian-associated birds and on mammals by strongly influencing 
the quantity and quality of their riparian and aquatic habitats as well as the emergence timing and 
abundance of aquatic invertebrate prey (Chapters 12 and 13). Reductions in the amount of surface 
water in the main channel and in secondary channels during all seasonal periods would reduce open 
water habitat for semi-aquatic mammals such as beaver and muskrat, for wintering, migratory, and 
resident waterfowl such as cinnamon and green-winged teal, northern pintail, ring-necked duck, and 
common merganser, and for many other bird species. Reductions in the water depth in the main 
channel or dewatering of secondary channels could be particularly detrimental to beaver and muskrat 
during the winter as they would be exposed to higher predation rates while accessing food (Chapter 
13). Reductions in surface water also would reduce aquatic invertebrates with terrestrial adult life 
stages that provide important food sources for insectivorous mammals and birds. Earlier emergence 
of aquatic invertebrates, due to abrupt flow changes during the recession limb in the snowmelt runoff 
period, could result in a temporal asynchrony between the availability of adult (free-flying) 
invertebrates in spring and when migrants (moving northward) and early-breeding birds are seeking 
food (Chapter 12). Consequently, some bird species, such as southwestern willow flycatcher, could 
choose to breed in areas north of the Cliff-Gila Valley after arriving on the site and assessing low 
prey availability. Some birds (i.e., residents) might be able to shift their breeding phenology in 
response to earlier emergence of aquatic invertebrates in spring; however, in these cases, the lower 
abundance and biomass of emerging invertebrates due to a compressed life cycle could contribute to 
a decline in reproductive success. In addition, if diversion reduces flows during the summer period 
due to the alteration of gaining vs. losing reach dynamics, this would reduce aquatic invertebrate 
populations and alter the composition of emerging adult insects. These changes could have 
significant impacts on the reproductive success of breeding birds that depend on these aquatic 
invertebrates to feed nestlings and fledglings; these species include summer tanager, southwestern 
willow flycatcher, yellow-billed cuckoo, and killdeer. 

Diversion would likely reduce the areal extent and productivity (e.g., invertebrate abundances) of 
off-channel perennial and ephemeral wetlands, decrease soil moisture, and reduce the establishment, 
growth, and vigor (cover) of herbaceous vegetation associated with these wetlands. This, in turn, 
would likely negatively impact a number of bird species, including common yellowthroat, red-
winged blackbird, and shorebirds that use these wetlands for foraging and/or nesting. Mammals 
would also be strongly impacted because of their reliance on wetland and non-wetland herbaceous 
vegetation and habitats for cover and food, either directly consuming vegetation or preying on 
invertebrates produced in these habitats (Chapter 13). Of the 77 mammal species that regularly use 
the riparian corridor in the Cliff-Gila Valley, 75% are associated with herbaceous riparian vegetation 
and habitats and among the 45 riparian-associated and obligate mammal species, 95% use 
herbaceous riparian habitats, some species exclusively so. Mammal species that could be impacted 
by the reduction in herbaceous vegetation and habitats include beaver, muskrat, deer, and several 
species of cotton rats, skunks, voles, and deermice. 

Diversion would also reduce the aerial extent, structural diversity of the riparian forest, and, during 
stress periods, the vigor (canopy cover) of the cottonwood-willow riparian forest. These changes, in 
turn, would likely reduce insect productivity and abundances and negatively impact specific 
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wintering, migratory and breeding bird species that depend on the riparian forest for foraging, 
roosting, and nesting habitat. In addition, these changes to the riparian forest would influence adult 
bird survivorship, nesting success, and the health of riparian-obligate bird populations over the long 
term (Chapter 12). Dense canopies of cottonwood-willow forest create low temperature, high 
humidity, and moist soil environments that provide microhabitat features and microclimate 
conditions necessary for the thermoregulation of adults, eggs, and nestlings of many bird species 
including southwestern willow flycatcher, yellow-billed cuckoo, yellow warbler, summer tanager, 
and Abert’s towhee. Decreased vigor and canopy cover in mature cottonwood-willow stands due to 
diversion would increase evaporation, decrease humidity levels, increase temperatures, and dry out 
soils, thereby significantly altering the climate conditions in these stands and around nests as well as 
increasing temperature-moisture stress on adults and nestlings. In addition, lower humidity and drier 
soils would result in reduced invertebrate productivity and abundance. Together these consequences 
of diversion would likely lead to reduced survivorship of bird nestlings, fledglings, and adults and 
reduced reproductive success. 

Species like yellow-billed cuckoo and southwestern willow flycatcher have minimum patch 
requirements for territory and nest placement (Chapter 12). Reduced areal extent and structural 
diversity of the riparian forest would result in fewer territories and smaller population sizes for these 
and other riparian-obligate bird species and, depending on the minimum patch size, could even make 
the area unsuitable for specific species. 

Mammals would also be impacted by the changes in the aerial extent, structural diversity, and vigor 
(canopy cover) of the riparian forest. Arizona gray squirrels, western red bats, and coatis rely on the 
cottonwood-willow forest for roosting, foraging, and predator escape, while beavers use younger 
stands for food, and ungulates like white-tailed deer and elk browse the foliage. Changes in the areal 
extent of riparian forest would likely affect western spotted and striped skunks and cottontails that 
use the forest as protective cover to avoid predators. Drying of forest stands and the associated 
reduction in invertebrate abundance could affect an assemblage of 20 bat species that obtain their 
invertebrate prey in and adjacent to riparian forest stands. 

Diversion could also reduce the recruitment and establishment of late-successional woody species 
such as ash, walnut, box elder, hackberry, canyon grape, indigo bush, and buffalo berry (see above). 
Hackberry is one of only a few fruiting species in the Cliff-Gila Valley and is heavily used by 
bluebirds and other frugivorous bird species, while large walnut trees are heavily used by 
woodpeckers. Hackberry-walnut woodlands support a rich assemblage of bird species and are 
important for migratory and wintering landbirds. Cottonwood-willow stands with a dense understory 
of late-successional shrubs and vines (canyon grape) and moist soils provide critical foraging and 
nesting habitat for Abert’s towhee. All of these bird species would be impacted by the reduced cover 
and abundance of late-successional woody species (Chapter 12). 

Summary of CUFA Diversion Impacts (Scenario 1) 

In summary, the CUFA diversion with a 150 cfs minimum bypass is expected to have the following 
potential impacts: 
 Reduction in the frequency and magnitude of flows in the 400-4,000 cfs range, resulting in 

reduced floodplain inundation and alluvial aquifer recharge; 
 Abrupt changes in streamflow, rapid declines in groundwater, and reduced soil moisture, which 

would threaten the survival of cottonwood and willow seedlings; these hydrological alterations 
would also decrease the vigor of and, during periods of water stress, could increase the mortality 
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of saplings, poles, and mature trees, especially when diversion occurs during small flow events 
that interrupt extended periods of extreme low flows when groundwater levels are at their 
lowest; 

 A projected (modeled) median decrease of up to 9.5% in the probability of cottonwood-willow 
recruitment, with some areas of the floodplain (e.g., secondary channels, backwaters) showing a 
greater than 15% decrease in recruitment probability; this together with the above impacts 
would lead to an overall reduction in the areal extent, structural diversity, and, during stress 
periods, the vigor (canopy cover) of the riparian forest; species that depend on the riparian forest 
for breeding, cover, and food would likely be impacted, including reptiles (e.g., Clark’s spiny 
lizard, Madrean alligator lizard), many riparian-obligate birds (e.g., southwestern willow 
flycatcher, yellow-billed cuckoo) and mammals (e.g., beaver, Arizona gray squirrel, bats); 

 Potential increase in abundance of more arid-adapted native and nonnative woody species 
including saltcedar; 

 Reduction in the size, hydroperiod, and productivity of off-channel perennial and ephemeral 
wetlands and reductions in the establishment, cover, and vigor of perennial herbaceous 
vegetation in and around these wetlands and in secondary channels; in addition, reduced aquatic 
invertebrate populations and emergence from these wetlands. Species that depend on these 
wetlands as habitat or on the food they produce would likely be impacted, including amphibians 
(e.g., Woodhouse’s and Great Plains toads), reptiles (e.g., northern Mexican gartersnake, 
Sonoran mud turtle), birds (e.g., common yellowthroat, red-winged blackbird), and mammals 
(e.g., beaver, muskrat, meadow jumping mouse). 

 Abrupt changes in flow during the recession limb in the snowmelt runoff period that would: (i) 
deposit fine sediments on gravel and cobble substrates and reduce native fish spawning success; 
(ii) strand larval fish and reduce the extent of their nursery habitat; (iii) increase predation rates 
on narrow-headed gartersnakes; and (iv) increase stream temperatures leading to earlier 
emergence and reduced size and abundance of aquatic invertebrates; 

 Reductions in mean daily spring discharge in some years that would significantly reduce 
reproductive success of loach minnow, spikedace, and desert sucker and convert exceptionally 
good years for spikedace and loach minnow recruitment into bad years; 

 Potential alteration of hyporheic flows, resulting in: (i) elevated and homogeneous stream 
temperatures that would favor nonnative aquatic species over native ones; and (ii) reduced flows 
that would decrease abundance and emergence of aquatic invertebrates and concentrate 
nonnative and native species in remaining aquatic habitats, increasing competition for food and 
predation on native species; and 

 Reductions in the amount of surface water in the main channel and in secondary channels in the 
fall-winter, snowmelt runoff, and monsoon periods that would reduce open water habitat for 
semi-aquatic mammals (i.e., beaver and muskrat) and wintering and migratory waterfowl. 
 

Finally, a diversion structure would inhibit or prevent upstream movement of spikedace and loach 
minnow resulting in diminished demographic exchange between populations in the Valley and Forks 
Area. This fragmentation would increase the risk that upstream populations of both species are 
extirpated due to broad scale disturbances (e.g. wildfires and droughts), loss of genetic variability, or 
inbreeding depression.  
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Comments on Scenario 2: CUFA Diversion with No Minimum Bypass Flow 

Although the participants at the two workshops did not address this scenario directly, several points 
were made during the discussion of the first scenario that are relevant to the analysis of Scenario 2. 
These comments are summarized following the scenario description. 

Scenario Description. Since the CUFA Terms of Diversion do not specify a bypass flow of 150 cfs 
on the Gila, New Mexico may change its position on bypass flows. Even with a bypass flow 
(Scenario 1), the State of New Mexico often cannot access 14,000 acre-feet on average annually from 
the Gila, and river flows will only decrease with climate change. 

With no bypass flow, the number of years with zero-flow days at the gage in the historic record 
would increase from 0 to 38 years. During these years, all flow would be diverted from 1 to 74 days 
per year. Dewatering would occur primarily during the fall-winter base flow, snowmelt-runoff, and 
late monsoon periods (Chapter 5). Without a systematic series of seepage runs in wet and dry years 
to determine losing and gaining reaches, it is difficult to determine how the effect of complete 
diversion of flows would propagate downstream. A seepage run conducted in May of 2013 when all 
flows in the river were being diverted for irrigation at the Ft. West-Upper Gila and Gila Farms 
diversions recorded dewatering of 0.5 to 1 mile below each diversion and a partial re-establishment 
of flow farther downstream (e.g. 60% recovery of flows from Mogollon Creek to the Highway 180 
Iron Bridge [M. Stone, unpublished data]). In this case, irrigation return flows and groundwater 
seepage from the irrigated agricultural fields contributed to re-establishment of flow in the main 
channel. In contrast, CUFA diversion would likely divert water out of the Cliff-Gila Valley. Based 
on this observation and a limited number of other seepage run studies, it appears that groundwater 
inflows through the Cliff-Gila Valley are not large. Thus, CUFA diversion as codified in the Act has 
the potential to dewater and reduce flows downstream of the diversion point throughout the Cliff-
Gila Valley on days when all water is diverted. Flow reduction would be especially pronounced in 
dry years. 

With no bypass flows, the smallest flows (1-350 cfs) could be diverted, translating into a reduction in 
base flows. A greater number of low flows would be diverted than in Scenario 1, meaning that flows 
in the 400-4,000 cfs range would be relatively less impacted (Chapter 6). This would translate into 
greater impacts to riparian and aquatic habitat and groundwater levels along the main river channel 
and somewhat reduced impacts to habitat found along secondary channels, where flows in the 400-
4,000 cfs range have a greater influence as in Scenario 1. Cover and vigor of riparian vegetation 
along the main channel would likely be reduced, meaning a reduction in habitat for birds, less 
shading leading to higher water temperatures, and a reduction in vegetation armoring banks that 
could lead to increased stream bank erosion and a widening of the channel, which would further 
exacerbate the effect of reduced flows on the depth and velocity of aquatic habitats (Stromberg et al. 
2013). 

Due to direct loss of habitat and habitat fragmentation, complete dewatering of the river for a reach 
would have profoundly negative effects on aquatic invertebrates, fish, amphibians, aquatic reptiles, 
waterfowl, semi-aquatic mammals (beaver), and insectivorous species that prey on free-flying 
aquatic invertebrate adults. In addition, flows downstream of the dewatered reach would be 
significantly diminished on days when all water is diverted. As a result, impacts to aquatic habitats 
and species associated with reduced flows in the main channel discussed under Scenario 1 would also 
apply to Scenario 2. 
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Effects on groundwater under Scenario 2 would occur because flows in the main channel would be 
lower. Variation in groundwater levels at Transect 5 in response to different flows and irrigation 
diversion illustrates what could happen when all flow in the river is diverted. On Transect 5, 
groundwater levels in piezometers were more variable than observed on other transects, showing 
deeper and faster declines than at any other transect especially during low flow periods when the 
levels at the other transects were mostly stable (Chapter 7). The greatest declines occurred during 
periods when the channel was dewatered. Germination of cottonwoods and willows occurs along 
Transect 5, but steep groundwater declines occurring between flow events limit seedling survival. 
The extent and cover of cottonwood and willow is much reduced on Transect 5 compared to that on 
other transects, a direct effect of channel dewatering on this transect (Horton et al. 2001). 

Scenario 3: Climate Change 

Scenario Description. The effects of climate change on future Gila River hydrology were estimated 
by applying dynamically downscaled future climate projections to a spatially-distributed hydrology 
process model, and estimating future streamflows. The details of climate model selection and 
hydrological modeling are presented in Chapter 3 (this report) and briefly summarized here. 

Five regional (RCM)-global (GCM) climate models were selected to dynamically downscale future 
climate parameters for the upper Gila River Basin and to generate Gila River flow projections that 
showed a range of potential impacts to the upper Gila River. Dynamical downscaling allowed for 
calculations at daily time-steps, as well as greater faithfulness to key phenomena for the Southwest, 
such as the El Niño-Southern Oscillation phenomenon, a key factor in year-to-year variability of 
winter half-year precipitation, and the North American Monsoon. The projections from two of the 
models assumed a medium-high greenhouse gas emissions scenario (A1b; Nakicenovic and Swart, 
2000), and three others assumed a high greenhouse gas emissions scenario (A2). Simulations 
encompassed two discrete time periods, past (1971-2000) and future (2041-2070), due to the 
constraints of the source of three of the models, from the North American Regional Climate Change 
Applications Project (NARCCAP; Mearns 2007, updated 2012). Outputs from the climate models 
were used to drive the Variable Infiltration Capacity (VIC) model to develop a simulated daily flow 
time series. The daily flow data was then processed using The Nature Conservancy’s program 
Indicators of Hydrologic Analysis (IHA) to generate flow statistics; additional summary analyses 
were performed to characterize flow changes in the 400-4,000 cfs range. In addition, flow projections 
for the historical modeled (1971-2000) and future (2041-2070) periods were also used in the      
SRH-2D model to estimate changes in floodplain inundation frequency and sediment transport 
processes. 

All five models consistently show a projected increase in temperature of approximately 2 to 3 
degrees Celsius for the bias-corrected future period (2041-2070) compared to the historic period 
(1971-2000). Changes between time periods were even more pronounced for minimum temperature, 
with greater increases projected in the future time period. Climate projections for the five models 
indicate, on average, a drier future at almost all elevations. Four of the five RCM-GCM combinations 
project reduced future streamflow in the upper Gila River Basin; only the CRCM-CGCM3 model 
projects increased flow due to a large increase in the magnitude of extreme precipitation events. For 
the time period 2041-2070 in comparison to the time period 1971-2000, the projected five-model-
weighted average streamflow decreases 6% for the Gila at Gila gage (with a 15% decrease in the 
median streamflow); for the Gila near Virden gage it is an 8% decrease (15% median decrease), and 
for the San Francisco at Clifton gage it is an 11% decrease (19% median decrease). Furthermore, low 
flows are projected to decrease in the future, and very high flows are expected to increase, even as 
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overall streamflow is projected to decrease. The five-model–weighted average also projects an earlier 
timing of peak snowmelt runoff (February instead of March) and lower overall annual streamflow 
due to slight decreases in average precipitation and increases in evapotranspiration. In addition, 
future low flows will decrease and the magnitude of very high flows (extreme events) will increase. 
 
The UA-HADCM3 is an “intermediate” model that produces climate and streamflow output that is 
very close to the five-model–weighted average. For this reason, the majority of the statistics prepared 
for the Albuquerque workshop and the discussion at the workshop focused on results from the 
intermediate UA-HADCM3 model. 

Hydrology and Riparian Vegetation 

According to the UA-HADCM3 climate model, which incorporates El Niño/La Niña cycles, changes 
in annual precipitation are expected to be slightly lower than the current average with greatest 
differences projected for spring (-0.21 to -0.5 inches), while changes to extreme precipitation are 
expected to be almost unchanged, except at higher elevations where slightly more precipitation is 
expected. These changes in precipitation patterns will result in smaller snowmelt runoff flows in the 
spring, lower base flows during the summer, and higher magnitude monsoon flow events. 
Specifically, the seven-day and 90-day annual maximum flows are reduced (Chapter 5, Appendix 
14). In addition, the number of days with streamflow in the 400-4,000 cfs range decreases in the 
future modeled period. 

Seasonally, the following changes are expected according to the UA-HADCM3 model: 
 During the snowmelt runoff period, median monthly flows are reduced in February, April, and 

May for the future period compared to the past modeled period (Chapter 5, Appendix 14). 
Maximum monthly flows are reduced in February and April but are increased in March. 

 During the summer low flow period, maximum flows are increased in June. 
 During the monsoon-early fall period, monthly median flows and maximum flows are projected 

to increase in September, while monthly maximum flows are projected to decrease in August. 
 During the fall-winter base flow period, monthly median flows are projected to decrease in 

November, December, and January, while maximum flows are reduced in October through 
January. 

The climate change results show some important changes in the hydrograph. First, there are notably 
reduced flows during the snowmelt runoff block and a strong change (steeper decline) in the 
recession rate as compared to the historic modeled hydrograph. Yarnell et al. (2010) point out that 
shifts in the magnitude, timing, and rate of change of the snowmelt recession hydrograph strongly 
affect both abiotic and biotic conditions in streams and rivers. Furthermore, the summer low flow 
period is also projected to begin earlier and last considerably longer than has occurred historically. 
This period is often a time of significant stress for both aquatic and terrestrial organisms, and 
alterations in its timing and duration will likely have direct impacts on the Gila River ecosystem 
(Chapter 2). 

One participant pointed out that multi-decadal (20-30 year) climate variability has been associated 
with variability in streamflow of approximately +/-20%. Natural variability in precipitation and 
streamflow, which includes extended periods of low flow, is evident in the tree ring record. Current 
climate models incorporate these multi-decadal phenomena, for example, the Pacific Decadal 
Oscillation, but there is a low level of confidence in models’ ability to simulate them (e.g., lack of 
studies, disagreement in model projections) and limited evidence for evaluation. As long as these 
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multi-decadal oscillations continue, precipitation patterns attendant to them may also continue, but 
will be superimposed on the general trend of reduced precipitation over time. Thus, wet and dry 
periods are expected to be relatively drier than occurred historically. Furthermore, there may be the 
additive impact of droughts, which are predicted to increase in frequency during this century (Adams 
et al. 2009), while future wet cycles may temporarily offset climate change–driven drying. 

An increase in frequency and severity of droughts in the future will extend low flow periods, reduce 
groundwater levels and surface water flows, and reduce flooding (Seager et al. 2007; Adams et al. 
2009; Garfin et al., this report). Most tree species currently operate within narrow hydraulic safety 
margins with respect to lethal levels of drought stress (xylem cavitation and hydraulic failure) and 
therefore potentially face long-term reductions in productivity and survival as temperatures continue 
to increase and rainfall patterns shift (Choat et al. 2012; Park Williams et al. 2012) (Chapter 3). 

The Albuquerque workshop group discussed the relationship of streamflow and the groundwater 
system in the Cliff-Gila Valley. The analogy used was that of a bathtub; when filled by elevated 
flows and flood events, the alluvial aquifer supports shallow groundwater and base flows during the 
summer dry periods. In the future, as flood events occur less frequently, groundwater levels will 
likely decline more rapidly and will remain lower for longer periods of time, which will negatively 
impact base flow levels during the summer. The effect of large floods (> 30,000 cfs) on raising 
groundwater levels is large when they occur, but they occur infrequently. Thus, an increase in large 
floods does not offset the reduction of small and moderate frequent floods (400-4,000 cfs) that are 
most important for maintaining groundwater levels (Chapters 5, 7). 

Participants also discussed the ramifications of earlier peak snowmelt runoff to riparian vegetation in 
the Cliff-Gila Valley, which may result in a temporal mismatch between when the soil surface is 
moistened by high flows and when cottonwood and willow release their seed. Specifically, with 
earlier snowmelt runoff, the soil surface may be dry when seed release occurs, reducing the 
germination of cottonwood and willow seedlings. Although recent observations in the Gila indicate a 
phenological shift toward earlier seed release by both species, there may be limits to how early 
flowering and seed production can occur. 

The longer summer low flow period may increase mortality of cottonwood and willow seedlings, 
saplings, and poles. Furthermore, if recruitment and survival of cottonwood and willow are reduced, 
there may be a positive feedback with flood scour, especially if large or extreme floods increase in 
size, further reducing the cover and structural diversity of the riparian forest. 

Because future flood events in the 400-4,000 cfs range are expected to be less frequent, inundation of 
secondary channels may be insufficient to sustain current levels of cottonwood, willow, and other 
woody riparian vegetation, the majority of which occur along secondary channels (Chapters 5, 7). 
Specifically, the hydrologic projections under UA-HADCM3 suggest that median annual, spring, and 
fall inundation frequency will decrease by 17%, 28%, and 6%, respectively, as compared to the 
historic modeled period. These changes in inundation frequency are expected to result in decreased 
riparian vegetation recruitment in low-lying areas such as secondary channels and floodplain 
wetlands. As with inundation frequency, under the same climate model, median annual, spring, and 
fall sediment transport frequency are also expected to decrease by 22%, 26%, and 15%, respectively, 
as compared to the historical modeled period (Appendix 14). In addition, reducing the frequency and 
magnitude of flows in the 400-4,000 cfs range will reduce the deposition of fine sediments in 
secondary channels. Fine sediments hold water and slow the rate of groundwater decline, and they 
remain wetter due to capillary action than coarser sediments. Therefore, climate change may further 
reduce water availability to seedling cottonwoods and willows. 
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The expected decline in the cottonwood and willow riparian forest will manifest in reduced age-class 
diversity and reduced stem density. Large and extreme flood events may cause channel avulsion, and 
these avulsions, combined with channel down-cutting, may leave remaining stringers of cottonwood 
and willow in secondary channels that are inaccessible to moderate and high flows. Avulsion 
currently occurs during large floods but may increase in frequency due to the increased magnitude of 
extreme flood events. 

As floodplain inundation decreases and groundwater levels drop more quickly, cover of mesic 
herbaceous species, herbaceous wetlands, and native riparian vegetation (herbaceous and woody) 
will likely decrease. Cover is expected to increase for xeric herbaceous and woody species. 
Furthermore, cover of nonnative species will likely increase. Saltcedar will likely benefit from higher 
temperatures and relatively lower groundwater levels. In addition, as drier floodplain conditions 
prevail, the frequency of wildfires is expected to increase, favoring fire-adapted species like saltcedar 
over native cottonwoods. 

As altered precipitation patterns from climate change manifest in less frequent flooding, smaller 
snowmelt runoff flows in the spring, lower base flows during the summer and associated 
groundwater declines, wetland and secondary channel herbaceous vegetation such as cattails, rushes, 
bulrush, and spikerush are expected to be negatively impacted. This vegetation is expected to be 
negatively impacted through decreased water availability as well as through reduced frequency of 
flows (400-4,000 cfs) necessary for recruitment, sediment input, and nutrient cycling. 

Aquatic Invertebrates, Fish, Amphibians, and Reptiles 

Participants discussed how future hydrologic changes associated with climate change will likely 
impact aquatic species. One important impact is that snowmelt runoff is expected to occur earlier and 
be truncated relative to the historic period. As described in more detail in Scenario 1, gradual 
descending flows during the snowmelt runoff period is important for native fishes as well as the 
associated biota (i.e. aquatic invertebrates) they depend on. With future climate change, a more 
rapidly descending snowmelt runoff period and the extended low-flow flow period will result in 
reduced habitat extent and diversity, causing fish, invertebrates, and other aquatic organisms to 
concentrate in the remaining suitable aquatic habitats. This will lead to increased predation by 
nonnative species and increasing competition for food sources. The rate of flow change during the 
snowmelt runoff period also determines how water temperatures change over time and how long 
nursery habitats are available to larval fish, both of which affect larval growth rates. In general, as 
flows decline in the spring, so does the areal extent of nursery habitats in the main channel and in 
backwater zones (Chapter 6). 

Other expected climate change impacts to native fish during the spring snowmelt runoff period are 
fewer years with spring mean daily discharge > 185 cfs and loss of large spring runoff flow pulses (> 
5,000 cfs). Furthermore, absence of spring flows > 3,000 cfs would lead to increased embeddedness 
of gravel and cobble substrates, which in turn would reduce habitat quality for aquatic invertebrates 
like mayflies and stoneflies that native fishes, especially spikedace and loach minnow, depend upon. 
Reduction of high flows that transport and cleanse fine sediments from spawning habitats in spring 
would render them less suitable for native fishes (Chapter 10). Siltation will also eliminate the 
interstitial spaces between cobbles that narrow-headed gartersnakes use for hunting and predator 
escape (Chapter 11). 

Slower snowmelt recession limbs are associated with longer connectivity to floodplain habitats 
(which has numerous ecosystem benefits), and increased variability in benthic habitat types, and thus 
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increased fish and invertebrate diversity (Ward and Stanford 1995; Yarnell et al. 2010). Climate 
change is expected to truncate the snowmelt recession limb (e.g., more rapid decline in flows 
following peak snowmelt flows). As a result, this truncation would likely lead to more homogenous 
channel conditions and a reduced diversity of aquatic species (Yarnell et al. 2010). Since native 
aquatic organisms are adapted to their local flow regime, truncation of the snowmelt recession limb 
could also favor nonnative species (Lytle and Poff 2004; Yarnell et al. 2010). Additionally, snowmelt 
floods can initially cause high mortality of aquatic organisms; without the accompanying recession 
limb and its high nutrient conditions, biological communities may recover very slowly (Peterson et 
al. 2001). Truncation of the snowmelt recession limb may also result in increased stranding of 
individuals (fish, invertebrates, and amphibians), increased temperature stress for survivors, plus 
decreased invertebrate abundance and diversity due to increased substrate embeddedness (Yarnell et 
al. 2010). 

Many aquatic invertebrate species in the upper Gila River depend on the indirect benefits of 
snowmelt floods and ensuing recession limbs. For example, the mayfly Baetis relies on the warmer 
water temperatures that occur near the end of the snowmelt recession as a cue to emerge (Harper and 
Peckarsky 2006). A truncated snowmelt recession limb would result in earlier emergence of Baetis, 
meaning adults would emerge at smaller sizes and with reduced fecundities (Peckarsky et al. 2001). 
Altered biofilm and algal quantity and quality due to truncated snowmelt recession limbs would also 
affect which invertebrate species were able to thrive in the Gila River. Abundances of grazing 
mayflies like Baetis and Thraulodes would be reduced in late spring and summer because of reduced 
biofilm quality. Finally, increased deposition of fine sediment due to truncated snowmelt recession 
limbs would have an overall negative impact on aquatic invertebrates in the Gila River. Higher 
amounts of fine sediment are usually associated with decreased abundances of sensitive taxa (e.g., 
mayflies and stoneflies), decreased diversity of invertebrates, increased drift of invertebrates, and 
changes in community composition (Wood and Armitage 1997). Of the dominant invertebrate taxa in 
the Gila River, filter-feeders (e.g., Hydropsychidae, Simuliidae) would be especially sensitive to 
increased fine sediment loads, while a few midge (Chironomidae) and non-insect taxa, such as 
worms, would thrive with increased sedimentation (Dudgeon 1994; Wood and Armitage 1997). 

Native fish populations vary annually depending on the quantity of flow. For example, fish 
populations are typically larger during wet (1970-2000) periods than during dry periods (2000-2012). 
Consecutive dry years may become more frequent due to more frequent and extended drought in the 
future, which in turn may cause populations of short-lived native fish, like spikedace and loach 
minnow, to decline beyond a point where they can recover. Negative impact to two consecutive 
cohorts could trigger a significant population decline (Chapter 10). 

As with flow reductions during the spring snowmelt runoff period, extended and more dramatic low 
flows from April through mid-July will negatively impact aquatic habitat, especially shoals, 
backwaters, and secondary channels. Specifically, water depth and velocity in remaining aquatic 
habitats, such as riffle-pool junctions, will become less ideal for aquatic species, including the 
narrow-headed gartersnake. During this period, it is expected that: 1) the entire habitat system would 
likely shrink down to pools interspersed and connected by shallow water habitats that may or may 
not be useable by larval, juvenile, and adult native fish; 2) nonnatives would be concentrated in 
remaining pools, increasing predation on and competition with native species; 3) secondary channels 
would serve as habitat less often and may in some cases be permanently lost; and 4) decreased flows 
would decrease connectivity and reduce the ability of fish to move up- and downstream. The one 
exception among native fish is the longfin dace, which, because of its broad habitat use, is expected 
to be least impacted by climate change. 
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Participants discussed potential impacts of climate change on water quality and aquatic species. For 
the summer season, the predicted reduction in base flows, longer low-flow periods, and increased 
ambient air temperatures would undoubtedly result in increased water temperatures. In gaining 
reaches of the river, reduced groundwater recharge and hyporheic flows would also contribute to the 
increased water temperatures. In addition to causing metabolic stress, warmer water temperatures are 
expected to increase the incidence of disease and parasites among native species. Other expected 
water quality impacts could include increased pH and a decrease in dissolved oxygen. 
 
With increased water temperatures, it is likely that the invertebrate community would change 
dramatically during the summer low flow period. The currently dominant mayfly species (e.g. Baetis, 
Acentrella) would likely be replaced by taxa tolerant of warm, sluggish water, such as the caddisfly 
Helicopsyche, the moth Petrophila, the riffle beetle Microcylloepus, and worms (Oligochaeta). These 
warm-water taxa currently occur in the Gila, but in lower abundances; however, under Scenario 3 
they may become the dominant taxa. Since these are not functionally-equivalent taxonomic 
replacements, ecosystem-level processes (e.g., grazing of algal resources, prey availability to fishes) 
could also be affected during summer under Scenario 3 (Chapter 9). 
 
Generally, it is expected that seasonally elevated water temperatures in the Cliff-Gila Valley reach 
will negatively impact natives fishes. Crayfish appear to respond positively to warmer water 
temperatures and native fishes negatively (Chapter 10). In addition, it is possible that native fishes 
will attempt to move to canyon-bound reaches for refuge. Gila River fishes, however, would 
encounter nonnative predators in the canyon-bound reaches on either end of the Cliff-Gila Valley. 
Altered flows and thermal regimes anticipated under a climate change scenario would likely provide 
greater opportunities for establishment of additional nonnative species. In lower-elevation and 
warmer reaches of the Gila River, several highly piscivorous invasive species (e.g., blue tilapia 
Oreochromis aureus), not currently present in the New Mexico portion of the drainage, have become 
established and native fishes are practically absent (Minckley and Marsh 2009). 

Birds and Mammals 

Similar to the projected impacts of CUFA diversion described in Scenario 1, climate change is 
expected to reduce floodplain inundation and alluvial aquifer recharge. This would strongly influence 
the quantity and quality of riparian and aquatic habitats for birds and mammals as well as the timing 
and abundance of aquatic invertebrate emergence. These factors would have direct and negative 
impacts on riparian-obligate and riparian-associated birds and mammals (Chapters 12 and 13). 

Reductions in the amount of surface water in the main channel and in secondary channels would 
reduce open water habitat for semi-aquatic mammals such as beaver and muskrat, for wintering and 
migratory waterfowl such as cinnamon and green winged teal, northern pintail, and ring-necked 
duck, and for many other bird species. Reductions in the water depth in the main channel or 
dewatering of secondary channels could be particularly detrimental to beaver and muskrat during the 
winter, as they would be exposed to higher predation rates while accessing food (Chapter 13). 

Reductions in surface water would also reduce aquatic invertebrate populations that post-emergence 
provide an important food source for insectivorous mammals and birds. Earlier emergence of aquatic 
invertebrates, due to more rapid flow changes during the recession limb in the snowmelt runoff 
period, could result in an asynchrony between the availability of adult (free-flying) invertebrates and 
peak avian energetic demands (e.g., migration and breeding); this could result in a decline in avian 
reproductive success. Decreased summer base flows and a longer low flow period in the summer 
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could have significant impacts on the reproductive success of breeding birds that depend on these 
aquatic invertebrates to feed nestlings and fledglings, such as common merganser. 

Climate change is expected to reduce the areal extent and productivity of off-channel perennial and 
ephemeral wetlands, decrease soil moisture, and reduce the cover of herbaceous wetland vegetation. 
This would negatively impact a variety of bird species that use these wetlands for foraging and/or 
nesting. Mammals would also be strongly impacted because of their reliance on herbaceous 
vegetation and habitats for cover and food, either directly consuming vegetation or preying on 
invertebrates produced in these habitats (Chapter 13). 

As discussed in Scenario 1 of this chapter, climate change is also expected to reduce the aerial cover 
and structural diversity of cottonwood-willow riparian forest and has ramifications to habitat quality, 
availability, and subsequent diversity of wintering, migratory, and breeding bird species (Chapter 
12). Decreased vigor and canopy cover of mature cottonwood-willow stands due to climate change is 
expected to increase evaporation, decrease humidity, increase temperatures, and dry out soils, 
significantly altering the climate conditions in these stands and around nests, thereby increasing 
temperature-moisture stress on adults and nestlings. Insect productivity and abundance would also be 
affected by lower humidity and drier soils. Together, these factors could lead to reduced survivorship 
of nestlings, fledglings, and adults and reduced reproductive success. 

In addition, species like yellow-billed cuckoo and southwestern willow flycatcher have minimum 
patch requirements for territory and nest placement (Chapter 12). Reduced areal extent and structural 
diversity of the riparian forest would result in fewer territories and smaller population sizes for these 
and other riparian bird species. 

Similar to the impacts described in Scenario 1 of this chapter, mammals would also be impacted by 
changes in the aerial extent, structural diversity, and cover of the riparian forest. Arizona gray 
squirrels, western red bats, and coatis rely on the cottonwood-willow forest for roosting, foraging, 
and predator escape, while beaver use younger stands for food, and ungulates like white-tailed deer 
and elk browse the foliage. Changes in the areal extent of riparian forest would likely affect Western 
spotted and striped skunks and cottontails that use the forest as protective cover to avoid predators. 
Drying of forest stands and the associated reduction in insect abundance would affect an assemblage 
of 20 bat species that obtain their insect prey in and adjacent to riparian forest stands. 

High magnitude floods driven by extreme precipitation events can result in a positive regenerating 
effect on riparian bird habitats, but such floods also can excessively scour riparian areas and result in 
a net loss of riparian vegetation when they occur too frequently (USFWS 2013b). For example, 
record snowpack and resultant high river flows in early 2005 contributed to the loss of flycatcher 
habitat in the Cliff-Gila Valley that year (Brodhead 2005). Both drought and increased fire 
frequency, along with warmer ambient temperatures, will likely result in habitat conversion to fire-
adapted and drought-tolerant vegetation types (e.g., monotypic saltcedar shrublands) unsuitable for 
nesting by some riparian bird species, such as Gila woodpecker and Summer tanager (Glenn and 
Nagler 2005; Walker 2006; Kerns et al. 2009; USFWS 2013b) (Chapter 12). 

Additional predicted impacts of climate change on riparian birds include extreme physiological stress 
and mortality of riparian birds as increasing air temperatures lead to large increases in 
thermoregulatory water requirements of riparian bird adults, nestlings, and eggs (McKechnie and 
Wolf 2010). 
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Climate change–induced reductions in riparian bird habitat and food availability would likely result 
in riparian bird population declines in the Cliff-Gila Valley and across species’ ranges. Many riparian 
birds are likely to be affected, including Abert’s towhee, yellow-billed cuckoo, common black hawk, 
Gila woodpecker, brown-crested flycatcher, Bell’s vireo and Lucy’s warbler (Zimmerman 1968; 
Hubbard 1971). In the Cliff-Gila Valley, the flycatcher population would also likely decline in 
response to climate change, as the population appears to respond negatively to drought conditions: 1) 
the population declined 43% to approximately 120 territories in the early 2000s following a severe 
drought; 2) the population declined by 27% in 2011, a year when January to September was the 
driest period on record in New Mexico and June to August was a period of exceptional drought in 
southwestern New Mexico; and 3) the population declined by 16% in 2012, a year when the 
mountains in southwestern New Mexico averaged 74% of normal precipitation (Stoleson and Finch 
2000; Shook 2013b) (Chapter 12). 

Summary of Climate Change Impacts 

 The climate model projects an earlier timing of peak snowmelt runoff (February instead of 
March) and lower overall annual streamflow due to slight decreases in average precipitation and 
increases in temperature and evapotranspiration. In addition, future low flows would decrease 
and the magnitude of very high flows (extreme events) would increase. 

 Changes in precipitation patterns would result in smaller snowmelt runoff flows in the spring, 
lower base flows during the summer, and higher magnitude monsoon flow events. 

 The summer low flow period is also estimated to begin earlier and last considerably longer as 
compared to the unaltered hydrograph. This period is often a time of significant stress for both 
aquatic and terrestrial organisms, and alterations in its timing and duration would likely have 
direct impacts on the Gila River ecosystem. Specifically, reduced habitat availability for native 
fish and other aquatic species would concentrate their populations in smaller areas.   

 Because future flood events in the 400-4,000 cfs range and larger are expected to be less 
frequent, inundation of secondary channels could be insufficient to sustain current levels of 
cottonwood, willow, and other woody riparian vegetation. 

 As the frequency of floodplain inundation decreases, and groundwater levels drop more quickly, 
cover of mesic herbaceous species and herbaceous wetlands will likely decrease, while cover of 
xeric herbaceous and woody species is expected to increase. Furthermore, future declines in 
groundwater would lead to decreased cover and vigor of native riparian vegetation (both 
herbaceous and woody), which would provide an opportunity for native xeric and nonnative 
plant species (i.e. saltcedar) to establish and spread. 

 As altered precipitation patterns from climate change manifest in less frequent flooding, smaller 
snowmelt runoff flows in the spring, lower base flows during the summer, and associated 
groundwater declines, it is expected that wetland and secondary channel herbaceous vegetation 
such as cattails, rushes, bulrush, and spikerush will be negatively impacted. 

 As native aquatic organisms are adapted to the natural flow regime of their local streams, 
truncation of the snowmelt recession limb could favor nonnative aquatic species. 

 Increased rate of change in discharge (i.e., truncation of the snowmelt recession limb) would 
also result in increased stranding of individuals (fish, invertebrates, and amphibians) and 
increased temperature stress for survivors. 

 A truncated snowmelt recession limb would result in earlier emergence of aquatic invertebrate 
species, resulting in smaller sizes and reduced fecundities. 
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 Increased deposition of fine sediment due to the lack of substrate sorting and increased substrate 
embeddedness under truncated snowmelt recession limbs would have an overall negative impact 
on aquatic invertebrates and native fish in the Gila River. 

 Climate change has the potential to have substantial negative effects on riparian bird 
populations. These include increased physiological stress on individuals caused by higher 
temperatures and reduced humidity; increasing mortality rates; reductions in the extent, 
structural diversity, and vigor of native groundwater-dependent riparian vegetation that provides 
critical habitats for riparian birds; and reductions in their invertebrate prey. 

 Both drought and increased fire frequency, along with warmer air temperatures, would likely 
result in habitat conversion to fire-adapted and drought-tolerant vegetation types (e.g., 
monotypic saltcedar shrublands) unsuitable for nesting by some riparian bird species, such as 
Gila woodpecker and summer tanager. 

 Predicted higher ambient and water temperatures, along with associated decreases in 
streamflows, could suppress riparian bird prey abundances and disrupt the synchrony between 
peak prey emergence and availability with peak riparian bird energetic demands, thereby 
reducing riparian bird breeding success. 

Conclusions 

Riparian and aquatic species in the Cliff-Gila Valley are currently facing a number of challenges 
including nonnative aquatic species, drought, and the downstream effects (e.g., ash, sediment, and 
debris) of large, high-severity wildfires in the watershed like the Whitewater-Baldy fire. These 
challenges will continue into the future. Climate change will impose additional severe stresses that 
some species will be able to adapt to while others will not. Diversion with or without a consideration 
of climate change would significantly exacerbate these challenges, and the most sensitive species, 
including a specialized and largely endemic fish fauna, would be at great risk of extirpation. 

For more information on flow-ecology relationships, on the consequences of flow alteration on 
hydrology, including groundwater–surface water interactions, and on the potential impacts of flow 
alteration, diversion, and climate change on riparian and aquatic species in the Gila-Cliff Valley and 
elsewhere, the reader is encouraged to refer to the preceding chapters in this report. 
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Appendix 1. Bias Correction Methods for Historical and Future Modeled 
Climate Distributions 
 
A recent study completed by Teutschbein and Seibert (2012) compared six popular bias-correction 
methodologies. They found that a distribution mapping method (also referred to as quantile mapping) 
was best able to reproduce the observed climate distribution. Bias-Correction and Spatial 
Disaggregation (Wood et al. 2004) is a common implementation of the distribution mapping 
methodology. Typically, Bias-Correction and Spatial Disaggregation (BCSD) will begin by bias-
correcting the modeled past. This is done by obtaining a modeled time series of the past (e.g., total 
precipitation) and pairing it with historical observations. Both of these time series are at a monthly 
time step. Next, the values are sorted from lowest to highest. This essentially creates eMPIrical 
cumulative distributions for these two time series. Wherever the lowest monthly value falls in the 
time line for the model, the corresponding lowest monthly observed value is used. In this manner, all 
of the sorted modeled values are replaced with observed monthly values. Lastly, daily values are 
obtained by using analog months of the past. The number and order of rain and no-rain days are 
preserved from the analog month, but each value is shifted (multiplicative for precipitation and 
additive for temperature) to match the mean of the bias-corrected month.  
 
The authors find that the bias-correction methodology outlined above adversely affects both the 
historical and future modeled climate distributions. First, by using analog months, one imposes a 
persistence of rain versus no-rain days that can be very different than the modeled monthly time 
series. Importantly, a bias-correction methodology should correct the modeled distribution but 
preserve the character of the GCM (General Circulation Model) or RCM (Regional Climate Model). 
If the persistent periods of rain and no-rain are completely disregarded, then the GCMs and RCMs 
are only providing general trends and one could arrive at the same time series as the bias-corrected 
data strictly by shuffling the observed historical data. Second, which is related to the first point, 
changing the amount of modeled rain days as specified by the analog month will ultimately alter the 
variance within the month itself. For example, one month that has two rain days with 10 mm of 
precipitation and another that has five rain days with 4 mm of precipitation will total the same 
precipitation, but the standard deviation of the first will be almost 70% higher than the second. This 
variance and the proximity of rain days to one another will cause the basin's discharge to respond 
quite differently. 
 
Maurer and Pierce (2001) address the problem of matching monthly means while discussing another 
challenge of the distribution mapping method. They suggest using a moving window with eMPIrical 
distributions about which to bias-correct. Using distribution mapping in this manner allows one to 
preserve sub-monthly variances and a similar structure in modeled rain-day persistence. However, in 
addition to altering the variance within the month itself, the overall distribution of the future climate 
projection period can undergo an undesirable shift. For example, they show three different gamma 
shaped distributions, which represent observed, modeled past, and modeled future. Furthermore, they 
assume that the mean of the future precipitation is expected to increase by 40% with respect to the 
modeled past, then distribution mapping will further increase the expected change in precipitation to 
56%. The method has inflated the expected change by 16% between the modeled past and future. The 
amount by which the future precipitation shifts from expectations is dependent on the length of the 
tails of the modeled distributions. A well-performing bias-correction methodology must strive to 
preserve the ratio of the mean change and the variance change between the modeled past and future 
periods.  
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To see a further illustration of this phenomenon in comparison to the method used by the authors in 
this study, refer to Figure A1. Consider that the observed, raw modeled past and raw modeled future 
probability distributions have the theoretical shapes shown in the upper left subplot. In this case, the 
raw modeled future mean is 25% wetter than the raw modeled past. The lower left subplot shows the 
cumulative distribution functions (CDFs). First, let's use this example to bias-correct the past and 
future periods using the established distribution mapping methodology. For the past period, any value 
in the raw past CDF will correspond to the value in the black CDF at the same probability. Therefore, 
the mapping can be represented by a horizontal line between the past raw modeled CDF and the 
observed CDF. For the future, a particular value is first mapped vertically to intersect the past raw 
CDF, then mapped horizontally to obtain the bias-corrected future modeled value. This process of 
bias-correcting a future value at the 80 percentile is shown in the lower left subplot. In contrast, our 
method assumes an entirely different distribution to use in order to bias-correct the future period. 
This new distribution will be offset relative to the observed distribution where the changes between 
the future and past modeled distributions are preserved. This can be done first by finding the ratio of 
the future to past modeled means and variances, as these values are ultimately what need to be kept 
constant. A two parameter gamma distribution is used in our methodology with a mean equal to α*β 
(where α is the shape parameter and β is the scale parameter) and variance equal to α*β2. The 
observed distribution in the upper right subplot of Figure A1 has a shape value of 2 and a scale value 
of 3, which corresponds to a mean of 6 and a variance of 18. The raw modeled past distribution has a 
shape value of 4 and a scale value of 2, which corresponds to a mean of 8 and a variance of 16. The 
raw modeled future distribution has a shape value of 5 and a scale value of 2, which corresponds to a 
mean of 10 and a variance of 20. The ratio of the modeled means is then 10/8 or 1.25 and the ratio of 
the modeled variances is 20/16 which is also 1.25. These mean and variance ratios (1.25 and 1.25) 
are then multiplied by the mean and variance values (6 and 18) of the theoretical observed 
distribution. New values of α and β can then be solved for by using the newly found offset observed 
mean and variance values. These values correspond to an α value of 2.5 and a β value of 3. This 
offset observed distribution is shown in the upper and lower right subplots of Figure A1. Now, one 
can map directly on a horizontal path between the raw future modeled value and where this value 
intersects the CDF of the offset distribution (lower right subplot). By randomly sampling these 
distributions, distribution mapping will increase the ratio of the bias-corrected modeled future to past 
means with respect to the raw modeled future to past means anywhere between approximately 1% 
and 30%. In contrast, by using the offset observed distribution to bias-correct the future period, the 
bias-corrected ratio will always closely match the raw modeled ratio. 
  
A grid cell in the headwaters of the Gila River Basin can be used to confirm the theoretical response 
of this methodology. Figure A2 shows both methods performing very similarly for the historical 
period. The methods are compared throughout the year, because overall mean and variance 
measurements can be right for the wrong reasons (e.g., same mean as observations but at all the 
wrong times of the year). The established distribution mapping method (or eMPIrical mapping) 
slightly outperforms our proposed method (theoretical mapping with offset) in its ability to capture 
past variability (expressed as standard deviation).  
 
Figure A3 compares the two methods' performance in preserving projected modeled changes to the 
mean and the standard deviation. When there is a 0% projected change to the mean precipitation, the 
methods perform similarly in replicating changes to the mean throughout the year. However, the 
theoretical mapping with offset method performs better in reproducing the standard deviation 
changes (r = .96 versus r = .83). The first column of numbers in Table A1 shows the mean absolute 
error (MAE) for the case of 0% projected mean change. These values provide the average distance by 
which the ratio of the bias-corrected means (future/past using 21-day windows) differs from the ratio 
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of the raw means (future/past using 21-day windows). A value of .04 can be interpreted as an average 
discrepancy of 4% between these ratios. The bold values show the better performing methodology. 
The third data column shows the mean error or the overall bias of the method. With no projected 
changes, the distribution mapping method has a 2% positive bias for the overall changes to the mean, 
and a 7% positive bias for the overall changes to standard deviation. The 7% positive bias is clearly 
noticeable in the upper right subplot of Figure A3, where more green values can be seen above what 
would be the one-to-one line.  
 
With a projected 40% increase in mean precipitation (lower subplots), the ability of the distribution 
mapping to properly capture the projected changes through the year begins to degrade (lower green 
correlation coefficients) while the theoretical mapping with offset technique is extremely stable in 
reproducing the changes (same blue correlation coefficients). This is further illustrated by the second 
and fourth data columns of Table A1. The values of our methodology stay the same, while the mean 
error or bias of the mean projected by distribution mapping has increased to 7%. This says that the 
raw model projects an increase in overall precipitation of 40% between the periods, while the bias-
corrected data for the distribution mapping method is projecting a 47% increase. A 40% increase or 
decrease may be unlikely, but it is useful to illustrate how unstable the distribution mapping 
methodology can be. Our method can have bias, but it is small in contrast and is not contingent upon 
increasing or decreasing amounts of projected changes between models. 
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Appendix 1 Tables 
 
Table A1. Mean absolute errors and mean errors weighted by precipitation from 21-day 
moving window. The values correspond to the data shown in Figure 3. The smaller values are better 
performing. 

 Weighted Mean Absolute Error Weighted Mean Error 
 0% Projected 

Change 
40% Projected 
Increase 

0% Projected 
Change 

40% Projected 
Increase 

Distribution 
Mapping (Mean) 0.04 0.09 0.02 0.05 

Theoretical 
Mapping (Mean) 0.04 0.04 0.01 0.01 

Distribution 
Mapping (Std Dev) 0.08 0.09 0.07 0.005 

Theoretical 
Mapping (Std Dev) 0.04 0.04 0.003 0.003 
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Appendix 1 Figures 
 

 
Figure A1. Upper left subplot uses synthetic data to show gamma distributed probability 
distribution functions (PDFs) for observed, modeled past and modeled future precipitation 
distributions. Lower left subplot shows cumulative distribution functions (CDFs) for these 
distributions and an example of how a future modeled value would be bias corrected. Upper right 
subplot has the same three synthetic distributions, but additionally there is a shifted observed 
distribution that preserves the changes of the mean and variance between the future and past modeled 
distributions. Lower right subplot illustrates the bias-correction of a future modeled value using the 
offset observed distribution.  
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Figure A2. Performances of the eMPIrical distribution mapping method and the theoretical 
mapping with offset method for the historical period. The observed and simulated means and 
standard deviations for each Julian day, centered about a 21-day moving window, are shown as the 
scatter points. The correlation coefficients of the two different methods are shown in the upper left of 
the subplots.  
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Figure A3. Performance of the eMPIrical distribution mapping method and the theoretical 
mapping with offset method for the future period. The observed and simulated ratios of the means 
and standard deviations for each Julian day, centered about a 21-day moving window, are shown as 
the scatter points. The ratios refer to the ratio of the raw modeled means/variances and the bias-
corrected modeled means/variances. Ideally, the ratio would be the same for the raw and bias-
corrected modeled values. The upper row shows how well the future distribution is preserved, 
relative to the past, with no mean precipitation change. The lower row is similar to the upper row, but 
with a projected raw modeled precipitation increase of 40%. Further descriptive statistics related to 
this plot can be found in Table A1. The correlation coefficients of the two different methods are 
shown in the upper left of the subplots.  
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Appendix 2. The CUFA Diversion Model Developed by The Nature 
Conservancy 
A Guide and Reference to the TNC CUFA Diversion Model version T 

Steven Bassett, The Nature Conservancy 

The Arizona Water Settlement Act of 2004 (AWSA) allows for an average of 14,000 acre feet of 
additional water use by New Mexico in the Gila River Basin every year. The AWSA also provides 
funding for construction of diversion and storage infrastructure or for non-diversion water utilization 
alternatives. The State of New Mexico must decide before the end of the year 2014 whether or not to 
pursue additional diversion from the Gila River and how to spend the available funds. 

Attached to the AWSA is the New Mexico Consumptive Use and Forbearance Agreement (CUFA) 
that outlines the terms under which the additional water may be diverted if a diversion alternative is 
pursued. The CUFA is an agreement between Gila River water users that allows for additional 
diversion and use by the State of New Mexico as long as certain terms of diversion are followed. 

The terms outlined in the CUFA and its attachments are very specific and can be adapted into a 
model of allowed diversion and use of Gila River water. Several models currently exist but each has 
limitations. One series of models has been prepared by Craig Roepke of the NMISC, another by the 
Sandia National Laboratories (Craig Roepke, personal communication, May 14, 2013 and Sun et al. 
2012). This appendix outlines the creation of a third model that expands upon the existing models 
while also addressing their limitations. 

Existing Models 
The two existing models are similar but each has unique qualities—format, content, and temporal 
domains differ. The series of models prepared by Craig Roepke of the NMISC are in spreadsheet 
files that include modeled diversions back to October 1936. Output and summaries of these models 
have been released but the underlying spreadsheets are not publically available. 

The Sandia Labs model is partially based on the NMISC models but differs in several major ways. 
The Sandia model uses PowerSim software, has not been modified since 2010 when a final version 
was released, and models only the period from 1979 to 2001. The Sandia model is considered a 
“Decision Support Tool” because it includes an integrated model of the region’s surface and 
groundwater hydrologic system as well as social, legal, and ecological features. 

Neither of the final versions of the existing models is publically available. However, we received 
output of a model run from the NMISC after requesting an operational copy of the spreadsheet. A 
viewing of the model was arranged where Craig Roepke showed us parts of the model. A follow-up 
meeting was held to clarify some of the elements of the model. 

The Sandia model was distributed to participants in its collaborative modeling process and a 
preliminary draft of the model from 2009 is currently available by contacting the facilitators of the 
model development process at Sandia National Laboratories. 

A rigorous and comprehensive understanding of the CUFA and its effects on streamflow is needed to 
evaluate the impacts of diversion on the Gila River ecosystem. Our model is intended to be a 
platform for open and informed analysis of these effects. To meet this objective, we have extended 
the time period analyzed to include all available data, corrected known errors in previous models due 
to incorrect interpretations of the CUFA terms, and thoroughly documented all assumptions made.  In 
addition, our model will be publicly available upon request after project completion. 
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Model Development 
Converting the CUFA terms into functions for the model was straightforward. Most terms are very 
specific with little room for subjective interpretation. Modeled terms are outlined in Table 1. 
 

Table 1. Modeled Terms 
Term Source 
Upper Valley Daily Demand Ex 2.47 1.1.1 or 1.1.2 
Additional Arizona Daily Demand (AADD) Ex 2.47 1.3 
NM Daily Diversion Basis Ex 2.47 1.5 
Sum of Available Flows Ex 2.47 1.6 
NM Excess Ex 2.47 1.6 
NM Excess Multiplier Ex 2.47 1.7 
NM Daily Diversion Right Ex 2.47 1.7, 1.9.1 
Duncan-Virden Valley Call Ex 2.47 1.9.2 
Duncan-Virden Excess Ex 2.47 1.9.2 
NM Cap Water Bank Balance CUFA 4.6.2, 5.2, 5.3, 5.4.4, 6.4, 6.3 
Annual Use CUFA 4.6, 4.8 
10-year Use CUFA 4.3, Ex 2.47 1.7 
 

Some CUFA terms were not modeled because they are not relevant to diversion proposals currently 
being considered by the NMISC. For example the CUFA allows for additional diversion from the San 
Francisco River and outlines specific rules for diversion but none of the current proposals call for 
diversions from the San Francisco River. Table 2 lists omitted terms. 
 

Table 2. Notable Omitted Terms 
Term Source 
San Francisco Basin terms Ex 2.47 1.9.3 
Mitigation Bank CUFA 8.0 
District NM CAP Account CUFA 7.0 
Additional Arizona Rights Ex 2.47 1.2 
San Carlos Threshold Adjustment CUFA 4.7 
 

After the relevant terms were converted into functions, they were compiled into an algorithm 
implemented in a spreadsheet document with each row or record representing a calendar day. 
Columns or fields represent variables or attributes for each day. 

The model is initialized by selecting a starting date. The primary purpose of the model is to estimate 
the impact of CUFA diversions if the NM Unit had been in place historically so the model was 
initialized on October 1, 1936, the date when all required inputs become available. 

Four external inputs are required to run the model. Data is readily available from the United States 
Geological Survey for the period since October 1, 1936. Table 3 lists the required external inputs. 
 

Table 3. External input required for model 
Gage ID Gage Name Start of Record 
09430500 GILA RIVER NEAR GILA, NM 1927/12/01 
09432000 GILA RIVER BELOW BLUE CREEK, NEAR VIRDEN, NM 1927/07/01 
09444500 SAN FRANCISCO RIVER AT CLIFTON, AZ 1910/10/23 
09469000 SAN CARLOS RESERVOIR AT COOLIDGE DAM, AZ 1936/10/01 
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The model is capable of using hypothetical gaged inputs and can be initialized on any date. Several 
models were created for different climate change scenarios using projected daily streamflow values 
(2041-2070). These values were derived from dynamically-downscaled climate model output that 
was used to drive a Variable Infiltration Capacity model; these models are described in detail in 
Chapter 3 of this report. 

Once initialized, the model calculates many intermediate values before returning the allowed daily 
diversion and the post-diversion flow. 

For each date the model calculates allowed diversion and use as well as the anticipated impacts on 
streamflow at the head of the Cliff-Gila Valley. Figure 1 outlines our implementation of the model. A 
detailed description of each calculation in the model is described in Attachment A. 
Figure 1. Model Diagram 

 

Assumptions 
The CUFA terms are generally very precise but several terms can be interpreted in multiple ways. 
Some terms lack detail while others are defined in multiple ways throughout the document. Other 
terms are only relevant if certain conditions exist or actions are taken. 

CUFA Version 
The version of the CUFA that is used as the basis for our model was downloaded from 
http://www.ose.state.nm.us/PDF/ISC/BasinsPrograms/GilaSanFrancisco/Final-CUFA-Oct27-
2005.pdf (Accessed on June 11, 2014). This version is dated October 21, 2005 and, while unsigned, 
we assume it to be the same as the fully executed version. 

The Terms of New Mexico Diversion attached to the CUFA as Exhibit 2.47 is the version used as the 
basis for the model. A second “Terms of New Mexico Diversion” is attached to the CUFA as 
Attachment 3.1 to Exhibit 2.48 “Terms of NM Unit Agreement”. The Exhibit 2.47 terms were 
selected for modeling. 
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NM Unit Diversion Location 
CUFA term 4.2 indicates diversion is allowed at many points along the main stem of the Gila and San 
Francisco rivers. Our model and the other existing models assume diversion will only occur on the 
Gila River above the Gila near Gila stream gage. 

Date and Time 
Several of the terms include annual or decadal diversion sums. For annual terms the calendar date is 
used, 3,653 days are used to approximate ten years. 

The CUFA specifies that “Arizona time” should be used for several temporal calculations. Our model 
uses Arizona time to define each diversion day record but uses local time for input data. The USGS 
uses local time to report average daily flow at the stream gages used as inputs, two of the gages use 
Mountain Time, the other two use Arizona time. 

There is additional confusion in Term 1.6 of the Terms of New Mexico Diversions. As this version 
reads, it indicates the sum of the flows (for some undefined period of time) is calculated at 8:00 am 
on the day before the diversion day. 

If the sum of the flows, as of 8:00 a.m. Arizona time on the day preceding the NM Diversion Day, 
at gage station No. USGS 09430500 on the Gila River above Gila, New Mexico, and gage station 
No. USGS 09444500 on the San Francisco River at Clifton, Arizona, (the “Sum of the Available 
Flows”) exceeds the Daily Diversion Basis (the “NM Excess”), the NM Daily Diversion Right, 
subject to the conditions stated in Sub-term 1.8, shall be the amount calculated in accordance 
with Sub-term 1.7; otherwise the NM Daily Diversion Right shall be zero (0) CFS.  

–Exhibit 2.47 Term 1.6 

We assume the values used to calculate the sum of flows is the average flow for the preceding 
calendar date calculated at each gage using the day defined in the gages’ local time, not the 24 hours 
that began at 8:00 am the day before. 

Initial date selection and its effects are discussed under the heading “Initial Conditions”. 

Diversion and Use 
Our model assumes all diverted water is consumptively used. We also assume that diversions are 
made whenever they are not precluded by the CUFA terms. It is likely that other policies or 
conditions beyond the scope of CUFA will preclude diversion such as high sediment and debris 
concentrations or mandated minimum flows. 

Infrastructure for diverting the flows also must be in place. If diversion facilities are not able to 
withdraw 350 cubic feet per second (cfs), the volume diverted will be lower than the model results. 

Minimum Bypass Flow 
In both the Sandia model and NMISC models a minimum bypass flow is included. The Sandia model 
documentation calls this minimum bypass “a New Mexico mandate”. The NMISC model includes a 
150 cfs minimum bypass while the Sandia labs model includes two minimum bypass flows, one at 
150 cfs and the other at 300 cfs. Our model includes a 150 cfs flow, but a sensitivity analysis was 
conducted to test the effects of a no minimum bypass scenario. 

Both the Sandia model and the NMISC spreadsheet, according to the Sandia report, check to make 
sure the minimum bypass is met by the NM Daily Diversion Right (subtracted from the Daily 
Diversion right). Our model applies the minimum bypass to the flow after the Duncan-Virden call, 
San Carlos Storage threshold, and NM CAP Water Bank terms have been met. 
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Any minimum bypass requirement will reduce the allowable withdrawals below the level anticipated 
by the CUFA. Our “later” application of the minimum bypass flow decreases the allowable 
diversions even further. 

San Carlos Storage 
Every year for the first five years of diversion there must be 30,000 acre feet of stored water in San 
Carlos Reservoir before diversions can begin. This threshold is to be reduced every five years if 
diversion was precluded for more than 10 days per year on average during the preceding five years. 
Neither the Sandia nor the NMISC model includes this adjustment. Our model doesn’t include this 
adjustment either. 

The CUFA specifies that the only water in San Carlos Reservoir that counts towards the stored water 
threshold must be “available under the Globe Equity Decree for release through the gates of the 
Coolidge Dam for conveyance down the channel of the Gila River for Diversion and use by the 
Community and the District.” Our model and the existing models use the gaged reservoir storage 
value from the USGS. It is likely that some of the gaged storage is unable to be called for or released 
for use by Gila River Indian Community and San Carlos Irrigation and Drainage District. 

Initial Conditions 
Initial model conditions have a large effect on model outcomes. If initial date differs between model 
runs the results from each run will be dramatically different. The annual and decadal limits on 
diversion compound these differences over time. 

The initial NM CAP Water Bank balance affects diversions in the first few years of NM Unit 
diversions. The NMISC and Sandia models use an initial balance of 54,000 acre-feet (AF) which is 
the volume that could be purchased over three years and assumes no diversions are made during 
those years. Our model also makes that assumption. 

NM Cap Water Bank 
Our model assumes that the maximum number of credits is purchased every year unless the 
maximum water bank balance is reached.  If less than the maximum number of credits is purchased, 
diversion will be precluded more frequently by the NM CAP Water Bank. 

Conversion Factors 
Early in the creation of the model, the conversion factor used to calculate the volume of water that 
flows past a gage in a day using average flow rate (cfs) for that day was set to 1 cfs for 24 hours = 
1.98 acre-feet. A sensitivity analysis was conducted to determine the effect of increasing the precision 
of this conversion factor to 1.98347107; average annual diversion would only increase by 1.73 acre 
feet per year. 

Duncan-Virden Call 
The call made for Gila River water by Duncan-Virden Valley irrigators under the Globe Equity 
Decree is measured at the USGS gage below Blue Creek. This call is referred to as the “Blue Creek 
Call” in the NMISC models. 

The monthly values used for this call are the same in both the NMISC and Sandia models. The 
Sandia model cites these values as average calls for each month based on historical records. A 
preliminary investigation of these values based on annual water use records from the Gila Water 
Commissioner indicate that these values can vary dramatically from day to day and year to year. Our 
model uses the same values as the NMISC and Sandia models, but future models should include 
more realistic values for the daily Duncan-Virden Valley call. 
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Results and Analysis 
Many assumptions were made during the creation of this model but each has been documented. We 
tested the model’s sensitivity to several important assumptions by modifying one factor at a time and 
comparing the daily, monthly, and annual diversion totals. Figure 2 shows the results of single-factor 
sensitivity analysis for the CUFA model run with alternative assumptions. 

The minimum bypass criterion of 150 cfs had a small effect on average annual diversions. When the 
minimum flow requirement is removed, the average annual diversion increases by 971 acre feet to 
13,009 acre-feet per year. 

When the San Carlos Storage threshold is set equal to zero—to approximate the lowest threshold that 
would ever be reached with the five-year threshold adjustment term—the annual average diversion 
increases by 148 acre feet to 12,186 acre-feet per year. 

Additional analyses and results using output from our CUFA Diversion model are detailed in the 
preceding chapters of this report. 
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Figure 2. Results of Sensitivity Analysis 
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Appendix 3. Gila River at Gila: A Comparison of Natural Flows and Modeled CUFA Diversion Flows with 
a 150 cfs Minimum Bypass: 2002-2012 
 

 



 

434 
 



 

435 
 



 

436 
 



 

437 
 

Appendix 4. Overview of Study Reaches and Monitoring Transects, 
Groundwater and Surface Water Interactions in the Cliff-Gila Valley.  
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Appendix 5. Data Calculations for Estimates of Streamflow, Chapter 5 
 
This appendix describes the calculations used to derive estimates of Gila River discharge in the Cliff- 
Gila Valley 1) downstream of its confluence with Mogollon Creek; 2) downstream  of the first two 
diversions for irrigation; and 3) downstream of the third irrigation for diversion. The calculations 
enable relatively substantial contributions or reductions in river streamflow to be accounted for in 
evaluating surface- and groundwater interactions in the valley.   

Data Sets 
 Instantaneous discharge data, USGS gaging stations Gila near Gila (9430500) and Mogollon 

Creek (09430600), 2007–2012. 
 Daily mean diversion data (ca. March–October; varies), Fort West, Upper Gila, and Gila 

Farm ditches. 2001-2007 data, USGS; 2008-2012, New Mexico Interstate Stream 
Commission. 

 
Estimates 
QGM (Gila River, Downstream of Mogollon Creek and Upstream of Diversions) 
Equation: Discharge at Gila near Gila gage + (Mogollon Creek discharge > 15 cfs) 

Assumptions and rationale: 
In Soles (2003), 15 cfs was selected as the minimum necessary at the Mogollon Creek gaging station 
for surface flow to occur at the confluence. This value was tested with discharge measurements in the 
Gila River downstream of the confluence, during various rates of streamflow. Using linear 
regression, an equation describing the relationship between measured discharge and simultaneous 
Gila River gaging station was developed. In the equation below, Qxs2 = measured discharge 
downstream of the Mogollon Creek confluence; gage Q = discharge at Gila gagesite 
 

Qxs2 = (1.04953 gage Q) – 9.0922  (r2 = 0.97) 

The equation was used to check the validity of excluding all Mogollon flows of <15 cfs from 
consideration as contribution to Gila River discharge. First, it was applied to all Gila gagesite daily 
means for the months of April through October, 1969–2001. The results were compared against daily 
sums of mean discharge from the Gila gage and discharge > 15 cfs from the Mogollon gage (QGM). 
QGM was greater than that calculated by regression for more than 99% of approximately 7060 
summer days during the 1969–2001 period. QGM greater than 250 cfs did not exceed discharge as 
calculated by the regression. As flows increase, of course, the relative significance of +/- 15 cfs 
decreases. Variance between summed and calculated estimates ranged from 1% to 3%.  Under QGM 
streamflow conditions of less than 200 cfs, QGM generally overstates total discharge downstream of 
the Gila-Mogollon confluence. However, retaining the 15 cfs minimum helps to avoid 
underestimating QGM during low flow seasons.   
 
Qnet5 
Calculation: Qnet5 = QGM - Fort West- Upper Gila diversions 

Assumptions and rationale: 
Half-hour instantaneous ditch discharge = daily mean ditch discharge. Daily means of ditch 
discharge are available for March through October each year. 
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Ditch discharge during the ungaged period each year (November-February) is assumed equal to the 
average of the diverted amount on the last gaged day of the previous year, and the first gaged day of 
the current year. There were a number of reasons for this. The ditches run year-round (barring 
maintenance work), and the streamflow calculations should reflect that, and not undiverted flow.  
Winter baseflow is generally higher than baseflow in the spring or summer months, and complete 
channel dewatering at T5 (immediately downstream of the diversions) has never been observed in the 
winter months. Precise calibration of winter values seemed less crucial than those for the warmer, 
drier months for which the diversion records are available. Because both upper ditches upstream of 
T5 divert simultaneously (again, barring maintenance issues), it is the sum of the discharge diverted 
into those ditches that is of importance in calculations of net streamflow, not the volume in each 
ditch. Qnet5 results in zero Gila streamflow during some dry periods, which matches our field 
observations. 

Qnet6 
Calculation: Qnet6 = Qnet5- (0.5(Fort West + Upper Gila)-Gila Farm) 

Assumptions and rationale: 
Half-hour instantaneous ditch discharge = daily mean ditch discharge. Daily means of ditch 
discharge are available for March through October each year. 
The assumptions for this calculation were the same as those above with these additional 
considerations. Unlike conditions at T5, at T6, streamflow is usually present even during dry periods. 
There are anecdotal accounts of dewatering during extended periods of drought, however. Water 
must be present in the channel for the Gila Farm diversion to operate; if the channel is dewatered, the 
ditch must be dry. Piezometer data at the site suggest that this is very rarely the case. Calculations 
were run using estimated streamflow returns (from field seepage or ditch tailwater) of 30, 40, 50, and 
60% of the Fort West and Upper Gila ditches. Using the 50% value, streamflow at T6 was zero for a 
few days during the summer of 2011, which best matches our knowledge of conditions at the site. 
Smaller percentage values resulted in what seemed an excessive number of "dewatered" days; larger 
ones in excessive streamflow. 

The Qnet6 estimates were to be used in conjunction with the groundwater data from T6. However, 
analysis of the groundwater data from T6 made clear that the source of the water in both piezometers 
at the transect is not the river, at least not during low flows. Both piezometers are on surfaces 
elevated > 1 m above the channel, and water levels in both are consistently higher than the river 
water surface. The most likely sources are the ditch itself and field seep when fields to the east are 
irrigated.    
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Appendix 6. Aquatic Invertebrates Collected from the Cliff-Gila Valley by 
the New Mexico Environment Department: 1987-2007 
 
CLASS ORDER FAMILY GENUS/SPECIES 
Insecta Coleoptera Dryopidae Helichus 
   Postelichus immsi 
   Postelichus sp. 
  Dytiscidae Laccophilus 
   unidentified sp.  
  Elmidae Microcylloepus 
   Narpus 
   Optioservus 
   Zaitzevia 
   unidentified sp.  
  Gyrinidae Dineutus 
  Haliplidae Peltodytes 
  Psephenidae Psephenus 
 Diptera Ceratopogonidae Bezzia/Palpomyia 
   unidentified sp.  
  Chironomidae Brillia 
   Cardiocladius 
   Chironomidae 
   Cladotanytarsus 
   Corynoneura 
   Cricotopus 
   Cricotopus (Cricotopus) bicinctus 
   Cricotopus (Cricotopus) trifascia 
   Dicrotendipes 
   Djalmabatista 
   Eukiefferiella brehmi group 
   Eukiefferiella devonica group 
   Eukiefferiella gracei group 
   Eukiefferiella pseudomontana group 
   Eukiefferiella sp.  
   Hydrobaenus 
   Labrundinia 
   Lopescladius 
   Microtendipes pedellus group 
   Microtendipes sp.  
   Nanocladius 
   Oliveiriella 
   Orthocladiinae 
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CLASS ORDER FAMILY GENUS/SPECIES 
Insecta Diptera Chironomidae (cont’) Orthocladius 
   Orthocladius (Euorthocladius) 
   Paracladopelma 
   Parakiefferiella 
   Parametriocnemus 
   Polypedilum 
   Procladius 
   Pseudochironomus 
   Rheocricotopus 
   Rheotanytarsus 
   Saetheria tylus 
   Stenochironomus 
   Sublettea 
   Synorthocladius 
   Tanytarsus 
   Thienemanniella 
   Thienemannimyia 
   Tvetenia bavarica group 
   Xestochironomus 
  Dixidae Dixa 
   Dixella 
  Empididae Chelifera 
   Empididae 
   Hemerodromia 
   Neoplasta 
  Psychodidae Maruina 
  Simuliidae Prosimulium 
   Simulium 
  Tabanidae Atylotus/Tabanus 
   Chrysops 
   Tabanus 
   unidentified sp.  
  Tipulidae Antocha monticola 
   Hexatoma 
   Molophilus 
   Ormosia 
   Tipula 
Insecta Ephemeroptera Ameletidae Ameletus 
Insecta Ephemeroptera Baetidae Acentrella insignificans 
   Baetis notos 
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CLASS ORDER FAMILY GENUS/SPECIES 
Insecta Ephemeroptera Baetidae (cont’) Baetis tricaudatus 
   Baetis sp.  
   Baetodes 
   Camelobaetidius warreni 
   Fallceon quilleri 
  Caenidae Caenis 
  Ephemerellidae Ephemerella excrucians 
   Ephemerella inermis 
   Ephemerella sp. 
  Heptageniidae Epeorus 
   Rhithrogena hageni 
  Isonychiidae Isonychia 
  Leptohyphidae Homoleptohyphes 
   Leptohyphes 
   Tricorythodes 
  Leptophlebiidae Neochoroterpes  
   Paraleptophlebia 
   Thraulodes 
   Traverella albertana 
  Oligoneuriidae Lachlania dencyannae 
 Hempitera Belostomatidae Abedus herberti 
   Belostoma 
  Corixidae Hesperocorixa 
   Sigara 
   Trichocorixa 
   unidentified sp.  
  Gerridae Trepobates 
  Naucoridae Ambrysus mormon 
  Naucoridae Ambrysus sp. 
  Veliidae Microvelia 
  Veliidae Rhagovelia 
 Lepidoptera Pyralidae Petrophilia 
 Megaloptera Corydalidae Corydalus 
 Odonata Aeshnidae Boyeria 
  Calopterygidae Hetaerina 
   unidentified sp.  
  Coenagrionidae Argia 
   Enallagma 
Insecta Odonata Gomphidae Erpetogomphus 
   Ophiogomphus 
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CLASS ORDER FAMILY GENUS/SPECIES 
Insecta Odonata Gomphidae (cont’) Progomphus 
   unidentified sp.  
  Libellulidae Brechmorhoga 
   Leucorrhinia 
   Libellula 
   unidentified sp.  
 Plecoptera Capniidae unidentified sp.  
  Perlodidae Isogenoides 
  Perlodidae Isoperla 
   unidentified sp.  
   Skwala americana 
 Trichoptera Glossosomatidae Agapetus 
   Culoptila 
   Glossosoma 
   Protoptila 
  Helicopsychidae Helicopsyche borealis 
   Helicopsyche sp. 
  Hydropsychidae Ceratopsyche oslari 
   Cheumatopsyche 
   Hydropsyche 
   Smicridea 
  Hydroptilidae Hydroptila 
   Leucotrichia 
   Ochrotrichia 
   Stactobiella 
  Lepidostomatidae Lepidostoma 
  Leptoceridae Ceraclea 
   Nectopsyche 
   Oecetis avara 
   unidentified sp.  
  Philopotamidae Chimarra 
  Polycentropodidae Polycentropus 
   unknown Trichoptera sp. 
Arachnida Acari Hygrobatidae Atractides 
   Corticacarus 
   Hygrobates 
  Lebertiidae Lebertia 
  Sperchonidae Sperchon 
   Sperchonopsis 
  Torrenticolidae Torrenticola 
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CLASS ORDER FAMILY GENUS/SPECIES 
Bivalva Veneroida Pisidiidae Pisidium 
  Corbiculidae Corbicula 
Malacostraca Amphipoda Hyalellidae Hyalella 
 Decapoda Cambaridae Orconectes 
Mollusca Gastropoda Ancylidae Ferrissia 
   Unknown Ancylidae sp. 
  Lymnaeidae Lymnaea 
  Physidae Physa 
   Physella 
  Planorbidae Helisoma 
Nematoda   Unknown Nematoda sp. 
Nemertea Enopla Tetrastemmatidae Prostoma 
Oligochaeta Haplotaxida Naididae Unknown Naididae sp. 
 Lumbriculida Lumbriculidae Unknown Lumbriculidae sp. 
 Haplotaxida Naididae Unknown Naididae sp. 
   Unknown Oligochaeta sp.  
Ostracoda   Unknown Ostracoda sp. 
Turbellaria   Unknown Turbellaria sp. 
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Appendix 7. Beetle (Coleoptera) and True Bug (Hemiptera) Species 
Potentially Found in More Lentic Habitats in the Floodplain of the Gila River 
and Tributaries in the Cliff-Gila Valley  
 
These taxa have been found in the greater Gila River drainage basin as described in Bogan (2005) and 
Bogan et al. (2013b). 
 
ORDER FAMILY GENUS/SPECIES 
Coleoptera Dryopidae Dryops arizonensis 
  Helichus suturalis 
  Helichus triangularis 
  Helichus sp. 
  Postelichus confluentus 
  Postelichus immsi 
  Postelichus sp. 
 Dytiscidae Agabus spp. 
  Copelatus chevrolati renovatus 
  Copelatus distinctus 
  Cybister occidentalis 
  Desmopachria dispersa 
  Desmopachria mexicana 
  Desmopachria portmanni 
  Dytiscus habilis 
  Dytiscus marginicollis 
  Hydroporus axillaris 
  Hygrotus sp. 
  Laccophilus fasciatus  
  Laccophilus horni 
  Laccophilus maculosus 
  Laccophilus mexicanus 
  Laccophilus oscillator 
  Laccophilus pictus 
  Laccophilus sonorensis 
  Laccophilus sp. 
  Liodessus obscurellus 
  Liodessus sp. 
  Macrovatellus mexicanus 
  Neoclypeodytes amybethae 
  Neoclypeodytes cinctellus 
  Neoclypeodytes edithae 
  Neoclypeodytes fryii 
  Neoclypeodytes sp. 
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ORDER FAMILY GENUS/SPECIES 
Coleoptera Dytiscidae (cont’) Neoporus arizonicus 
  Rhantus atricolor 
  Rhantus calidus 
  Rhantus gutticollis gutticollis 
  Rhantus gutticollis mexicanus 
  Sanfilippodytes spp. 
  Stictotarsus aequinoctialis 
  Stictotarsus coelamboides 
  Stictotarsus corvinus 
  Stictotarsus roffi 
  Stictotarsus striatellus 
  Thermonectus marmoratus 
  Thermonectus nigrofasciatus 
  Thermonectus sibleyi 
 Gyrinidae Dineutus sublineatus 
  Gyretes sp. 
  Gyrinus plicifer 
 Haliplidae Peltodytes dispersus 
  Peltodytes callosus 
  Haliplus sp.  
 Helophoridae Helophorus sp. 
 Hydraenidae Hydraena spp. 
  Octhebius discretus 
 Hydrochidae Hydrochus sp. 
 Hydrophilidae Anacaena limbata 
  Berosus blechrus 
  Berosus fraternus 
  Berosus moerens 
  Berosus notapeltatus 
  Berosus punctatissimus 
  Berosus rugulosus 
  Berosus salvini 
  Berosus sp. 
  Chaetarthria spp. 
  Crenitis sp. 
  Cymbiodyta fraterculus 
  Cymbiodyta sp. 
  Enochrus sp. 
  Helochares normatus 
  Hydrobius sp. 
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ORDER FAMILY GENUS/SPECIES 
Coleoptera Hydrophilidae (cont’) Hydrochara lineata 
  Hydrophilus triangularis 
  Laccobius spp. 
  Paracymus subcupreus 
  Paracymus sp. 
  Tropisternus affinus 
  Tropisternus collaris  
  Tropisternus lateralis 
  Tropisternus sp. 
 Limnichidae Limnichus naviculatus 
 Scirtidae Cyphon sp. 
Hemiptera Belostomatidae Abedus breviceps 
  Abedus parkeri 
  Lethocerus medius 
 Corixidae Graptocorixa abdominalis 
  Graptocorixa emburyi 
  Graptocorixa gerhardi 
  Graptocorixa serrulata 
  Hesperocorixa laevigata 
  Hesperocorixa sp. 
  Morphocorixa lundbladi 
  Neocorixa snowi 
  Ramphocorixa acuminata 
  Trichocorixa arizonensis 
 Gelastocoridae Gelastocoris sp. 
 Gerridae Aquarius amplus 
  Aquarius remigis 
  Gerris sp. 
  Limnoporus sp. 
  Metrobates sp. 
  Trepobates becki 
 Hebridae Hebrus sp. 
  Marragata hebroides 
 Hydrometridae Hydrometra sp. 
 Mesoveliidae Mesovelia mulsanti 
 Naucoridae Ambrysus woodburyi 
  Pelocoris sp. 
 Nepidae Ranatra quadridentata 
 Notonectidae Buenoa albida 
  Buenoa arida 
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ORDER FAMILY GENUS/SPECIES 
Hemiptera Notonectidae (cont’) Buenoa arizonis 
  Buenoa margaritacea 
  Buenoa platycnemis 
  Buenoa scimitra 
  Buenoa thomasi 
  Martarega mexicana 
  Notonecta hoffmani 
  Notonecta indica 
  Notonecta kirbyi 
  Notonecta lobata 
  Notonecta sp. 
 Saldidae Salda sp. 
  Saldula sp. 
 Veliidae Microvelia hinei 
  Microvelia sp. 
  Platyvelia beameri 
  Platyvelia sp. 
  Rhagovelia varipes 
  Rhagovelia sp. 
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Appendix 8. List of the Herpetofauna of the Gila River Basin and Cliff-Gila Valley 
 
List of the Gila River Basin herpetofauna is from Painter (1985) and Degenhardt et al. (1996). Species observed by Jennings et al. (2010) at 49 fixed 
survey locations located upstream of the U.S. Forest Service boundary (upper) and downstream in the Cliff-Gila Valley and below (lower) are 
indicated. Species recorded in the Cliff-Gila Valley were classified as riparian obligate (RO) or riparian associated (R) species based on published 
articles and discussions with experts (Rosen 2005; Rosen et al. 2005; Rosen 2009; R. Jennings and P. Rosen, personal communication).  Nonnative 
species are designated with an asterisk after the common name. See Chapter 11 for additional information. 
 

 
Common Name 

 
Family 

 
Scientific Name 

Recorded, Upper 
Gila Riparian  

(Jennings et al. 2010) 

Recorded in 
Cliff-Gila Valley 

Riparian Corridor 
Use, Gila-Cliff 

Valley 
Couch’s spadefoot toad Pelobatidae Scaphiopus couchii N   
Plains spadefoot toad  Spea bombifrons N   
New Mexico spadefoot toad  Spea multiplicata N   
      
Great Plains toad Bufonidae Anaxyrus cognatus Y Y R 
Southwestern toad  Anaxyrus microscaphus Y N  
Red-spotted toad  Anaxyrus punctatus N   
Woodhouse’s toad  Anaxyrus woodhousii Y Y RO 
      
Canyon treefrog Hylidae Hyla arenicolor Y Y R 
Arizona treefrog  Hyla wrightorum N   
Western chorus frog  Pseudacris maculata N   
      
Bullfrog * Ranidae Lithobates catesbiana Y Y RO 
Chiricahua leopard frog   Lithobates chircahuensis N  RO 
Lowland leopard frog   Lithobates yavapaiensis N  RO 
      
Arizona tiger salamander 

Ambystomatidae 
Ambystoma malvortium 
nebulosum 

N  R 

      
Ornate box turtle Emydidae Terrapene ornata N   
        
Sonoran mud turtle Kinosternidae Kinosternon sonoriense Y Y RO 
        
Soft-shelled turtle * Trionychidae Apalone spinifera Y Y RO 
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Common Name 
 

Family 
 

Scientific Name 
Recorded, Upper Gila 

Riparian  
(Jennings et al. 2010) 

Recorded in 
Cliff-Gila Valley 

Riparian Corridor 
Use, Gila-Cliff 

Valley 
Collared lizard Crotaphytidae Crotophytus collaris N   
Leopard lizard   Gambelia wislizenii N   
      
Greater earless lizard Phrynosomatidae Cophosaurus texanus Y Y  
Lesser earless lizard   Holbrookia maculata Y Y  
Texas horned lizard   Phrynosoma cornutum N   
Short-horned lizard   Phrynosoma hernandesi Y N  
Roundtail horned lizard   Phrynosoma modestum N   
Clark’s spiny lizard   Sceloporus clarkii Y Y R 
Southwestern fence lizard   Sceloporus cowlesi Y Y  
Yarrow’s spiny lizard   Sceloporus jarrovii Y N  
Desert spiny lizard   Sceloporus magister N   
Crevice spine lizard   Sceloporus poinsetti Y N  
Tree lizard   Urosaurus ornatus Y Y  
Side-blotched lizard   Uta stansburiana Y N  
      
Western banded gecko Gekkonidae Coleonyx variegatus N   
        
Chihuahuan spotted whiptail Teiidae Aspidoscelis exsanguis Y Y  
Gila spotted whiptail   Aspidoscelis flagellicauda Y Y RO 
Little striped whiptail   Aspidoscelis inornata N   
New Mexico whiptail   Apidoscelis neomexicana N   
Sonoran spotted whiptail   Aspidoscelis sonorae Y Y  
Western whiptail   Aspidoscelis tigris Y Y  
Desert grassland whiptail   Aspidoscelis uniparens Y Y  
      
Great Plains skink Scincidae Eumeces obsoletus Y Y  
        
Madrean alligator lizard Anguidae Elgaria kingii Y Y RO 
Gila monster Helodermatidae Heloderma suspectum N   
      
New Mexico blind snake Leptotyphlopidae Leptotyphlops dissectus N   
Western blind snake   Leptotyphlops humilis N   
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Common Name 
 

Family 
 

Scientific Name 
Recorded, Upper 

Gila Riparian  
(Jennings et al. 2010) 

Recorded in 
Cliff-Gila 

Valley 

Riparian Corridor 
Use, Gila-Cliff 

Valley 
Glossy snake Colubridae Arizona elegans N   
Ringneck snake   Diadophis punctatus Y Y RO 
Western hooknose snake   Gyalopion canum N   
Western hognose snake   Heterodon nasicus N   
Night snake   Hypsiglena torquata N   
Sonoran mountain kingsnake   Lampropeltis pyromelana Y N  
Milk snake   Lampropeltis triangulum N   
Coachwhip   Masticophis flagellum  N   
Striped whipsnake   Masticophis taeniatus Y Y  
Gopher snake   Pituophis catenifer Y Y  
Longnose snake   Rhinocheilus lecontei N   
Mountain patchnose snake   Salvadora grahamiae N   
Big Ben patchnose snake   Salvadora deserticola N   
Southwestern black-headed snake   Tantilla hobartsmithi N   
Plains black-headed snake   Tantilla nigriceps N   
Black-necked gartersnake   Thamnophis cyrtopsis Y Y R 
Wandering gartersnake   Thamnophis elegans  Y Y R 
Northern Mexican gartersnake 

  
Thamnophis eques 
megalops N  

RO 

Checkered gartersnake   Thamnophis marcianus  N   
Narrow-headed gartersnake   Thamnophis rufipunctatus Y Y RO 
Lyre snake   Trimorphodon biscutatus Y N  
        
Western coral snake Elapidae Micruroides euryxanthus    
        
Western diamondback rattlesnake Viperidae Crotalus atrox Y Y  
Rock rattlesnake   Crotalus lepidus N   
Black-tailed rattlesnake   Crotalus molossus Y Y R 
Arizona black rattlesnake   Crotalus cerberus N   
Mojave rattlesnake   Crotalus scutulatus N   
Western rattlesnake   Crotalus viridis N   
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Appendix 9. Bird Species Recorded in the Cliff-Gila Valley of New Mexico 
 
Information is provided on residency and riparian association for those species not determined to be “Rare” within the Cliff-Gila Valley, 
Grant County, New Mexico. Habitat association is provided for Riparian Association “i” species (riparian obligates). Information is 
compiled from the following sources: Bailey (1928), Ligon (1961), Zimmerman (1970), Hubbard (1971, 1978), Egbert (1981), Parmeter et 
al. (2002), USDA (2002), NMOS (2007), NAS (2010), NMDGF (2006, 2012), and lists of birds of the Gila River and the Cliff-Gila Valley 
generated by R. Shook (unpubl. data). Definitions for abbreviations are provided at the end of the table/appendix. 
 

Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Black-bellied Whistling-Duck Dendrocygna autumnalis x 
           Snow Goose Chen caerulescens x Yes 

     
x R 

   Ross's Goose Chen rossii x Yes 
     

x R 
   Canada Goose Branta canadensis x Yes 

     
x 

 
YR i 1 

Trumpeter Swan Cygnus buccinator x 
           Tundra Swan Cygnus columbianus x 
      

x R 
   Wood Duck Aix sponsa x Yes 

     
x R 

   Gadwall Anas strepera x Yes 
     

x 
 

WR i 1 
American Wigeon Anas americana x Yes 

     
x 

 
WR i 1 

Mallard Anas platyrhynchos x Yes 
     

x 
 

YR i 1 
Blue-winged Teal Anas discors x Yes 

     
x R 

   Cinnamon Teal Anas cyanoptera x Yes 
     

x 
 

WR i 1 
Northern Shoveler Anas clypeata x Yes 

     
x 

 
WR i 1 

Northern Pintail Anas acuta x Yes 
  

Yes 
  

x 
 

WR i 1 
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Appendix 9 continued. 
 

Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
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Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Green-winged Teal Anas crecca x Yes 
     

x 
 

WR i 1 
Canvasback Aythya valisineria x Yes 

     
x 

 
WR i 1 

Redhead Aythya americana x Yes 
     

x R 
   Ring-necked Duck Aythya collaris x Yes 

     
x 

 
WR i 1 

Greater Scaup Aythya marila x 
      

x R 
   Lesser Scaup Aythya affinis x Yes 

     
x 

 
WR i 1 

Surf Scoter Melanitta perspicillata x Yes 
     

x R 
   White-winged Scoter Melanitta fusca x 

      
x R 

   Bufflehead Bucephala albeola x Yes 
     

x 
 

WR i 1 
Common Goldeneye Bucephala clangula x Yes 

     
x R 

   Hooded Merganser Lophodytes cucullatus x 
      

x R 
   Common Merganser Mergus merganser x Yes 

     
x 

 
YR i 1 

Red-breasted Merganser Mergus serrator x Yes 
     

x R 
   Ruddy Duck Oxyura jamaicensis x Yes 

     
x 

 
WR i 1 

Scaled Quail Callipepla squamata x 
   

Yes 
  

x R 
   Gambel's Quail Callipepla gambelii x 

      
x 

 
YR ii 

 Montezuma Quail Cyrtonyx montezumae x 
   

Yes 
  

x 
 

YR iii 
 Ring-necked PheasantI Phasianus colchicus x 

      
x R 

   Wild Turkey Meleagris gallopavo x 
      

x 
 

YR ii 
 Pacific Loon Gavia pacifica x Yes 

          Common Loon Gavia immer x Yes 
     

x R 
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Appendix 9 continued. 
 

Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 
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C
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ila V
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Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Pied-billed Grebe Podilymbus podiceps x Yes 
     

x 
 

YR i 1 
Horned Grebe Podiceps auritus x 

      
x R 

   Eared Grebe Podiceps nigricollis x Yes 
  

Yes 
  

x 
 

WR i 1 
Western Grebe Aechmophorus occidentalis x Yes 

     
x 

 
WR i 1 

Clark's Grebe Aechmophorus clarkii x Yes 
     

x R 
   Wood Stork Mycteria americana x Yes 

          Neotropic Cormorant Phalacrocorax brasilianus x 
  

T Yes 
  

x R 
   Double-crested Cormorant Phalacrocorax auritus x Yes 

     
x 

 
WR i 1 

American White Pelican Pelecanus erythrorhynchos x Yes 
     

x R 
   Brown Pelican Pelecanus occidentalis x 

  
E 

   
x R 

   American Bittern Botaurus lentiginosus x Yes 
  

Yes 
  

x R 
   Least Bittern Ixobrychus exilis x Yes 

     
x R 

   Great Blue Heron Ardea herodias x Yes 
     

x 
 

YR i 1 
Great Egret Ardea alba x Yes 

     
x R 

   Snowy Egret Egretta thula x Yes 
     

x R 
   Tricolored Heron Egretta tricolor x Yes 

     
x R 

   Cattle Egret Bubulcus ibis x Yes 
     

x R 
   Green Heron Butorides virescens x Yes 

     
x R 

   Black-crowned Night-Heron Nycticorax nycticorax x Yes 
     

x R 
   Yellow-crowned Night-Heron Nyctanassa violacea x Yes 

     
x R 

   White Ibis Eudocimus albus x Yes 
           



 

459 
 

Appendix 9 continued. 
 

Common Name Scientific Name 

G
ila R

iver V
alley 

N
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igrant? 
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R
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H
abitat A

ssociation 

White-faced Ibis Plegadis chihi x Yes 
  

Yes 
  

x 
 

T i 2 
Turkey Vulture Cathartes aura x Yes 

     
x 

 
SR ii 

 Osprey Pandion haliaetus x Yes 
  

Yes 
  

x R 
   White-tailed Kite Elanus leucurus x 

      
x R 

   Mississippi Kite Ictinia mississippiensis x Yes 
     

x R 
   Bald Eagle Haliaeetus leucocephalus x 

  
T Yes S S x 

 
WR i 3 

Northern Harrier Circus cyaneus x Yes 
  

Yes 
  

x 
 

WR iii 
 Sharp-shinned Hawk Accipiter striatus x Yes 

     
x 

 
T iii 

 Cooper's Hawk Accipiter cooperii x Yes 
     

x 
 

YR ii 
 Northern Goshawk Accipiter gentilis x 

 
SoC S Yes S 

 
x R 

   Common Black-Hawk Buteogallus anthracinus x Yes 
 

T Yes S 
 

x 
 

SR i 4 
Harris's Hawk Parabuteo unicinctus x 

      
x R 

   Broad-winged Hawk Buteo platypterus x Yes 
     

x R 
   Gray Hawk Buteo plagiatus x Yes 

     
x R 

   Swainson's Hawk Buteo swainsoni x Yes 
     

x 
 

T iii 
 Zone-tailed Hawk Buteo albonotatus x Yes 

     
x 

 
SR ii 

 Red-tailed Hawk Buteo jamaicensis x Yes 
     

x 
 

YR iii 
 Ferruginous Hawk Buteo regalis x Yes 

  
Yes 

  
x R 

   Rough-legged Hawk Buteo lagopus x 
      

x R 
   Golden Eagle Aquila chrysaetos x Yes 

  
Yes 

  
x R 

   Virginia Rail Rallus limicola x Yes 
     

x 
 

T i 2 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Sora Porzana carolina x Yes 
     

x R 
   Common Gallinule Gallinula galeata x 

      
x R 

   American Coot Fulica americana x Yes 
     

x 
 

YR i 1 
Sandhill Crane Grus canadensis x Yes 

  
Yes 

  
x 

 
WR i 2 

Black-necked Stilt Himantopus mexicanus x Yes 
     

x R 
   American Avocet Recurvirostra americana x Yes 

     
x R 

   Semipalmated Plover Charadrius semipalmatus x Yes 
          Killdeer Charadrius vociferus x Yes 
     

x 
 

YR i 3 
Spotted Sandpiper Actitis macularius x Yes 

     
x 

 
WR i 3 

Solitary Sandpiper Tringa solitaria x Yes 
     

x R 
   Greater Yellowlegs Tringa melanoleuca x Yes 

     
x 

 
T i 3 

Willet Tringa semipalmata x Yes 
     

x R 
   Lesser Yellowlegs Tringa flavipes x Yes 

          Long-billed Curlew Numenius americanus x Yes 
  

Yes 
  

x R 
   Marbled Godwit Limosa fedoa x Yes 

          Sanderling Calidris alba x Yes 
     

x R 
   Dunlin Calidris alpina x Yes 

     
x R 

   Baird's Sandpiper Calidris bairdii x Yes 
          Least Sandpiper Calidris minutilla x Yes 
     

x R 
   Pectoral Sandpiper Calidris melanotos x Yes 

          Western Sandpiper Calidris mauri x Yes 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Short-billed Dowitcher Limnodromus griseus x Yes 
     

x R 
   Long-billed Dowitcher Limnodromus scolopaceus x Yes 

     
x R 

   Wilson's Snipe Gallinago delicata x Yes 
     

x 
 

WR i 2 
Wilson's Phalarope Phalaropus tricolor x Yes 

  
Yes 

  
x R 

   Red-necked Phalarope Phalaropus lobatus x Yes 
     

x R 
   Bonaparte's Gull Chroicocephalus philadelphia x Yes 

     
x R 

   Franklin's Gull Leucophaeus pipixcan x Yes 
          Ring-billed Gull Larus delawarensis x Yes 
     

x 
 

WR i 3 
California Gull Larus californicus x Yes 

     
x R 

   Herring Gull Larus argentatus x Yes 
     

x R 
   Black Tern Chlidonias niger x Yes 

     
x R 

   Forster's Tern Sterna forsteri x Yes 
     

x R 
   Rock PigeonI Columba livia x 

      
x R 

   Band-tailed Pigeon Patagioenas fasciata x Yes 
  

Yes 
  

x 
 

T iii 
 Eurasian Collared-DoveI Streptopelia decaocto x 

      
x 

 
YR iii 

 White-winged Dove Zenaida asiatica x Yes 
     

x 
 

SR ii 
 Mourning Dove Zenaida macroura x Yes 

  
Yes 

  
x 

 
YR ii 

 Inca Dove Columbina inca x 
      

x R 
   Ruddy Ground-Dove Columbina talpacoti x 

      
x R 

   Yellow-billed Cuckoo Coccyzus americanus x Yes C S Yes S S x 
 

SR i 5 
Black-billed Cuckoo Coccyzus erythropthalmus x Yes 

     
x R 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Greater Roadrunner Geococcyx californianus x 
      

x 
 

YR iii 
 Groove-billed Ani Crotophaga sulcirostris x 

      
x R 

   Barn Owl Tyto alba x 
      

x 
 

YR ii 
 Flammulated Owl Psiloscops flammeolus x Yes 

     
x R 

   Western Screech-Owl Megascops kennicottii x 
      

x 
 

YR ii 
 Great Horned Owl Bubo virginianus x 

      
x 

 
YR ii 

 Northern Pygmy-Owl Glaucidium gnoma x 
      

x R 
   Elf Owl Micrathene whitneyi x Yes 

  
Yes 

  
x 

 
SR iii 

 Burrowing Owl Athene cunicularia x Yes 
  

Yes S S 
     Spotted Owl Strix occidentalis x 

 
T S Yes 

  
x R 

   Long-eared Owl Asio otus x Yes 
     

x R 
   Lesser Nighthawk Chordeiles acutipennis x Yes 

     
x R 

   Common Nighthawk Chordeiles minor x Yes 
     

x 
 

SR iii 
 Common Poorwill Phalaenoptilus nuttallii x Yes 

     
x 

 
SR iii 

 Mexican Whip-poor-will Antrostomus arizonae x Yes 
          Black Swift Cypseloides niger x Yes 
 

S Yes 
  

x R 
   Chimney Swift Chaetura pelagica x Yes 

     
x R 

   White-throated Swift Aeronautes saxatalis x Yes 
     

x R 
   Magnificent Hummingbird Eugenes fulgens x Yes 

     
x R 

   Blue-throated Hummingbird Lampornis clemenciae x Yes 
     

x R 
   Lucifer Hummingbird Calothorax lucifer x Yes 

 
T Yes S 

 
x R 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Black-chinned Hummingbird Archilochus alexandri x Yes 
     

x 
 

SR ii 
 Anna's Hummingbird Calypte anna x Yes 

     
x R 

   Costa's Hummingbird Calypte costae x Yes 
 

T Yes S 
 

x R 
   Broad-tailed Hummingbird Selasphorus platycercus x Yes 

     
x 

 
SR iii 

 Rufous Hummingbird Selasphorus rufus x Yes 
     

x 
 

T iii 
 Allen's Hummingbird Selasphorus sasin x Yes 

          Calliope Hummingbird Selasphorus calliope x Yes 
     

x R 
   Broad-billed Hummingbird Cynanthus latirostris x Yes 

 
T Yes S 

 
x R 

   White-eared Hummingbird Hylocharis leucotis x 
  

T 
 

S 
      Belted Kingfisher Megaceryle alcyon x Yes 

     
x 

 
WR i 1 

Green Kingfisher Chloroceryle americana x 
      

x R 
   Lewis's Woodpecker Melanerpes lewis x 

   
Yes 

  
x R 

   Red-headed Woodpecker Melanerpes erythrocephalus x 
   

Yes 
  

x R 
   Acorn Woodpecker Melanerpes formicivorus x 

      
x 

 
YR ii 

 Gila Woodpecker Melanerpes uropygialis x 
  

T Yes S 
 

x 
 

YR i 5 
Williamson's Sapsucker Sphyrapicus thyroideus x Yes 

  
Yes 

       Yellow-bellied Sapsucker Sphyrapicus varius x Yes 
     

x 
 

WR iii 
 Red-naped Sapsucker Sphyrapicus nuchalis x Yes 

     
x 

 
WR iii 

 Ladder-backed Woodpecker Picoides scalaris x 
      

x 
 

YR ii 
 Downy Woodpecker Picoides pubescens x 

      
x R 

   Hairy Woodpecker Picoides villosus x 
      

x 
 

YR ii 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

American Three-toed Woodpecker Picoides dorsalis x 
           Northern Flicker Colaptes auratus x Yes 

     
x 

 
YR ii 

 Crested Caracara Caracara cheriway x 
      

x R 
   American Kestrel Falco sparverius x Yes 

     
x 

 
SR ii 

 Merlin Falco columbarius x Yes 
     

x 
 

WR ii 
 Peregrine Falcon Falco peregrinus x Yes 

 
T Yes S 

 
x R 

   Prairie Falcon Falco mexicanus x Yes 
     

x R 
   Olive-sided Flycatcher Contopus cooperi x Yes 

  
Yes 

  
x R 

   Greater Pewee Contopus pertinax x Yes 
  

Yes 
       Western Wood-Pewee Contopus sordidulus x Yes 

     
x 

 
SR ii 

 Yellow-bellied Flycatcher Empidonax flaviventris x Yes 
     

x R 
   Willow Flycatcher Empidonax traillii x Yes E E Yes 

  
x 

 
SR i 4 

Hammond's Flycatcher Empidonax hammondii x Yes 
     

x 
 

T iii 
 Gray Flycatcher Empidonax wrightii x Yes 

     
x R 

   Dusky Flycatcher Empidonax oberholseri x Yes 
     

x 
 

T iii 
 Cordilleran Flycatcher Empidonax occidentalis x Yes 

     
x R 

   Black Phoebe Sayornis nigricans x 
      

x 
 

YR i 4 
Eastern Phoebe Sayornis phoebe x Yes 

     
x R 

   Say's Phoebe Sayornis saya x Yes 
     

x 
 

YR iii 
 Vermilion Flycatcher Pyrocephalus rubinus x Yes 

     
x 

 
SR i 4 

Dusky-capped Flycatcher Myiarchus tuberculifer x Yes 
     

x R 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Ash-throated Flycatcher Myiarchus cinerascens x Yes 
     

x 
 

SR ii 
 Brown-crested Flycatcher Myiarchus tyrannulus x Yes 

     
x 

 
SR i 5 

Sulphur-bellied Flycatcher Myiodynastes luteiventris x Yes 
   

S 
 

x R 
   Couch's Kingbird Tyrannus couchii x Yes 

     
x R 

   Cassin's Kingbird Tyrannus vociferans x Yes 
     

x 
 

SR ii 
 Thick-billed Kingbird Tyrannus crassirostris x Yes 

 
E Yes S 

 
x R 

   Western Kingbird Tyrannus verticalis x Yes 
     

x 
 

SR ii 
 Eastern Kingbird Tyrannus tyrannus x Yes 

          Scissor-tailed Flycatcher Tyrannus forficatus x Yes 
     

x R 
   Loggerhead Shrike Lanius ludovicianus x Yes 

 
S Yes 

  
x 

 
YR iii 

 White-eyed Vireo Vireo griseus x Yes 
     

x R 
   Bell's Vireo Vireo bellii x Yes 

 
T Yes S S x 

 
SR i 4 

Gray Vireo Vireo vicinior x Yes 
 

T Yes S 
 

x R 
   Yellow-throated Vireo Vireo flavifrons x Yes 

     
x R 

   Plumbeous Vireo Vireo plumbeus x Yes 
     

x 
 

SR ii 
 Cassin's Vireo Vireo cassinii x Yes 

     
x R 

   Hutton's Vireo Vireo huttoni x 
      

x R 
   Warbling Vireo Vireo gilvus x Yes 

     
x 

 
T i 4 

Red-eyed Vireo Vireo olivaceus x Yes 
     

x R 
   Yellow-green Vireo Vireo flavoviridis x Yes 
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Common Name Scientific Name 

G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
SFS R

3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Pinyon Jay Gymnorhinus cyanocephalus x 
   

Yes 
 

S x 
 

WR iii 
 Steller's Jay Cyanocitta stelleri x 

      
x 

 
WR ii 

 Blue Jay Cyanocitta cristata x 
      

x R 
   Western Scrub-Jay Aphelocoma californica x 

      
x 

 
YR iii 

 Mexican Jay Aphelocoma wollweberi x 
      

x 
 

YR ii 
 Clark's Nutcracker Nucifraga columbiana x 

      
x R 

   American Crow Corvus brachyrhynchos x 
      

x 
 

YR ii 
 Chihuahuan Raven Corvus cryptoleucus x 

      
x 

 
YR iii 

 Common Raven Corvus corax x 
      

x 
 

YR ii 
 Horned Lark Eremophila alpestris x 

      
x 

 
WR iii 

 Purple Martin Progne subis x Yes 
     

x R 
   Tree Swallow Tachycineta bicolor x Yes 

     
x R 

   Violet-green Swallow Tachycineta thalassina x Yes 
     

x 
 

SR ii 
 Northern Rough-winged Swallow Stelgidopteryx serripennis x Yes 

     
x 

 
SR ii 

 Bank Swallow Riparia riparia x Yes 
  

Yes 
  

x R 
   Cliff Swallow Petrochelidon pyrrhonota x Yes 

     
x 

 
SR ii 

 Barn Swallow Hirundo rustica x Yes 
     

x R 
   Mountain Chickadee Poecile gambeli x 

      
x 

 
WR iii 

 Bridled Titmouse Baeolophus wollweberi x 
      

x 
 

YR i 5 
Juniper Titmouse Baeolophus ridgwayi x 

   
Yes 

  
x 

 
YR iii 

 Verdin Auriparus flaviceps x 
      

x R 
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G
ila R

iver V
alley 

N
eotropical M

igrant? 

Federal L
isting 

State L
isting 

SG
C

N
 

U
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3 

N
M

 B
L

M
 

C
liff-G

ila V
alley 

Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A

ssociation 

H
abitat A

ssociation 

Bushtit Psaltriparus minimus x 
      

x 
 

YR iii 
 Red-breasted Nuthatch Sitta canadensis x 

      
x R 

   White-breasted Nuthatch Sitta carolinensis x 
      

x 
 

YR i 5 
Pygmy Nuthatch Sitta pygmaea x 

      
x R 

   Brown Creeper Certhia americana x 
      

x 
 

WR iii 
 Rock Wren Salpinctes obsoletus x 

      
x 

 
YR iii 

 Canyon Wren Catherpes mexicanus x 
      

x 
 

YR iii 
 House Wren Troglodytes aedon x Yes 

     
x 

 
T i 4 

Pacific Wren Troglodytes pacificus x 
      

x R 
   Marsh Wren Cistothorus palustris x Yes 

     
x R 

   Carolina Wren Thryothorus ludovicianus x 
      

x R 
   Bewick's Wren Thryomanes bewickii x 

      
x 

 
YR iii 

 Cactus Wren Campylorhynchus brunneicapillus x 
      

x R 
   Blue-gray Gnatcatcher Polioptila caerulea  x Yes 

     
x 

 
T iii 

 Black-tailed Gnatcatcher Polioptila melanura x 
      

x R 
   American Dipper Cinclus mexicanus x 

      
x R 

   Golden-crowned Kinglet Regulus satrapa x Yes 
     

x R 
   Ruby-crowned Kinglet Regulus calendula x Yes 

     
x 

 
WR iii 

 Eastern Bluebird Sialia sialis x Yes 
     

x 
 

WR ii 
 Western Bluebird Sialia mexicana x Yes 

     
x 

 
WR ii 

 Mountain Bluebird Sialia currucoides x Yes 
     

x 
 

WR iii 
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G
ila R

iver V
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N
eotropical M

igrant? 

Federal L
isting 
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isting 
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C
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C
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Cliff-Gila Valley 

R
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R
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R
iparian A

ssociation 

H
abitat A

ssociation 

Townsend's Solitaire Myadestes townsendi x Yes 
     

x 
 

WR iii 
 Swainson's Thrush Catharus ustulatus x Yes 

     
x R 

   Hermit Thrush Catharus guttatus x Yes 
     

x 
 

WR ii 
 American Robin Turdus migratorius x Yes 

     
x 

 
YR ii 

 Varied Thrush Ixoreus naevius x 
           Gray Catbird Dumetella carolinensis x Yes 

   
S 

 
x R 

   Curve-billed Thrasher Toxostoma curvirostre x 
      

x 
 

YR iii 
 Brown Thrasher Toxostoma rufum x 

      
x R 

   Bendire's Thrasher Toxostoma bendirei x Yes 
  

Yes 
 

S x R 
   Crissal Thrasher Toxostoma crissale x 

      
x 

 
YR ii 

 Sage Thrasher Oreoscoptes montanus x Yes 
  

Yes 
  

x R 
   Northern Mockingbird Mimus polyglottos x 

      
x 

 
YR iii 

 European StarlingI Sturnus vulgaris x 
      

x 
 

YR i 5 
American Pipit Anthus rubescens x Yes 

     
x 

 
WR i 3 

Cedar Waxwing Bombycilla cedrorum x Yes 
     

x R 
   Phainopepla Phainopepla nitens x Yes 

     
x 

 
YR ii 

 Olive Warbler Peucedramus taeniatus x 
      

x R 
   Chestnut-collared Longspur Calcarius ornatus x Yes 

    
S x R 

   Ovenbird Seiurus aurocapilla x Yes 
     

x R 
   Worm-eating Warbler Helmitheros vermivorum x Yes 

     
x R 

   Louisiana Waterthrush Parkesia motacilla x Yes 
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R
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R
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ssociation 

H
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Northern Waterthrush Parkesia noveboracensis x Yes 
     

x R 
   Black-and-white Warbler Mniotilta varia x Yes 

     
x R 

   Prothonotary Warbler Protonotaria citrea x Yes 
     

x R 
   Tennessee Warbler Oreothlypis peregrina x Yes 

     
x R 

   Orange-crowned Warbler Oreothlypis celata x Yes 
     

x 
 

T iii 
 Lucy's Warbler Oreothlypis luciae x Yes 

  
Yes 

  
x 

 
SR i 5 

Nashville Warbler Oreothlypis ruficapilla x Yes 
     

x 
 

T ii 
 Virginia's Warbler Oreothlypis virginiae x Yes 

     
x 

 
T ii 

 MacGillivray's Warbler Geothlypis tolmiei x Yes 
     

x 
 

T ii 
 Common Yellowthroat Geothlypis trichas x Yes 

     
x 

 
SR i 2 

Hooded Warbler Setophaga citrina x Yes 
     

x R 
   American Redstart Setophaga ruticilla x Yes 

     
x R 

   Cape May Warbler Setophaga tigrina x Yes 
     

x R 
   Northern Parula Setophaga americana x Yes 

     
x R 

   Magnolia Warbler Setophaga magnolia x Yes 
     

x R 
   Bay-breasted Warbler Setophaga castanea x Yes 

     
x R 

   Yellow Warbler Setophaga petechia x Yes 
  

Yes 
  

x 
 

SR i 4 
Chestnut-sided Warbler Setophaga pensylvanica x Yes 

     
x R 

   Blackpoll Warbler Setophaga striata x Yes 
     

x R 
   Palm Warbler Setophaga palmarum x Yes 

     
x R 
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Cliff-Gila Valley 

R
arity 

R
esidency 

R
iparian A
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H
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Yellow-rumped Warbler Setophaga coronata x Yes 
     

x 
 

WR iii 
 Grace's Warbler Setophaga graciae x Yes 

  
Yes 

       Black-throated Gray Warbler Setophaga nigrescens x Yes 
  

Yes 
  

x R 
   Townsend's Warbler Setophaga townsendi x Yes 

     
x 

 
T iii 

 Hermit Warbler Setophaga occidentalis x Yes 
     

x R 
   Black-throated Green Warbler Setophaga virens x Yes 

          Canada Warbler Cardellina canadensis x Yes 
     

x R 
   Wilson's Warbler Cardellina pusilla x Yes 

     
x 

 
T ii 

 Red-faced Warbler Cardellina rubrifrons x Yes 
  

Yes 
       Painted Redstart Myioborus pictus x Yes 

  
Yes 

  
x 

 
T i 4 

Yellow-breasted Chat Icteria virens x Yes 
     

x 
 

SR i 4 
Green-tailed Towhee Pipilo chlorurus x Yes 

     
x 

 
T iii 

 Spotted Towhee Pipilo maculatus x Yes 
     

x 
 

YR ii 
 Rufous-crowned Sparrow Aimophila ruficeps x 

      
x 

 
YR iii 

 Canyon Towhee Melozone fusca x 
      

x 
 

YR iii 
 Abert's Towhee Melozone aberti x 

  
T Yes S 

 
x 

 
YR i 4 

Cassin's Sparrow Peucaea cassinii x Yes 
     

x R 
   Chipping Sparrow Spizella passerina x Yes 

     
x 

 
WR iii 

 Clay-colored Sparrow Spizella pallida x Yes 
     

x R 
   Brewer's Sparrow Spizella breweri x Yes 

     
x 

 
WR iii 

 Field Sparrow Spizella pusilla x Yes 
     

x R 
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H
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Black-chinned Sparrow Spizella atrogularis x Yes 
     

x 
 

YR iii 
 Vesper Sparrow Pooecetes gramineus x Yes 

     
x 

 
WR iii 

 Lark Sparrow Chondestes grammacus x Yes 
     

x 
 

YR iii 
 Black-throated Sparrow Amphispiza bilineata x Yes 

     
x 

 
YR iii 

 Sagebrush Sparrow Artemisiospiza nevadensis x 
   

Yes 
  

x R 
   Lark Bunting Calamospiza melanocorys x Yes 

     
x R 

   Savannah Sparrow  Passerculus sandwichensis x Yes 
     

x 
 

WR iii 
 Grasshopper Sparrow Ammodramus savannarum x Yes 

     
x R 

   Baird's Sparrow Ammodramus bairdii x Yes SoC T Yes S S 
     Fox Sparrow Passerella iliaca x Yes 

     
x 

 
WR i 2 

Song Sparrow Melospiza melodia x Yes 
     

x 
 

WR i 2 
Lincoln's Sparrow Melospiza lincolnii x Yes 

     
x 

 
WR i 2 

Swamp Sparrow Melospiza georgiana x Yes 
     

x R 
   White-throated Sparrow Zonotrichia albicollis x 

      
x R 

   Harris's Sparrow Zonotrichia querula x 
      

x R 
   White-crowned Sparrow Zonotrichia leucophrys x Yes 

     
x 

 
WR iii 

 Golden-crowned Sparrow Zonotrichia atricapilla x Yes 
     

x R 
   Dark-eyed Junco Junco hyemalis x Yes 

     
x 

 
WR iii 

 Hepatic Tanager Piranga flava x Yes 
     

x 
 

SR iii 
 Summer Tanager Piranga rubra x Yes 

     
x 

 
SR i 5 

Western Tanager Piranga ludoviciana x Yes 
     

x 
 

T iii 
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Northern Cardinal Cardinalis cardinalis x 
      

x 
 

YR i 4 
Pyrrhuloxia Cardinalis sinuatus x 

      
x 

 
WR i 5 

Rose-breasted Grosbeak Pheucticus ludovicianus x Yes 
     

x R 
   Black-headed Grosbeak Pheucticus melanocephalus x Yes 

     
x 

 
SR ii 

 Blue Grosbeak Passerina caerulea x Yes 
     

x 
 

SR ii 
 Lazuli Bunting Passerina amoena x Yes 

     
x 

 
SR i 4 

Indigo Bunting Passerina cyanea x Yes 
     

x 
 

SR i 4 
Varied Bunting Passerina versicolor x Yes 

 
T Yes S 

 
x R 

   Painted Bunting Passerina ciris x Yes 
  

Yes 
 

S 
     Dickcissel Spiza americana x Yes 

     
x R 

   Bobolink Dolichonyx oryzivorus x Yes 
     

x R 
   Red-winged Blackbird Agelaius phoeniceus x Yes 

     
x 

 
YR i 2 

Eastern Meadowlark Sturnella magna x Yes 
     

x 
 

YR ii 
 Western Meadowlark Sturnella neglecta x Yes 

     
x 

 
YR ii 

 Yellow-headed Blackbird Xanthocephalus xanthocephalus x Yes 
     

x R 
   Rusty Blackbird Euphagus carolinus x 

           Brewer's Blackbird Euphagus cyanocephalus x Yes 
     

x 
 

YR ii 
 Common Grackle Quiscalus quiscula x 

      
x R 

   Great-tailed Grackle Quiscalus mexicanus x 
      

x 
 

YR ii 
 Bronzed Cowbird Molothrus aeneus x Yes 

     
x R 

   Brown-headed Cowbird Molothrus ater x Yes 
     

x 
 

YR ii 
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Orchard Oriole Icterus spurius x Yes 
     

x R 
   Hooded Oriole Icterus cucullatus x Yes 

  
Yes 

  
x 

 
SR ii 

 Bullock's Oriole Icterus bullockii x Yes 
     

x 
 

SR ii 
 Baltimore Oriole Icterus galbula x Yes 

     
x R 

   Scott's Oriole Icterus parisorum x Yes 
     

x 
 

SR iii 
 House Finch Haemorhous mexicanus x 

      
x 

 
YR ii 

 Cassin's Finch Haemorhous cassinii x Yes 
     

x R 
   Red Crossbill Loxia curvirostra x 

           Pine Siskin Spinus pinus x Yes 
     

x 
 

WR iii 
 Lesser Goldfinch Spinus psaltria x Yes 

     
x 

 
YR ii 

 Lawrence's Goldfinch Spinus lawrencei x Yes 
     

x R 
   American Goldfinch Spinus tristis x Yes 

     
x 

 
WR ii 

 Evening Grosbeak Coccothraustes vespertinus x 
      

x R 
   House SparrowI Passer domesticus x 

      
x 

 
YR ii 
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Appendix 9 Abbreviation Definitions 
  
I, Superscript Introduced 
  
Neotropical Migrant As defined under the federal Neotropical Migratory Bird Conservation Act (2002) 

  Federal and State Listing E = Endangered 

 
T = Threatened 

 
C = Candidate 

 
SC = Species of Concern 

 
S = Sensitive 

  
SGCN 

Species of Greatest Conservation Need as defined under the New Mexico Comprehensive Wildlife Strategy 
(NMDGF 2006) 

  USFS R3 S = U.S. Forest Service Region 3 Sensitive Species 

  NM BLM S = U.S. Bureau of Land Management New Mexico Sensitive Species 

  Rarity R = Rare, has occurred at least once, but likely not to occur and tends to occur in small numbers when 
present 

  Residency YR = Year-round resident or individuals present all seasons 

 
SR = Summer resident, most common in summer months and a local breeder 

 
WR = Winter resident, most common in winter months 

 
T = Transient, most common during spring and fall migration 

  Riparian Association i = Riparian obligate, a species that occupies riparian habitats exclusively or nearly so (≥90 of the time) 

 

ii = Riparian associated, a species that primarily occupies riparian habitats, but also makes varying use of 
adjacent nonriparian habitats 

 
iii = Non-riparian, a species that will use riparian habitats but primarily depends on adjacent upland habitats 

  Habitat Association 1 = Open Water 

 
2 = Wetland/Marshland  

 
3 = Shoreline 

 
4 = Mesic Woody Riparian 

 
5 = Xeric Woody Riparian 
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Appendix 10. Mammals of the Upper Gila River Region with Emphasis on Conservation Risk, Riparian 
Habitat Associations, and Occurrence in the Cliff-Gila Valley. 

   
Rarity 
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Artiodactyla Antilocapridae Antilocapra americana pronghorn 3 1  no        no  
Artiodactyla Bovidae Ovis canadensis bighorn sheep 4 0  yes      y  potential  
Artiodactyla Cervidae Cervus elaphus elk 4 0  yes yes   y y y  yes yes 
Artiodactyla Cervidae Odocoileus hemionus mule deer 4 0  yes    y y y  yes  
Artiodactyla Cervidae Odocoileus virginianus white-tailed deer 2 1  yes yes   y y y  yes yes 
Artiodactyla Tayassuidae Pecari tajacu collared peccary 3 0  yes    y y y  yes  
Carnivora Canidae Canis latrans coyote 4 0  yes    y y y  yes  
Carnivora Canidae Canis lupus wolf 3 1  yes    y y y  potential  
Carnivora Canidae Urocyon cinereoargenteus gray fox 3 0  yes    y y y  yes  
Carnivora Canidae Vulpes macrotis kit fox 2 1  no        yes  
Carnivora Felidae Lynx rufus bobcat 3 1  yes yes   y y y  yes yes 
Carnivora Felidae Panthera onca jaguar 2 1  yes yes   y y y  potential yes 
Carnivora Felidae Puma concolor cougar 3 1  yes    y y y  yes  
Carnivora Mephitidae Conepatus leuconotus American hog-nosed skunk 2 1  yes    y y y  yes  
Carnivora Mephitidae Mephitis macroura hooded skunk 3 1  yes yes   y y y  yes yes 
Carnivora Mephitidae Mephitis mephitis striped skunk 3 0  yes yes   y y y  yes yes 
Carnivora Mephitidae Spilogale gracilis western spotted skunk 3 0  yes    y y y  yes  
Carnivora Mustelidae Lontra canadensis North American river otter 1 1  yes yes yes   y y  extirpated yes 
Carnivora Mustelidae Mustela frenata long-tailed weasel 2 1  yes yes     y  yes yes 
Carnivora Mustelidae Mustela nigripes black-footed ferret 2 1  no        extirpated  
Carnivora Mustelidae Taxidea taxus American badger  2 1  no        yes  
Carnivora Procyonidae Bassariscus astutus ringtail 2 0  yes    y    yes  
Carnivora Procyonidae Nasua narica white-nosed coati 2 1  yes yes   y y y  yes yes 
Carnivora Procyonidae Procyon lotor raccoon 1 0  yes yes   y y y  yes yes 
Carnivora Ursidae Ursus americanus American black bear 3 1  yes yes   y y y  yes yes 
Carnivora Ursidae Ursus arctos brown bear 3 1  yes yes   y y y  extirpated yes 
Chiroptera Molossidae Eumops perotis greater bonneted bat 2 1  yes    y y y  no  
Chiroptera Molossidae Nyctinomops macrotis big free-tailed bat 2 0  yes    y y y  yes yes4 
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Chiroptera Molossidae Tadarida brasiliensis Brazilian free-tailed bat 3 0  yes    y y y  yes yes4 
Chiroptera Vespertilionidae Antrozous pallidus pallid bat 3 1  yes    y y y  yes  
Chiroptera Vespertilionidae Corynorhinus townsendii Townsend's big-eared bat 2 1  yes    y y y  yes  
Chiroptera Vespertilionidae Eptesicus fuscus big brown bat 3 1  yes    y y y  yes yes4 
Chiroptera Vespertilionidae Euderma maculatum spotted bat 3 1  yes    y y y  yes  
Chiroptera Vespertilionidae Idionycteris phyllotis Allen's big-eared bat 2 1  yes    y y y  yes  
Chiroptera Vespertilionidae Lasionycteris noctivagans silver-haired bat 2 0  yes    y y y  yes  
Chiroptera Vespertilionidae Lasiurus blossevillii western red bat 2 1  yes yes yes  y y y  yes yes 
Chiroptera Vespertilionidae Lasiurus cinereus hoary bat 2 0  yes    y y y  yes  
Chiroptera Vespertilionidae Myotis auriculus southwestern myotis 1 1  yes    y y y  yes  
Chiroptera Vespertilionidae Myotis californicus California myotis 3 1  yes yes   y y y  yes  
Chiroptera Vespertilionidae Myotis ciliolabrum western small-footed myotis 3 1  yes yes   y y y  yes yes4 
Chiroptera Vespertilionidae Myotis evotis long-eared myotis 1 1  yes yes   y y y  potential yes 
Chiroptera Vespertilionidae Myotis occultus Arizona myotis 2 1  yes yes   y y y  yes yes 
Chiroptera Vespertilionidae Myotis thysanodes fringed myotis 2 1  yes    y y y  yes  
Chiroptera Vespertilionidae Myotis velifer cave myotis 3 1  yes yes   y y y  yes yes4 
Chiroptera Vespertilionidae Myotis volans long-legged myotis 2 1  yes yes   y y y  yes yes 
Chiroptera Vespertilionidae Myotis yumanensis Yuma myotis 3 1  yes yes   y y y  yes yes 
Chiroptera Vespertilionidae Parastrellus hesperus canyon bat 3 1  yes    y y y  yes  
Lagomorpha Leporidae Lepus californicus black-tailed jackrabbit 4 0  no        yes  
Lagomorpha Leporidae Sylvilagus audubonii desert cottontail 3 0  yes    y y y  yes  
Lagomorpha Leporidae Sylvilagus holzneri Holzner's cottontail 1 1  yes    y y y  potential  
Lagomorpha Leporidae Sylvilagus nuttallii  mountain cottontail 1 1  yes    y y y  no  
Primates Hominidae Homo sapiens modern man 3 0  yes yes   y y y  yes yes 
Rodentia Castoridae Castor canadensis American beaver 1 1  yes yes yes  y y y  yes yes 
Rodentia Cricetidae Micotus pennsylvanicus meadow vole 2 1  yes yes yes    y  no  
Rodentia Cricetidae Microtus longicaudus long-tailed vole 2 1  yes yes   y y y  no  
Rodentia Cricetidae Microtus mogollonensis Mogollon vole 2 1  yes yes     y  potential yes 
Rodentia Cricetidae Microtus montanus montane vole 2 1  yes yes     y  no  
Rodentia Cricetidae Myodes gapperi southern red-backed vole 1 1  yes    y    no  
Rodentia Cricetidae Neotoma albigula white-throated woodrat 4 0  yes    y y y  yes  
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Rodentia Cricetidae Neotoma mexicana Mexican woodrat 2 1  yes    y y y  potential  
Rodentia Cricetidae Neotoma micropus southern plains woodrat 3 1  no        potential  
Rodentia Cricetidae Neotoma stephensi Stephens's woodrat 3 0  no        yes  
Rodentia Cricetidae Ondatra zibethicus common muskrat 1 1  yes yes yes    y  yes yes 
Rodentia Cricetidae Onychomys arenicola Chihuahuann grasshopper mouse 2 0  no        no  
Rodentia Cricetidae Onychomys leucogaster northern grasshopper mouse 2 0  no        yes  
Rodentia Cricetidae Onychomys torridus southern grasshopper mouse 2 0  no        no  
Rodentia Cricetidae Peromyscus boylii brush deermouse 3 0  no        yes  
Rodentia Cricetidae Peromyscus eremicus cactus deermouse  3 0  no        yes  
Rodentia Cricetidae Peromyscus gratus saxicoline deermouse 1 0  no        no  
Rodentia Cricetidae Peromyscus leucopus white-footed deermouse 3 0  yes yes   y y y  yes yes 
Rodentia Cricetidae Peromyscus maniculatus North American deermouse 4 0  yes yes   y y y  yes yes 
Rodentia Cricetidae Peromyscus nasutus northern rock deermouse 1 0  no        no  
Rodentia Cricetidae Peromyscus truei piñon deermouse 3 0  no        yes  
Rodentia Cricetidae Reithrodontomys megalotis western harvest mouse 2 1  yes yes     y  yes yes 
Rodentia Cricetidae Reithrodontomys montanus plains harvest mouse 2 1  no        potential  
Rodentia Cricetidae Sigmodon fulviventer tawny-bellied cotton rat 3 1  yes yes     y  yes yes 
Rodentia Cricetidae Sigmodon hispidus hispid cotton rat 3 1  yes yes     y  yes yes 
Rodentia Cricetidae Sigmodon ochrognathus yellow-nosed cotton rat  3 1  yes yes     y  yes yes 
Rodentia Dipodidae Zapus hudsonius meadow jumping mouse  1 1  yes yes yes    y  potential yes 
Rodentia Erethizontidae Erethrizon dorsaturn North American porcupine 4 0  yes    y    yes  
Rodentia Geomyidae Thomomys bottae Botta's pocket gopher 3 0  yes    y    yes  
Rodentia Heteromyidae Chaetodipus baileyi  Bailey's pocket mouse 3 0  no        yes  
Rodentia Heteromyidae Chaetodipus hispidus hispid pocket mouse 2 1  yes      y  yes  
Rodentia Heteromyidae Chaetodipus intermedius rock pocket mouse 3 0  no        yes  
Rodentia Heteromyidae Chaetodipus penicillatus desert pocket mouse 3 0  no        yes  
Rodentia Heteromyidae Dipodomys merriami Merriam's kangaroo rat 3 0  no        yes  
Rodentia Heteromyidae Dipodomys ordii Ord's kangaroo rat 3 0  no        yes  
Rodentia Heteromyidae Dipodomys spectabilis banner-tailed kangaroo rat 3 1  no        no  
Rodentia Heteromyidae Perognathus flavus silky pocket mouse 3 0  no        yes  
Rodentia Muridae Mus musculus house mouse5 3 0  yes yes     y  yes yes 
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Rodentia Sciuridae Ammospermophilus harrisii Harris's antelope squirrel 3 0  no        no  
Rodentia Sciuridae Cynomys gunnisoni Gunnison's prairie dog 2 1  no        no  
Rodentia Sciuridae Cynomys ludovicianus black-tailed prairie dog 2 1  no        extirpated  
Rodentia Sciuridae Sciurus aberti Abert's squirrel 2 1  yes    y    yes  
Rodentia Sciuridae Sciurus arizonensis Arizona gray squirrel 1 1  yes yes   y    yes yes 
Rodentia Sciuridae Spermophilus lateralis golden-mantled ground squirrel 2 1  yes      y  no  
Rodentia Sciuridae Spermophilus spilosoma spotted ground squirrel 3 0  no        yes  
Rodentia Sciuridae Spermophilus tridecemlineatus thirteen-lined ground 

squirrel 1 1  no        no  
Rodentia Sciuridae Spermophilus variegatus rock squirrel 4 0  yes    y    yes  
Rodentia Sciuridae Tamias cinereicollis gray-collared chipmunk 2 1  yes    y    no  
Rodentia Sciuridae Tamias dorsalis cliff chipmunk 3 0  no        yes  
Rodentia Sciuridae Tamias minimus least chipmunk 2 1  yes      y  no  
Rodentia Sciuridae Tamiasciurus hudsonicus red squirrel 2 1  yes yes   y    no  
Soricomorpha Soricidae Notiosorex crawfordi Crawford's gray shrew 3 0  yes yes   y y y  yes yes 
Soricomorpha Soricidae Sorex merriami Merriam's shrew 1 1  yes      y  no  
Soricomorpha Soricidae Sorex monticolus dusky shrew 2 1  yes yes     y  no  
Soricomorpha Soricidae Sorex nanus dwarf shrew 1 1  yes      y  no  
Soricomorpha Soricidae Sorex palustris American water shrew 1 1  yes yes yes    y  no  
 
 

1Riparian as used here refers only to streams and excludes other wetlands such as cienegas, springs, and lakes.    

2Rarity ranks are taken from Frey (2010).  The most common species had a rarity rank = 4, while the most rare species, which have low local population density, small geographic range, and 
narrow habitat specificity, had a rarity rank = 1 (Robinowitz 1981, Yu and Dobson 2000, Frey 2010). 

3Species classified as at-risk of population loss (i.e., "at-risk") were based on being both rare and facing specific threats (Frey 2010).  The classification follows Frey (2010) with exception that 
threats to bats were modified to include the emerging disease, white-nosed syndrome.  0=species was not determined to be at risk of population loss, 1=species was determined to be at risk of 
population loss based on being both rare and having threats. 

4Species may not typically associate with riparian zones, but activity level may be higher in these habitats when available. 

5Introduced exotic 



 

479 
 

Appendix 11. Workshop Participants 
 
Participants that attended the: (A) Silver City Workshop (January 8-9, 2014) and (B) Albuquerque Workshop 
(April 14, 2014), and their affiliation. 
 
 

A. Silver City Workshop (Western New Mexico University) 

Name Affiliation 
Leslie Bach The Nature Conservancy 
Mike Bogan University of California, Berkeley  
Jim Brooks US Fish and Wildlife Service 
Carol Campbell New Mexico State University 
Rob Clarkson US Bureau of Reclamation 
Martha Cooper The Nature Conservancy 
Cliff Dahm University of New Mexico 
Matt Ely US Geological Survey, New Mexico Water Science Center 
Carol Evans US Bureau of Reclamation 
Deb Finch US Forest Service, Rocky Mountain Research Service 
Jennifer Frey New Mexico State University 
Mike Fugagli Private consultant (Ornithology) 
Gregg Garfin University of Arizona 
Keith Geluso University of Nebraska  
Keith Gido Kansas State University 
Dave Gori The Nature Conservancy 
Dave Gutzler University of New Mexico 
Jeanmarie Haney The Nature Conservancy 
Mary Harner Crane Trust 
Deb Hathaway S.S. Papadopulos and Associates 
Jennifer Holmes Northern Arizona Univ./ Colorado Plateau Research Center 
Mark Horner University of New Mexico 
Jerry Jacobi Highlands University 
Randy Jennings Western New Mexico University 
Matt Johnson Northern Arizona Univ./ Colorado Plateau Research Center 
Kelly Kindscher University of Kansas 
Dale Lyons The Nature Conservancy 
Steve MacDonald University of New Mexico 
Paul Marsh Marsh & Associates 
Melissa Mata US Fish & Wildlife Service 
Laura McCarthy The Nature Conservancy 
Jerry Monzingo Gila National Forest 
Ryan Morrison University of New Mexico 
Esteban Muldavin NM Natural Heritage Program 
Nathan Myers US Geological Survey, New Mexico Water Science Center 
Nessa Natharius Gila National Forest 
Dave Propst University of New Mexico 
Mary Richardson US Fish and Wildlife Service 
Craig Roepke NM Interstate Stream Commission 
Phil Rosen University of Arizona 
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Name Affiliation 
Jeffrey Samson University of New Mexico 
Roland Shook Western New Mexico University 
Ellen Soles Northern Arizona University 
Mark Stone University of New Mexico 
Dale Turner The Nature Conservancy 
Tom Turner University of New Mexico 
Hanna Varani New Mexico Natural Heritage Program 
Hira Walker Colibri Consulting 
Andy Warner The Nature Conservancy 
Meg White The Nature Conservancy 
Kathy Whiteman Western New Mexico University 
Jill Wick New Mexico Department of Game and Fish 
Andrew Lindhoff AmeriCorps VISTA (note taker) 
 
 

B. Albuquerque Workshop (University of New Mexico) 

Name Affiliation 
Jim Brooks US Fish and Wildlife Service 
Martha Cooper The Nature Conservancy 
Cliff Dahm University of New Mexico 
Jennifer Frey New Mexico State University 
Mike Fugagli Private consultant (Ornithology) 
Gregg Garfin University of Arizona 
Keith Gido Kansas State University 
Dave Gori The Nature Conservancy 
Dave Gutzler University of New Mexico 
Mark Horner University of New Mexico 
Kelly Kindscher University of Kansas 
Dale Lyons The Nature Conservancy 
Laura McCarthy The Nature Conservancy 
Esteban Muldavin NM Natural Heritage Program 
Dave Propst University of New Mexico 
Ellen Soles Northern Arizona University 
Mark Stone University of New Mexico 
Tom Turner University of New Mexico 
Hanna Varani New Mexico Natural Heritage Program 
Hira Walker Colibri Consulting 
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Appendix 12. Gila River Hydrograph and Flow-Ecology Relationships by Seasonal Block, Workshop Handout 
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Appendix 13. Research Needs Identified by Workshop Participants 
 
The following research needs were identified by participants during scheduled breakout sessions at 
the Silver City Workshop, January 8-9, 2014. During these sessions, participants were tasked with 
identifying and discussing flow-ecology relationships and the projected impacts of the CUFA 
diversion on the Gila River ecosystem (Chapters 14 and 15, this report). Participants felt that future 
studies to address critical knowledge gaps would assist in refining the streamflow needs of aquatic 
and riparian species and further assessing the impacts of diversion and climate change on them. 
Many of these studies will build on and expand ongoing research efforts in upper Gila River. The 
following research needs are summarized by taxonomic group: riparian vegetation; aquatic 
invertebrates, fish, amphibians, and reptiles; and birds and mammals. Participants did not attempt to 
prioritize these information needs so the numbered lists below do not represent relative priority.  
 
Riparian Vegetation 
1. The absence of a high resolution vegetation map linked to elevation data such as LiDAR imagery 

is a primary limitation for understanding riparian vegetation patterns in the Cliff-Gila valley. 
Studies have assessed overall vegetation cover and changes in cover over time, but we are unable 
to characterize the species composition and structural diversity that exists in the riparian corridor 
in the Cliff-Gila Valley. In addition, high-resolution LiDAR imagery obtained at low streamflow 
(< 30 cfs) is needed to better understand dynamics associated with inundation of secondary 
channels. 

2. The majority of riparian vegetation in the Cliff-Gila Valley is found along secondary channels 
(Chapter 7, this report). Workshop participants wanted to know more about how flows in these 
channels affect groundwater and support survival of native species. The group also discussed the 
importance of the first short duration flow event during the monsoon or fall-winter for 
groundwater recharge.  

3. Cottonwood regeneration is episodic in the Cliff-Gila Valley, with a widespread recruitment 
event estimated to occur every 5-15 years. Individual recruitment events that are much smaller in 
scale may occur more frequently. Timing and duration of seed release in the Cliff-Gila Valley 
has only occasionally been recorded; cottonwoods usually start releasing seeds before willows. 
The length and conditions under which seeds remain viable is unknown. In some cases, 
cottonwood and willow seedlings may be seen sprouting in August, as long as the seeds remain 
dry prior to this. This is not thought to be a major route for cottonwood/willow recruitment 
because monsoonal sprouting individuals may lack sufficiently deep roots to access groundwater. 
In addition, cottonwoods and willows reproduce asexually, in particular narrow leaf cottonwood. 
The relative proportion of sexual vs. asexual propagation is unknown. 

4. The age structure of cottonwoods in the Cliff-Gila Valley is not known, although it would be 
possible to re-construct the history of recruitment events by coring trees. Without these data, the 
age structure of riparian forest can only be understood by size classes. Large floods, followed by 
extended snowmelt run off flows, support cottonwood recruitment, but the timing of these events 
and how they influence germination and survival is unknown.  Cottonwoods are typically able to 
sustain up to 4 cm of groundwater retreat per day (Mahoney and Rood 1991). For good plant 
development, is one good year required for success or is it more variable? More information is 
needed. 

5. Anecdotally, 2010 was a big recruitment year for cottonwood in the Cliff-Gila Valley; we could 
look at the hydrograph to better understand conditions favorable for recruitment. It would also be 
possible to assess how the CUFA diversion might have altered flows and recruitment patterns. 
Similarly, if the history of recruitment events is known (by coring trees), investigating hydrologic 
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conditions in recruitment years and up to 3 years after would assist in identifying the 
hydrological requirements for cottonwood germination and establishment in the Valley.    

6. For many riparian tree species, we do not know the specific hydrological conditions, within a 
year and over the course of years, necessary for recruitment and survival.  

7. The group discussed sycamore communities. Sediment/substrate requirements for sycamore 
recruitment are poorly understood; they seem to need scouring floods and cobble to regenerate. 
Older sycamores may be found on high terraces. Later successional species typically germinate 
beneath the canopy of mature cottonwoods, but how often successful recruitment occurs and 
what hydrological conditions are necessary for recruitment are not known. Again, studies that 
reconstruct recruitment history by tree coring and relate this history to hydrological conditions 
will assist in identifying the hydrological requirements for establishment of these species.    

8. Late successional riparian forests composed of walnut, ash, hackberry, box elder are found 
throughout the Cliff-Gila Valley, in the floodplain, on terraces, and along irrigation ditches. 
Floodplain edges are more likely to include these species than nearer to the main channel. 
Groundwater relationships for these species have not been described, except in terms of their 
elevation relative to the river channel. For example, walnuts typically are 5.5 m from 
groundwater (Chapter 7, this report). Are walnuts able to germinate and establish 5.5m from 
groundwater, or has sediment accumulated during the life of the walnut? If so, walnut probably 
requires shallower groundwater levels for establishment. 

9. The group discussed Julie Stromberg’s work on the San Pedro River on flow and groundwater 
conditions that favor saltcedar success (Stromberg 1998; Stromberg et al. 1996; Lite and 
Stromberg 2005). Would these relationships be similar for the Gila and what effect would 
elevation differences between the two sites have on salt cedar invasion and success? How might 
altered flows and associated changes in groundwater levels affect invasive woody species such 
saltcedar, juniper, and tree of heaven in the Cliff-Gila Valley? 

10. Herbaceous wetlands, characterized by sedges and cattails, are typically within 30-50 cm of 
groundwater. They often hold fine sediments, even clay. Further study is needed to determine 
current and historic acreage and location of wetlands in the Cliff-Gila Valley. In addition, the 
extent and location of floodplain grassland habitat has not been mapped. 

11. Riparian tree death is poorly understood. The spatial distribution and timing of large die-off 
events are not well documented, nor have they been related to changes in the depth-to-
groundwater or to the degree of physiological stress that individual trees experience. Field and 
experimental studies to better understand the factors that contribute to large die-off events are 
needed.  

12. There are a lot of unknowns about how riparian vegetation (e.g., quality, composition, and 
quantity) interacts with both the aquatic and terrestrial food webs in the Cliff-Gila Valley. For 
example, variation in plant tissue chemistry, like carbon to nitrogen ratios, can have cascading 
effects on the quality of that plant matter for consumers, including insects that are key prey for 
birds, mammals, amphibians, and reptiles. The quality of that organic matter also exerts strong 
controls on its decomposition rates, which, in turn, influences nutrient release to soil and water. A 
study is needed to investigate how the quality, composition and quality of riparian vegetation 
affects nutrient cycling in aquatic and terrestrial habitats, including the abundance and 
composition of consumer species and their effects on higher trophic levels. 

Aquatic Invertebrates, Fish, Amphibians, and Reptiles 
1. Large floods can reduce the density of bullfrogs in off-channel and main channel aquatic habitats. 

However, systematic observations of this phenomenon have not been made in the Cliff-Gila 
Valley or in other Southwest streams. A study is needed to quantify the effects of flood 
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magnitude, duration, and seasonality on bullfrog densities in different aquatic habitats in the 
Valley. 

2. Knowledge of the distribution, abundance, and diversity of aquatic invertebrates is limited for the 
Cliff-Gila Valley. The New Mexico Environment Department sampled four sites in the Valley 
sporadically between 1987 and 2007as part of the Benthic Macroinvertebrate & Bioassessment 
Program; invertebrates were identified to the family level. The relatively small number of 
samples and variability in when sampling occurred preclude any spatial or temporal analyses of 
community structure. A detailed, multi-year study is needed to characterize the abundance, 
seasonality and diversity of aquatic invertebrate species in main channel and off-channel habitats. 
In addition, an understanding of how streamflow magnitude, duration, frequency, and seasonality 
affect lentic and lotic invertebrate communities in the Valley is needed.  

3. Peak flows during the snowmelt-runoff period and the ensuing recession limb are important for 
cleansing cobble substrates in riffles that loach minnow use for spawning and as larval (nursery) 
habitat. However, the incipient motion conditions and sheer stress needed to mobilize silt and 
fine sediments from these habitats, and how these physical parameters are related to flow 
magnitude, are not quantitatively known for the Valley. With LiDAR imagery obtained at low 
streamflow levels (20 cfs), these incipient motion conditions can be modeled through an 
extension of the SRH-2D hydrodynamic model developed for this project (Chapter 6, this report). 
The model can also be used to estimate the incipient motion conditions and flows needed to 
cleanse ash and wildfire debris from these habitats. Finally, the physical characteristics (e.g. 
depth, water velocity) of habitats used for spawning and by larvae, juvenile and adult loach 
minnow are known (Chapter 10, this report). With this information, the expanded SRH-2D model 
can be used to estimate the amount of available habitat for each loach minnow life-stage as a 
function of streamflow magnitude. Similar analyses by life-stage can be performed for spikedace 
and other native fish in the Cliff-Gila Valley, together providing critical information on how 
altered flows due to diversion may affect the distribution and abundance of habitats required by 
native fish.   

4. Native fish species spawn in the spring following peak snowmelt flows but may spawn a second 
time during the monsoon-early fall period. Little is known about this secondary spawning 
including the influence of monsoon flood pulses (e.g., magnitude and duration of flows) in 
triggering spawning; which species are capable of secondary spawning and to what extent, and 
the predictability of secondary spawning given the appropriate streamflow cues.    

5. Water temperature is known to be an important determinant of feeding rates, growth, and 
survivorship of larval native fish. However, the effect of rapid changes in water temperature on 
larval fish rearing that would result from abrupt streamflow declines due to CUFA diversion is 
not known. Better data on the relationship between air and water temperatures as a function of 
streamflow volume are needed for the Cliff-Gila Valley as well as quantitative site-specific 
information on how changes in water temperature affect larval fish rearing and invertebrate 
populations.  

6. Genetic data indicate that native fish disperse up and downstream (Chapter 10, this report), 
however, when and how far different native and nonnative species move during dispersal is not 
known.  

7. Alluvial groundwater inflow into the main channel influences surface water temperature because 
groundwater is typically cooler than surface water. A study is needed to better understand how 
these hyporheic flows affect temperature heterogeneity across aquatic habitats in the main 
channel and how native and non-native fish respond behaviorally to this heterogeneity.  

8. Little is known about how native and nonnative fish use off-channel aquatic habitats in the Cliff-
Gila Valley and the extent of this habitat over time. A quantitative study is needed to investigate 
how native fish by life stage use off-channel aquatic habitats and how reduced inundation and 
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shrinking of off-channel habitats affect them; similar studies are needed for amphibians and 
aquatic invertebrates in the Valley to quantitatively assess the impacts of reduced inundation (and 
hydroperiod) on these off-channel biotic communities.  

Birds and Mammals 
1. It is not known whether there is a frequency of large floods that when exceeded results in a long-

term loss of cover or structural diversity of riparian vegetation. A related uncertainty is whether 
there is a minimum stem density or cover of herbaceous and woody riparian vegetation needed to 
withstand the scouring effects of large floods. A study is needed to quantify how flood magnitude 
and frequency affects the survival of riparian vegetation as a function of species composition, 
size (i.e. stem diameter), stem density, and patch size. Field observations from recent Gila River 
flood events may provide some information relevant to this study.   

2. It is not known whether birds and mammals require minimum vegetation patch sizes, below 
which the patch becomes unsuitable as habitat. A study is needed to quantify minimum 
vegetation patch size requirements for selected birds and mammals in the Cliff-Gila Valley. 

3. It is not known how the distribution and abundance of birds and mammals by life stage are 
related to variation in groundwater depth, temperature, humidity levels, and soil moisture in 
riparian habitats in the Valley. A study is needed to evaluate these relationships for selected bird 
and mammal species. 

4. Flow alteration affects the seasonal availability of aquatic and terrestrial invertebrates (i.e. 
abundances, composition, and distribution). However, participants felt that additional discussion 
was needed on how flow alteration under Scenario 1 (CUFA diversion with 150 cfs minimum 
bypass) would affect the seasonal interactions between aquatic and terrestrial invertebrates and 
birds and mammals. These interactions are complex and would likely affect the survivorship, 
reproductive success, and population dynamics of bird and mammal species differentially. 

5. Dam-building by beaver in the Cliff-Gila Valley has decreased over the last 120+ years. It is not 
known how the reduced abundance of beaver dams impacts hydrology in the Valley. A multi-
river comparative study is needed to better understand the factors (e.g., ecological, 
geomorphological, and hydrological) that contribute to dam-building behavior by beaver and 
how changes in behavior may affect hydrology in the Valley.  

6. It is not known what role the riparian corridor in the upper Gila River and Cliff-Gila Valley plays 
as a source or sink habitat for bird and mammal populations regionally. It is suggested that a 
study be conducted to determine the relative importance of these areas to regional populations for 
selected bird and mammal species.   

7. Low streamflow periods can cause stress for some bird and mammals. It is not known, however, 
whether foraging success of some birds and mammals increase because food resources (e.g., 
aquatic invertebrates) become concentrated as the areal extent of surface water decreases. A 
study is needed evaluate the impacts to birds and mammals from decreases in areal extent of 
surface water. 

8. It is not know to what extent streamflows can be altered and still maintain the vigor of the 
riparian forest mosaic, upon which migratory bird populations depend. A study is needed to 
quantify how streamflow variation and changes in groundwater levels affect vigor of riparian 
forest mosaic. 

9. It is not known how intermittent or perennial reaches of the Gila River correspond to biodiversity 
(species richness). Also, it is not known how seasonal shifts correspond to biodiversity. It is 
suggested that a study be conducted to evaluate whether and how streamflow and seasonal shifts 
impact biodiversity in the Cliff-Gila Valley. 
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10. Both the CUFA diversion and climate change have the potential to dramatically alter the 
streamflow regime of the Gila River. These changes will likely result in earlier, diminished 
snowmelt runoff, longer low-streamflow periods and perhaps greater monsoon streamflows. 
Species endemic to the Cliff-Gila Valley have evolved under the previous flow-regime, which 
include multi-decadal scale fluctuations in precipitation. It is not known how projected changes 
to the Gila River’s streamflow regime will impact life cycles of key species, especially with 
respect to shifts in streamflow timing relative to species life stages. A study is needed to evaluate 
the potential impact to species’ life stages in the Cliff-Gila Valley from projected changes in 
streamflow timing. 
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Appendix 14. CUFA Diversion and Climate Change Scenarios 
 
This version of the scenario narratives was distributed to participants at the Albuquerque Workshop; 
an earlier version, used at the Silver City Workshop, includes a narrative for Scenario 2, CUFA 
Diversion with no minimum bypass criterion. Please contact the authors for a copy of the latter. 
  
SCENARIO #1 CUFA Diversion—150 cfs Minimum Bypass 

Minimum Bypass Flow 

Under this scenario, assuming all other terms of diversion are met, no diversion would occur if flows 
at the Gila near Gila gauge are < 150 cfs; if flows are greater than this and diversion occurs, a 150 cfs 
minimum bypass in the Gila will be maintained at the gage. (NOTE: due to agricultural diversion, 
this translates into about 100 cfs downstream from the Fort West and Upper Gila ditches year round.) 

Flow Reduction 

The following analyses are based on the 76-year mean daily stream flow record at the USGS Gila at 
Gila gage, from 1/1/1937 to 12/31/2012.  

Figure 1 shows annual flow volumes with and without diversion for the historic record. On an annual 
basis, years with no diversion and years with up to 10% of the annual flow volume diverted occur 
relatively frequently (Figure 2). However, diversion of more than 20% of the annual flow volume is 
not infrequent, occurring in 10 out of the 76 years in the flow record. Diversion does not occur in 
years when annual discharge is 30,000 cfs or lower but tends to occur in average or wetter years 
(Figure 3).  

Diversion can occur in all months and seasonal blocks, but most diversion occurs in January, 
February, March and April (Table 1). During these months, diversion occurs in only 19 to 28 years 
(25% to 43.4% of years) and generally less frequently in other months, with the exception of August 
(26.3% of years). In years when diversion does occur, the median percent of monthly flows diverted 
is greatest in December through April as is the number and percent of years when more than 20% of 
the monthly flow is diverted (Tables 1, 2).  

Diversion results in a reduction in the frequency of flows in the 400-1,000 cfs range and 1,001-4,000 
cfs range (Figure 4, Table 3). We focus on flows on this range (400-4,000 cfs) because they inundate 
the floodplain via secondary channels where the majority of riparian vegetation is located and 
because diversion of up to 350 cfs from these flows results in proportionately large decreases in flow 
magnitude. For example, diversion occurring during flows of 400 cfs reduces flow magnitude by 
62%; at 2,000 cfs, flow is reduced by about 18% with diversion and at 4,000 cfs by 9%. The number 
and percentage of days that flows in the 400 to 4,000 cfs range are diverted by month is shown in 
Figure 5.  Flows less than 400 cfs are typically contained within the main channel and access few, if 
any, secondary channels.  

Snowmelt runoff period. Diversion occurs in 37 out of 76 years (49.3%) during this period, with a 
median of 14.8% of the total seasonal flow diverted in these years; this includes a significant number 
of years when more than 20% of the entire seasonal flow is diverted (Tables 1, 2). Diversion results 
in a reduction in median flows in March (Table 4). Maximum flows are reduced in February, March 
and April and 7-day, 30-day and 90-day maximum flows are also reduced (Tables 5, 6). The number 
of flows in the 400 to 4,000 range and the number of these that are diverted are greatest during this 
period, corresponding to approximately 60% of the flows in this range being diverted (Figure 5).  
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Turner and Propst (Chapter 9) analyzed the effects of flow alteration under this scenario on the 
hydrograph, relating flow changes to native fish monitoring data collected between 1988 and 2012. 
Reproductive success of loach minnow, spikedace and desert sucker, expressed as autumn 
monitoring densities, was significantly correlated with mean spring daily discharge. Under this 
scenario, mean daily spring discharge declined from 263 to 224 cfs, an average reduction of 15% 
over the 25 year period. This suggests that diversion will result on average in reduced reproductive 
success of the three species. When individual years were examined, more significant impacts to the 
hydrograph and reproductive success were discerned. Mean daily spring discharge was reduced by 
more than 10% in 7 out of 25 years (28% of years). In 2001 and 2008, mean daily spring discharge 
was decreased from > 185 cfs to < 185 cfs, and in 2008, during the runoff recession, flows were 
reduced to 150 cfs for most of February and early March, transforming a gradually attenuating 
recession pattern to one with an abrupt drop to near baseflow levels (Figure 4). A sudden drop like 
this would result in sustained higher water temperatures during the spring and a blanketing of gravel 
and cobble substrates with silt. In the case of 2001 and 2008, exceptionally good years for spikedace 
and loach minnow would become poor ones under this scenario.  

Late monsoon-early fall period. Diversion occurs in 29 out of 76 years (38.3%) during this period 
with a median of 14.8% of the seasonal flow diverted; more than 20% of the seasonal flow is 
diverted in only 3 years (Tables 1, 2). Maximum flows are reduced in September after the summer 
low-flow period (Table 5). Although the number of flows in 400 to 4,000 cfs range is lower than in 
the snowmelt runoff period, the percentage of these diverted is significant (43.5%) especially given 
that these small and moderate floods are short in duration and follow an extended period of low flows 
when groundwater levels are at their lowest and riparian vegetation and aquatic species are stressed. 

Appendix A summarizes the number of diversion days and the amount of flow diverted by seasonal 
block for the years 2002 through 2012 to provide a more detailed look at the potential diversion 
effects in recent years.   

Reduced Floodplain Inundation and Modified Sediment Transport 

Reduced flows translate to a reduction in floodplain and secondary channel inundation and will 
influence the processes that depend on inundation such as floodplain aquifer recharge and changes in 
groundwater levels. When the results are averaged across the five study sites, the frequency of 
inundation  is reduced for the entire year and by season (Table 7). The median reduction in 
inundation frequency is 10% annually.  

Snowmelt runoff period. The snowmelt season, defined here as February through April, is most 
strongly impacted with a 27% reduction in median inundation frequency (Table 7). 

Late monsoon-early fall period. Since less CUFA diversion occurs in this seasonal block, the median 
inundation frequency of the floodplain is reduced but percent reduction is less than in the snowmelt 
runoff period (Table 7).  

Sediment transport processes are closely related to streamflow, especially flood conditions, and thus 
the impacts of the various flow scenarios follow similar trends as the inundation results. Hence, 
sediment transport (studied here via incipient motion conditions) is reduced under this scenario; the 
median frequency of sediment transport events was reduced by 9% (see Table 7 for details). Seasonal 
changes in sediment transport parallel those of floodplain inundation with the greatest reduction in 
the snowmelt-runoff period followed by the late monsoon-early fall period. 
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Effects on Groundwater 
The coarse material of the floodplain facilitates rapid movement of groundwater (estimated at up to 90 
m per day). Groundwater levels at most transects therefore closely mirror the highly variable 
hydrograph. Examining the hydrology of individual years and seasons is more useful than looking at 
averages which eliminate the variability that defines the Gila’s hydrograph and ecosystem. For 
instance, while median streamflow rates over extended periods may be little affected by CUFA 
diversion, diversion of limited peaks during long drought periods may substantially impact short-
term groundwater recharge necessary for vegetation persistence or seedling survival during the 
relatively rare years when recruitment occurs.     

Reducing the streamflow by 350 cfs will have a paired effect on lowering groundwater levels. During 
extended periods of elevated flows (saturation of the floodplain), the effects on groundwater levels 
near the main channel correspond with changes in river stage. When small and moderate floods 
overtop secondary channels, additional groundwater recharge occurs on floodplain surfaces removed 
from the main channel. The proportion of these secondary channels that are overtopped during small 
floods is reduced as flow is reduced, further diminishing groundwater recharge. Additionally, surface 
flow through secondary channels often deposits fine-grained sediments through which groundwater 
moves more slowly than the course gravels and cobbles that characterize much of the floodplain. 
They therefore help to slow the rate of groundwater recession during falling river stage. This is one 
of the reasons such areas provide good nursery sites for riparian vegetation recruitment. Where flow 
reductions eliminate secondary channel surface flow and deposition of these fines, their suitability as 
nursery sites is diminished.  

The same recharge and sedimentation effects occur during small, short-duration peaks that interrupt 
periods of low flow or extended drought. But in this case, the implications for floodplain vegetation 
are likely to be more profound. Groundwater levels prior to the peak are low. Floodplain porosity, 
and secondary channel flow where it occurs, enables substantial increases in groundwater levels even 
during brief flood events. When these events coincide with successful initial establishment of 
riparian seedlings, they increase the probability of seedling survival.  

Abrupt reductions in streamflow are reflected in groundwater levels. The average rate of 
groundwater recession during periods of decreasing streamflow was calculated from piezometer data 
as about 1 mm per hour, but differences in the rate at which surface flow decreases affect the rate of 
groundwater decline. Groundwater recession rates were calculated from existing piezometer data at 
four transects under varying conditions of surface flow recession to examine the relative effects of 
slow and rapid reductions in streamflow on groundwater levels. When streamflow decreased by 350 
cfs over extended periods (8 to 30 days), groundwater levels declined more slowly (0.5 to 1 cm per 
day) than during rapidly dropping discharge. A 350-cfs reduction over 5 to 48 hours resulted in 
groundwater declines of 6 to 7 cm per day; this rate of decrease may be too great to allow survival of 
Populus seedlings. Mahoney & Rood 1991 calculated 4 cm per day as the maximum rate of 
groundwater decline that Populus seedlings can tolerate.    

Snowmelt runoff period.  Reducing flood magnitudes, especially in the 400 to 4,000 cfs range 
reduces floodplain inundation and the number of secondary channels that are overtopped to transport 
surface flow to floodplain areas distant from the main channel. Reduced flows lead to reduced 
groundwater infiltration through porous stream banks and less infiltration along secondary channels.  
When saturation of the floodplain is reduced, the rate of groundwater recession as low flows return is 
increased. Seasonally gaining river reaches, where stored alluvial groundwater levels are higher than 
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surface flow in the main channel, revert more rapidly to losing reaches. During low flow periods, 
alluvial groundwater temperatures are typically lower than those of surface flow, and in gaining 
reaches alluvial groundwater that infiltrates the stream therefore reduces surface water temperature. 
Diversion reduces alluvial groundwater storage, increases the rate of groundwater decline, and 
potentially increases water temperatures. .  

Late monsoon-early fall period.  This period follows summer low flows, when groundwater levels 
drop farthest. When small, brief floods interrupt extended periods of extreme low flows, the effects 
of diversion on groundwater recharge and on groundwater-dependent species are probably 
magnified.  

Aquatic Habitat 

Reducing the frequency of sediment transporting events and rapid flow reductions during the 
receding limb of the hydrograph would lead to a degradation of breeding substrates and aquatic 
habitats and a reduced quality of riffle and pool habitats. Spring floods, including those in the 400-
4,000 cfs range most impacted by diversion, are critical for maintaining the primary channel, re-
structuring aquatic habitats, removing silt and fine sediments from gravel and cobble substrates, and 
maintaining aquatic habitat heterogeneity.  

Riparian Vegetation 

Under this scenario, there is a more than 25% modeled decrease in the number of riparian 
recruitment events during the snowmelt-runoff period primarily due to the reduced floodplain 
inundation frequency as described above. 

Integration of Above Topics 

Diversion of moderate flows, especially during a series of dry years, could lead to desiccation of the 
stream channel and banks. As vegetation dies along the banks, they become less stable. Subsequent 
floods are more likely to cause lateral erosion of banks, widening the channel. River stage is 
effectively decreased by channel widening, with additional impacts to groundwater levels.  

 

 
Figure 1. Annual discharge in acre-feet with (blue) and without diversion (red) under Scenario 
1 for the 76-year historic period (1/1/1937 to 12/31/2012).  
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Figure 2. Frequency distribution of the number of years that annual discharge was reduced by 
different percentage amounts under Scenario 1. The historic mean daily flow record spans 76 
years (1/1/1937 to 12/31/2012). The percent figures on top of the bars are the percent of years that 
annual discharge was reduced by the different percentage amounts.     

 

 

Figure 3. Number of diversion days per year and number of days when flows between 400-
4,000 cfs are being diverted. Blue line shows the annual discharge in acre-feet (AF), based on 
average daily flow rate in cubic feet per second (cfs). When total annual discharge is near 50,000 AF, 
diversion does not occur but tends to occur in average to wet years. However, in 1997 and 1998 
when annual flows are over 140,000 AF there is no diversion as it is precluded due to other CUFA 
terms. The historic mean daily flow record spans 76 years (1/1/1937 to 12/31/2012). 
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Figure 4. Change in number of days in the target flow range. Undiverted flows have a total of 
2,049 days in the target range during the 76-year mean daily flow record (1/1/1937 to 12/31/2012). 
Diversion results in a total of 1,364 days in the target range, an overall reduction of 33%. Flows in 
the 400-1000 cfs range would be reduced in number by 36%, while those from 1001 to 4000 cfs 
range would be reduced by 25%.   
 
 

 
Figure 5. Frequency of diversion by month for flows between 400 to 4,000 cfs. Under Scenario 1, 
diversions of natural flows in this range would occur more often during winter, spring and monsoon–
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early fall periods, respectively, as a percentage of all days within the 400 to 4,000 cfs flow range, 
based on the 76 year mean daily flow record (1/1/1937 to 12/31/2012).   

 

Figure 6. Mean daily discharge of Gila River (USGS Gila near Gila gage), New Mexico, during 
2008. Spring discharge peaked at 4320 cfs on 29 January. Blue line represents natural flows and red 
indicates flow with diversion.  Graph illustrates change in mean daily discharge under a 150 cfs 
minimum bypass criterion.   
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SCENARIO #3: Future Climate—UA HADCM3 & the Five-Model Weighted Average 

Flow Reduction 

Four of the five RCM-GCM model combinations project reduced future streamflow in the upper Gila 
River basin and only one of the models (NC-CG) projects increased mean and median flows; the 
latter is driven by an increase in the magnitude of extreme events although most flows are projected 
to decrease in magnitude (Figure 4). The five-model weighted average estimates a decrease in 
average and median annual streamflow for the Gila at Gila gauge for the future simulated period 
(2040-2070) compared to the past simulated period (1971-2000; Table 8). The five-model weighted 
average also projects an earlier timing of peak runoff (February instead of March) and lower overall 
annual streamflow due to slight decreases in average precipitation and increases in 
evapotranspiration. In addition, future low flows will decrease and the magnitude of very high flows 
(extreme events) will increase (Table 8). The UA-HADCM3 is an “intermediate” model that 
produces climate and streamflow output that is very close to the five model weighted average. In 
particular, the UA-HADCM3 model projects overall lower average annual streamflow and more 
extreme high flood flows (Table 8, Figure 6). Seven-day and 90-day annual maximum flows are  
reduced (Table 6). In addition, the number of 400-4,000 cfs flow events decreases slightly in the 
future modeled period (2041-2070) compared to the historic modeled one; 400-1,000 cfs flow events 
decreased by 19.6%, while 1,001-4,000 cfs events increased by 8.1% due in part to the increase in 
extreme flood events (Figure 8).  

A comparison of historic modeled and future modeled flows for UA-HADCM3 and other climate 
models (rather than a comparison of historic observed vs. future modeled) is appropriate because 
each model contains error or bias and therefore is not a perfect representation or predictor of 
observed climate. However, this bias is consistent across time periods, so that by comparing historic 
modeled flows with future modeled flows, the model bias is held constant and the difference or 
change between the two periods reflects changes due to changing climate.    

Snowmelt runoff period. Under the UA-HADCM3, median monthly flows are reduced in February, 
April, and May for the future period compared to the past modeled period (Table 4, Figure 7). 
Maximum monthly flows are reduced in February and April but are increased in March  (Table 5). 

Summer low flow period.  Maximum flows are increased in June (Table 5). 

Monsoon-early fall period. Monthly median flows and maximum flows are projected to increase in 
September, while monthly maximum flows are projected to decrease in August (Tables 4,5; Figure 
7).    

Fall-winter base flow period. Monthly median flows are projected to decrease in November, 
December and January while maximum flows are reduced in October through January (Tables 4,5; 
Figure 7).  

Floodplain Inundation and Sediment Transport 

The analysis generally revealed a decrease in the flood inundation frequency under the HADCM3 
scenario (Table 7).  

Again, sediment transport processes are expected to be closely tied to flood inundation patterns and 
hence a similar pattern was projected through the simulations. Under HADCM3, transport was 
predicted to decrease substantially compared to baseline conditions (Table 7).  The changes in 
inundation frequency and sediment transport frequency are greater in the spring than in the late 
monsoon-early fall period.  
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Aquatic Habitat 
Under the UA-HADCM3 model, lower median flows in 6 of 12 months as well as a 22% reduction in 
baseflows during the summer low flow period would significantly reduce the amount, depth and 
velocity of aquatic habitats seasonally, especially during the summer low flow period (Tables 5,8). 

Effects on Groundwater 

Extreme events are more likely. The effect of large floods (30,000 cfs) on raising groundwater levels 
is small because they are so infrequent. An increase in large floods does not offset the reduction of 
small and moderate frequent floods (400-4,000 cfs) that are most important for maintaining 
groundwater levels (Figure 8). 

Riparian Vegetation 

Reductions in streamflow projected by the UA-HADCM3 model would result in reduced floodplain 
recharge and a greater average decline in groundwater during the year. This, in addition to higher 
temperatures, would lead to increased mortality of riparian woody seedlings, saplings and trees. The 
result is a simplified vegetation mosaic (e.g., a decreased age/size class diversity of cottonwood-
willow cohorts) and a reduced vigor and cover of the riparian forest.  

Due to the compounded levels of uncertainty associated with combining climate change, hydrologic, 
hydrodynamic, and riparian recruitment models, the impacts of climate change on riparian 
recruitment have not yet been modeled to generate quantitative predictions.  More study is needed. 

Integration of Above Topics 

Droughts are predicted to increase in frequency and severity in the future which will extend low flow 
periods and reduce flooding (Seager et al. 2007; Overpeck 2008; Adams et al. 2009; Garfin et al., this 
report). 

Most tree species currently operate within narrow hydraulic safety margins with respect to lethal 
levels of drought stress (xylem cavitation and hydraulic failure) and therefore potentially face long-
term reductions in productivity and survival as temperatures continue to increase and rainfall patterns 
shift (Choat et al. 2012; Park Williams et al. 2012).  
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Figure 6. Probability of exceedance plots for the entire spectrum of streamflow values for the 
three sub-basins and 5 climate models. The x-axis shows the probability of exceedance values for a 
given streamflow. The left side of each subplot shows the low flows where values of 1 represent that, 
for the respective time period, 100% of the time flow has exceeded that streamflow value. On the 
right side, the high flows are shown where, for the respective time period, 0% of the time flow has 
exceeded that streamflow value. The y-axis shows the percentage change of the projected time period 
(PJTP) with respect to the overlapping time period (OLTP). The black dashed lines are the average 
overall changes in streamflow quantity between the PJTP and the OLTP. Thus, dashed lines with a 
value below 0 indicate a decrease in average annual streamflow. Values of the blue line that are 
above (below) the dashed black line indicate an increase (decrease) in the amount of low flows (if on 
the left side of each graph) and the amount of high flows (if on the right side of each graph). 
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Figure 7. Comparison of median monthly flows between the past and future periods, UA-
HADCM3 model.  

 

 

 
Figure 8. Comparison of the number of 400-4,000 cfs flow events between the historic and 
future modeled periods for UA-HADCM3. The number of events 400-1,000 cfs decreased by 
19.6% whereas 1,001-4,000 cfs events increased by 8.1%.   
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SCENARIO #4: Future Climate & CUFA Diversion—UA HADCM3 & CUFA Diversion with150 cfs minimum 

bypass flow 

Under this scenario, CUFA diversion with 150 cfs minimum bypass was applied to the future stream 
flows derived from climate model UA-HADCM3. 

Flow Reduction 

Under Scenario 4, when considering future modeled flows from 2041 to 2070, the highest proportion 
of days and years with diversion occur during the spring snowmelt-runoff and fall-winter base flow 
periods followed by the monsoon-early fall period. As a percent of total flow diverted, again the 
greatest impact is in the snowmelt-runoff period. During the fall-winter base flow period, the percent 
of total flow diverted is as high as 36.1% in November, whereas during the snowmelt runoff period, 
the percent of total flow diverted is as high as 41.9% in March (Table 9). 

Diversions greater than 20% of monthly flows primarily occur in the snowmelt runoff and fall-winter 
base flow periods but they also occur in the monsoon-early fall period. While the numbers of years 
when these large diversions occur are relatively few for most months, they are relatively frequent 
during the snowmelt runoff period, occurring in 9 out of 19 years (47.4%) that flow is diverted 
(Table 10).        

Under the UA-HADCM3 model with diversion, there were no significant changes to the median 
monthly flows and minimum flows (Tables 4, 8). However, the maximum monthly flows (Table 5) 
and 3-day, and 7-day, 30-day and 90-day maximum flows were reduced (Table 6).  

Floodplain Inundation and Sediment Transport 

As expected, the impacts to flood inundation patterns and sediment transport processes under 
Scenario 4 where consistent with the combined impacts of climate change and a CUFA diversion 
(with 150 cfs minimum bypass) as investigated via Scenarios 3 and 1, respectively.  The UA-
HADCM3 model predicts a decrease in inundation frequency and sediment transport. Similarly to 
Scenario 1, the inclusion of a diversion resulted in a reduction in both inundation frequency and 
sediment transport for the climate model when compared to Scenario 3 conditions. In other words, 
regardless of the climate change condition, a diversion is expected to reduce inundation and sediment 
transport when compared to a no-diversion condition.  

Snowmelt runoff period. Seasonal patterns under the climate change models are similar to the gaged 
records. That is, changes in the spring period are more pronounced than the annual period or fall 
season.   

Late monsoon-early fall period. Similarly, impacts in the fall season are muted compared to those 
observed at other parts of the year or the year as a whole.  

Aquatic Habitat 

Under Scenario 4, reduced flows in in most months would significantly reduce the amount, depth and 
velocity of aquatic habitats in the main channel especially during the summer low flow period. 
Adding diversion to this would decrease the frequency of flows in the 400-4,000 cfs range and 
proportionately reduce their magnitude (Figure 7), resulting in less floodplain inundation, less 
recharge, and less temporary aquatic habitat in secondary channels. This would exacerbate the 
reduction in flows in this range already caused by climate change.  
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Effects on Groundwater 

Refer to Scenario 1 and 3. 

Riparian Vegetation 

Due to the compounded levels of uncertainty associated with combining climate change, hydrologic, 
hydrodynamic, and riparian recruitment models, the impacts of climate change on riparian 
recruitment have not yet been modeled to generate quantitative predictions.  

 

 
 
Figure 7. Projected change in the number of days in the target flow range for the UA-HADCM3 
climate model resulting from CUFA diversion with a 150 cfs minimum bypass requirement. From 
2041-2070, there are a total of 714 days in the target range and diversion reduces the number of days 
in this range to 495 days. See Table 1. 
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Table 1. Number of diversion days and percent of total diversion days by month and for two 
seasonal blocks, Snowmelt Runoff and Monsoon-Early Fall, under Scenario 1, CUFA diversion 
with a 150 cfs minimum bypass. The analysis was conducted using the 76 year mean daily flow 
record (1/1/1937 to 12/31/2012) from the Gila near Gila gage and applying the CUFA Diversion 
Spreadsheet to these flows. The number and percent of years that diversion occurs as well as the 
median, minimum and maximum % of monthly and seasonal flows diverted in these years are also 
given.  

Month 
No. of 

Diversion 
Days 

% 
Diversion 

Days 

No. 
Years w/ 
Diversion 

% of 
Years w/ 
Diversion 

Median % 
Monthly 
Flow Div. 

Min., % 
Monthly 
Flow Div. 

Max., % 
Monthly 
Flow Div. 

Jan 351 15.6 20 26.3 24.5 1.0 42.8 
Feb 427 19.0 28 36.8 16.4 5.8 20.2 
Mar 561 24.9 33 43.4 20.7 0.3 55.7 
Apr 348 15.5 19 25.0 34.2 0.3 58.6 
May 47 2.1 5 6.6 15.8 1.5 18.8 
Jun 2 0.1 1 1.3 5.4 5.4 5.4 
Jul 7 0.3 3 3.9 6.8 6.3 7.9 
Aug 114 5.1 20 26.3 8.9 0.2 32.1 
Sept 79 3.5 15 19.7 13.3 0.5 28.2 
Oct 42 1.9 9 11.8 1.9 0.6 23.5 
Nov 60 2.7 7 9.2 11.0 0.2 47.6 
Dec 212 9.4 17 22.4 16.5 3.8 33.1 
TOTAL 2250       

Season 
No. 

Years w/ 
Diversion 

% of 
Years w/ 
Diversion 

Median % 
Seasonal 
Flow Div. 

Min., % 
Seasonal 
Flow Div. 

Max., % 
Seasonal  
Flow Div. 

Snowmelt Runoff 37 49.3 14.8 0.3 43.6 
Monsoon-Early Fall 29 38.3 5.6 0.1 30.2 
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Table 2. Number (and percent) of years that more than 20% and 30% of total monthly or 
seasonal flows are diverted under Scenario 1, which assumes a 150 cfs minimum bypass, during 
the 76-year mean daily flow record (1/1/1937 to 12/31/2012)  at the Gila near Gila gage. The 
number of years that diversion occurs by month and seasonal block (Snowmelt Runoff and 
Monsoon-Early Fall) are also given. See Table 1 for additional information.  

Month No. Years w/ 
Diversion 

No. Years > 20% Monthly 
Flow Diverted (%) 

No. Years > 30% Monthly 
Flow Diverted (%) 

January 20 12 (60) 8 (40) 
February 28 15 (53.6) 9 (32.1) 
March 33 18 (54.4) 10 (30.3) 
April 19 12 (63.2) 11 (57.9) 
May 5 0 0 
June 1 0 0 
July 3 0 0 
August 20 3 (15) 1 (5) 
September 15 3 (20) 0 
October 9 1 (11.1) 0 
November 7 1 (14.3) 1(14.3) 
December 17 6 (35.3) 3 (17.6) 

Season 
No. Years w/ 

Diversion 
No. Years > 20% Seasonal 

Flow Diverted (%) 
No. Years > 30% Seasonal 

Flow Diverted (%) 
Snowmelt Runoff 37 15 (38.5) 7 (17.9) 
Monsoon-Early Fall 29 3 (10.1) 1 (3.4) 
 

 

Table 3. Number of days that undiverted flows are in the target ranges of 400-1,000 and 1,001-
4,000 cfs during the 76-year mean daily flow record (1/1/1937 to 12/31/2012) at the Gila near 
Gila gage and for the climate model simulation (UA-HADCM3; 2041-2070) at the Gila near 
Gila gage compared to the number of days flows are in the target ranges under CUFA 
diversion with a 150 cfs minimum bypass. The percentage reduction in target flows is given in 
parenthesis.  

 400-1,000 cfs, 
undiverted 

1,001-4,000 cfs, 
undiverted 

400-1,000 cfs w/ 
CUFA 150 cfs 

1,001-4,000 cfs w/ 
CUFA 150 cfs 

Observed, Gila 
at Gila gage 1,636 413 1053 (-36%) 311 (-25%) 

UA-HADCM3, 
Gila at Gila 
gage 

554 160 398 (-28%) 97 (-39%) 
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Table 4. Percentage change (%) in median monthly flows for 3 scenarios. Negative values 
indicate a reduction in the median monthly flow; changes less than 10% are indicated by “-” (See 
Chapter 7). 

 Scenario 1 Scenario 3 Scenario 4 
Month CUFA diversion w/ 

150 cfs 
UA-HADCM3 

Historic vs. Future 
UA-HADCM3  Future 
w/ diversion, 150 cfs 

January - -16.4% - 
February - -24.1% - 
March -14% -28.3% - 

April - -43.2% - 
May - -23.5% - 
June - 2.0% - 
July - -7.1% - 
August - 1.1% - 
September - 13.8% - 
October - -8.1% - 
November - -18.4% - 
December - -32.8% - 
 

 

Table 5.  Percentage change in maximum monthly flows for Scenarios 1, 3, and 4. Negative 
values indicate a reduction in the maximum monthly flow; no change is indicated by “-” (See 
Chapter 7). 

 Scenario 2 Scenario 3 Scenario 4 
Month CUFA diversion 

w/ 150 cfs  
UA-HADCM3 

Historic vs. Future  
UA-HADCM3 w/ 
diversion, 150 cfs 

January - -58.2% -30.4% 
February -29% -40.9% -45.2% 
March -10% 80.7% -38.0% 
April -10% -62.1% - 
May - 2.4% - 
June - 27.9% - 
July - -9.1% - 
August - -11.3% -15.5% 
September -19% 31.4% -21.6% 
October - -64.0% -3.1% 
November - -50.6% - 
December - -30.6% -6.8% 
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Table 6.  Percentage change in 1-day, 3-day, 7-day, 30-day, and 90-day maximum flows for the 
4 scenarios. Negative values indicate a reduction in the maximum flows for the target period; 
changes less than 10% are indicated by “-” (See Chapter 7). 

 Scenario 1 Scenario 3 Scenario 4 
Maximum 
flow period 

CUFA diversion w/ 150 
cfs minimum bypass 

UA-HADCM3 UA-HADCM3  w/ diversion, 
150 cfs minimum bypass 

1-day max. 
flow 

- 2.2% -5.5% 

3-day max. 
flow 

- -3.0%2 -13.7% 

7-day max. 
flow 

-12% -17.9% -7.8% 

30-day max. 
flow 

-14% -8.5 -8.2% 

90-day max. 
flow 

-14% -11.3% -11.7% 

 

 

Table 7. Percentage change (%) in distributed flooding frequency and incipient motion 
conditions for surfaces inundated between 800 and 8,000 cfs (Chapter 6, this report).  

Scenario  ∆ Inundation Frequency ∆ Sediment Transport 
Frequency 

  25% 
Quantile 

Median 75% 
Quantile 

25% 
Quantile 

Median 75% 
Quantile 

Scenario 1 
CUFA w/ 150 

cfs min. bypass 

Annual -15 -10 -8 -12 -9 -7 
Spring -33 -27 -18 -30 -20 -15 

Fall -12 -10 -8 -12 -10 -7 
        

Scenario 3 
UA-HADCM3 

Historic vs. 
Future 

Annual -44 -17 6 -44 -22 -11 
Spring -80 -28 -1 -80 -26 -16 

Fall -25 -6 12 -42 -15 -5 
        

Scenario 4 
HADCM3 w/ 
CUFA 150 cfs 

min. bypass 

Annual -77 -24 -5 -67 -34 -15 
Spring -80 -34 -14 -74 -45 -20 

Fall -63 -20 -2 -55 -20 -1 
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Table 8. Top: Average (median in parentheses) streamflow changes projected by five climate 
models, and the weighted average of the five models. Changes are shown as the percent difference 
between annual average 2041-2070 and annual average 1971-2000 streamflows. Bottom: Gila River 
at Gila gauge, extreme high and low (median in parentheses) streamflow changes projected by five 
climate models. Changes are shown as the percent difference between the time periods 2041-2070 
and 1971-2000 for the top 1% of daily flows (i.e., high) and bottom 1% of daily flows (i.e., low). 

  UA WRF-
HADCM3 

UA WRF-
MPI 

NC CRCM-
CGCM3 

NC HRM3-
HADCM3 

NC 
RCM3-
CGCM3 

Weighted 
Average 

Gila at Gila -9 (-15) -23 (-19) 21 (8) -32 (-32) -10 (-7) -6 (-15) 

 
      

 
Legend   
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11-20%   
    

 

0.01-10%   
    

 

+ 0.01-10%   
    

 

-11-20%   
    

 

< -20%   
     

  UA WRF-
HADCM3 

UA 
WRF-
MPI 

NC 
CRCM-
CGCM3 

NC 
HRM3-

HADCM3 

NC 
RCM3-
CGCM3 

Gila at Gila High +4 (-4) -40 (-39) 75 (101) -39 (-30) +19 (+32) 

Gila at Gila Low -14 (-14) -17 (-20) -21 (-22) -28 (-29) -27 (-26) 

      

 
Legend   

   

 

> 20%   
   

 

11-20%   
   

 

0.01-10%   
   

 

+ 0.01-10%   
   

 

-11-20%   
   

 

< -20%   
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Table 9. Number of diversion days and percent of total by month and for two seasonal blocks, 
Snowmelt Runoff and Monsoon-Early Fall, under Scenario 4, UA-HADCM3 climate model 
with CUFA diversion and 150 cfs minimum bypass. The analysis was conducted using UA-
HADCM3 future modeled flows (2041-2070) for the Gila near Gila gage (n = 30 years) and applying 
the CUFA Diversion Spreadsheet to these flows. The number and percent of years that diversion 
occurs as well as the median, minimum and maximum % of monthly and seasonal flows diverted in 
these years are also given.  

Month 
No. of 

Diversion 
Days 

% 
Diversion 

Days 

No. 
Years w/ 
Diversion 

% of 
Years w/ 
Diversion 

Median % 
Monthly 
Flow Div. 

Min., % 
Monthly 
Flow Div. 

Max., % 
Monthly 
Flow Div. 

Jan 121 13.7 15 50.0 16.1 0.3 34.4 
Feb 165 18.7 17 56.7 17.8 2.5 33.5 
Mar 203 23.0 14 46.7 23.1 0.8 41.9 
Apr 34 3.8 7 23.3 8.4 0.1 28.6 
May 0 0 0 0    
Jun 0 0 0 0    
Jul 45 5.1 10 33.3 10.7 0.1 27.9 
Aug 61 6.9 13 43.3 10.6 1.2 22.1 
Sept 63 7.1 10 33.3 11.7 0.8 24.6 
Oct 81 9.2 14 46.7 15.3 0.1 33.2 
Nov 42 4.8 12 40.0 15.3 0.4 36.1 
Dec 69 7.8 11 36.7 20.1 0.7 29.9 
TOTAL 884       

Season 
No. 

Years w/ 
Diversion 

% of 
Years w/ 
Diversion 

Median % 
Seasonal 
Flow Div. 

Min., % 
Seasonal 
Flow Div. 

Max., % 
Seasonal  
Flow Div. 

Snowmelt Runoff 19 63.3 12.1 0.4 31.5 
Monsoon-Early Fall 16 53.3 10 0.7 22.4 
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Table 10. Number (and percent) of years that more than 20% of total monthly or seasonal 
flows are diverted under Scenario 4, assuming a 150 cfs minimum bypass, during the 30-year 
future modeled period at the Gila near Gila gage. The number of years that diversion occurs by 
month and seasonal block (Snowmelt Runoff and Monsoon-Early Fall) are also given. See Table 9 
for additional information.  

Month No. Years w/ 
Diversion 

No. Years > 20% Monthly 
Flow Diverted (%) 

January 15 4 (26.7) 
February 17 7 (41.2) 
March 14 9 (64.3) 
April 7 2 (28.6) 
May 0 0 
June 0 0 
July 10 2 (20) 
August 13 2 (15.4) 
September 10 3 (30) 
October 14 3 (21.4) 
November 12 2 (16.7) 
December 11 6 (54.5) 

Season 
No. Years w/ 

Diversion 
No. Years > 20% Seasonal 

Flow Diverted (%) 
Snowmelt Runoff 19 9 (47.4) 
Monsoon-Early Fall 16 2 (15.7) 
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Appendix A. Number of diversion days and the amount of flow diverted by seasonal block and 
annually for the years 2002 through 2012. Unaltered flows were recorded the Gila at Gila gage; these 
flows were entered into the CUFA Diversion Model to obtain an altered hydrograph due to the CUFA 
diversion.  

Year  No. of 
Diversion 
Days 

Ac-ft 
Diverted 

% of 
Flow 
Diverted 

General Comments 

2002 snowmelt runoff  0       

  summer low flow 0     

  monsoon  0     

  fall-winter base flow 4 2,035 8.9   

  TOTAL   2,035 4.7 Annual Flow w/o Diversion = 43,016 AF 

2003 snowmelt runoff  6 148 0.6   

  summer low flow 0     

  monsoon  0     

  fall-winter base flow 3 268 1.5 Diverted in November 

  TOTAL   415   Annual Flow w/o Diversion = 49,272 AF 

2004 snowmelt runoff  28 10,191 20.1 Diverted occurred in March & April 

  summer low flow 0     

  monsoon  0     

  fall-winter base flow 23 10,647 16.4   

  TOTAL   20,838   Annual Flow w/o Diversion = 124,336 AF 

2005 snowmelt runoff  74 34,707 20.2 Diverted Jan through March & into April 

  summer low flow 0     

  monsoon  0     

  fall-winter base flow 0       

  TOTAL   34,707 17.3 Annual Flow w/o Diversion = 201,171 AF 

2006 snowmelt runoff  0       

  summer low flow 0     

  monsoon  39 24,175 33.3 Diverted in July, Aug and Sept. 

  fall-winter base flow 23 11,039 17.3 Diverted in Sept, Oct, 2006, & Jan 2007 

  TOTAL   35,214 23 Annual Flow w/o Diversion = 153,177 AF 

2007 snowmelt runoff  23 7,595 15.5 Diverted in Feb and March  

  summer low flow 0     

  monsoon  9 1,980 13.4 Diverted in Aug and early Sept 

  fall-winter base flow 35 8,557 18.7 Diverted a lot in December and Jan (2008) 

  TOTAL   18,132 15.3 Annual Flow w/o Diversion = 1118,701 AF 

2008 snowmelt runoff  50 15,678 21.8 Diverted in Jan, Feb and March 

  summer low flow 0     

  monsoon  3 612 3.9   

  fall-winter base flow 2 151 0.5   

  TOTAL   16,440 13.1 Annual Flow w/o Diversion = 125,458 AF 

2009 snowmelt runoff  0       

  summer low flow 0     

  monsoon  0     

  fall-winter base flow 4 1,201 4.1   

  TOTAL   1,201 2.1 Annual Flow w/o Diversion = 56,736AF 

2010 snowmelt runoff  21 5,960 5.8 Diverted in Jan and Feb 

  summer low flow 0     
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Year  No. of 
Diversion 
Days 

Ac-ft 
Diverted 

% of 
Flow 
Diverted 

General Comments 

 2010 monsoon  0     

  fall-winter base flow 0       

  TOTAL   5,960 4.1 Annual Flow w/o Diversion = 146,005 AF 

      

2011 snowmelt runoff  0     This is a good example of a dry year.  

  summer low flow 0     

  monsoon  3 395 3 
Few small pulses are important for 
rehydrating the floodplain. 

  fall-winter base flow 6 327 1.2   

  TOTAL   722 1.3 Annual Flow w/o Diversion = 43,016 AF 

2012 TOTAL   0 0 Annual Flow = 49,794 AF 
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Appendix 15. Climate and Hydrology of the Upper Gila River Basin, Supplemental 
Figures  
 
Summary 

The figures in this section expand upon Figure 22 and Figure 23 in Chapter 3, by showing projected changes 
in the spectrum of streamflow values for the individual months of February, March, and April. For the Gila at 
Gila gauge, monthly flows increase in February (Supplemental Figure 2), decrease slightly in March 
(Supplemental Figure 4), and decrease substantially—by almost 50%—in April (Supplemental Figure 6). 
The magnitude of high flows increases in March and April at Gila-Gila, and all Gila-Gila flows decrease in 
April. A few individual models show increased high flows during February (NC CRCM-CGCM3, NC 
RCM3-CGCM3) and March (UA WRF-HADCM3, NC RCM3-CGCM3). The most important message from 
the analyses in this section is the shift toward increased February runoff and decreased April runoff, 
accompanied by the prospect of high flows increasing in February and March. 
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Supplemental Figure 1. Probability of exceedance plots for the entire spectrum of February 
streamflow values shown in Figure 21 for the three sub-basins and five climate models. The x-axis 
shows the probability of exceedance values for a given streamflow. The left side of each subplot shows the 
low flows where values of 1 represent that, for the respective time period, 100% of the time flow has 
exceeded that streamflow value. On the right side, the high flows are shown where, for the respective time 
period, 0% of the time flow has exceeded that streamflow value. The y-axis shows the percentage change of 
the projected time period (PJTP) with respect to the overlapping time period (OLTP). The black dashed lines 
are the average overall changes in streamflow quantity between the PJTP and the OLTP. Thus, dashed lines 
with a value below 0 indicate a decrease in average February streamflow. Values of the blue line that are 
above (below) the dashed black line indicate an increase (decrease) in the amount of low flows (if on the left 
side of each graph) and the amount of high flows (if on the right side of each graph).  
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Supplemental Figure 2. Summary of the information of Supplemental Figure 1 by providing a 
weighted mean, across the five models, of the probability of exceedance results. The black dashed lines 
in Supplemental Figure 2 correspond to weighted average February streamflow changes, across all models, 
for the Gila near Gila, the Gila near Virden, and the San Francisco at Clifton, respectively.  
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Supplemental Figure 3. Probability of exceedance plots for the entire spectrum of March streamflow 
values shown in Figure 21 for the three sub-basins and five climate models. The x-axis shows the 
probability of exceedance values for a given streamflow. The left side of each subplot shows the low flows 
where values of 1 represent that, for the respective time period, 100% of the time flow has exceeded that 
streamflow value. On the right side, the high flows are shown where, for the respective time period, 0% of 
the time flow has exceeded that streamflow value. The y-axis shows the percentage change of the projected 
time period (PJTP) with respect to the overlapping time period (OLTP). The black dashed lines are the 
average overall changes in streamflow quantity between the PJTP and the OLTP. Thus, dashed lines with a 
value below 0 indicate a decrease in average March streamflow. Values of the blue line that are above 
(below) the dashed black line indicate an increase (decrease) in the amount of low flows (if on the left side of 
each graph) and the amount of high flows (if on the right side of each graph). 
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Supplemental Figure 4. Summary of the information of Supplemental Figure 3 by providing a 
weighted mean, across the five models, of the probability of exceedance results. The black dashed lines 
in Supplemental Figure 4 correspond to weighted average March streamflow changes, across all models, for 
the Gila near Gila, the Gila near Virden, and the San Francisco at Clifton, respectively. 
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Supplemental Figure 5. Probability of exceedance plots for the entire spectrum of April streamflow 
values shown in Figure 21 for the three sub-basins and five climate models. The x-axis shows the 
probability of exceedance values for a given streamflow. The left side of each subplot shows the low flows 
where values of 1 represent that, for the respective time period, 100% of the time flow has exceeded that 
streamflow value. On the right side, the high flows are shown where, for the respective time period, 0% of 
the time flow has exceeded that streamflow value. The y-axis shows the percentage change of the projected 
time period (PJTP) with respect to the overlapping time period (OLTP). The black dashed lines are the 
average overall changes in streamflow quantity between the PJTP and the OLTP. Thus, dashed lines with a 
value below 0 indicate a decrease in average April streamflow. Values of the blue line that are above (below) 
the dashed black line indicate an increase (decrease) in the amount of low flows (if on the left side of each 
graph) and the amount of high flows (if on the right side of each graph). 
 
 
 
 
 
 
 
 
 
 



 

515 
 

Supplemental Figure 6. Summary of the information of Supplemental Figure 5 by providing a 
weighted mean, across the five models, of the probability of exceedance results. The black dashed lines 
in Supplemental Figure 6 correspond to weighted average April streamflow changes, across all models, for 
the Gila near Gila, the Gila near Virden, and the San Francisco at Clifton, respectively. 
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