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EXECUTIVE SUMMARY 
 
In the arid southwestern United States, riparian ecosystems are critical for sustaining regional 
biodiversity and supporting species that are rare or restricted in their distributions within the U.S. 
due to the widespread destruction of riparian habitats They also typically support numbers of 
organisms that are disproportionate to their relatively limited spatial areas. The Upper San Pedro 
River riparian ecosystem in southeastern Arizona and northern Sonora contains one of the richest 
assemblages of species and is one of the most important migratory bird habitats in western North 
America.  
 
The biodiversity of the San Pedro riparian ecosystem matches or exceeds that found almost 
anywhere else in the United States: more than twenty different biotic communities occur in the 
basin, and the river sustains three biotic types considered threatened - Fremont 
cottonwood/Goodding willow forests, cienegas and big sacaton grasslands. Vascular plant 
diversity is very high, with 608 species from 92 families identified within the San Pedro Riparian 
National Conservation Area (SPRNCA) alone (Makings in press). Among these is the Huachuca 
water umbel (Lilaeopsis schaffneriana spp. recurva), a federally endangered species. The area is 
of critical importance in maintaining regional biodiversity at the ecotones between the Sonoran 
and Chihuahuan deserts and the Plains grassland.  
 
The area also has one of the highest vertebrate diversities found anywhere in the United States. 
The SPRNCA has one of the highest bird diversities of any area of its size in the United States, 
with more than 350 recorded species, 250 of which are Neotropical migrants. Between one 
million and four million migrating songbirds use the riparian habitat annually as they move 
between their wintering grounds in Mexico and Central America and their breeding grounds in 
the United States and Canada. Twelve bird species found annually on the SPRNCA have 
previously been classified by the State of Arizona as Wildlife of Special Concern, representing 
41% of the bird species on that list.  Of the 107 species on the 1988 Partners in Flight 
‘WatchList’, 52 have occurred in the San Pedro Basin at least once and 19 of them either breed 
or winter in the area.  Of the top scoring 45 species on Arizona Partners in Flight species of 
concern, 42 have occurred at least once in the basin and 25 occur annually (9 breed, 5 winter and 
11 migrate through).  The SPRNCA has been designated as critical habitat for the endangered 
Southwestern Willow Flycatcher.  Additionally, a globally significant number of Western 
Yellow-billed Cuckoos, a species that groups have petitioned the USFWS to consider listing as a 
threatened or endangered species, breed along the San Pedro. 
 
The SPRNCA also currently contains, or contained within the last 150 years, more than 80 
species of mammals – for its area, one of the richest assemblages of land mammal species in the 
world.  More than 40 species of reptiles and amphibians have also been found within the 
boundaries of the SPRNCA.  
 
The Nature Conservancy has recognized the high ecological value of the area through the 
designation of the upper San Pedro as one of the “Last Great Places”.  Approximately 58,000 ha 
are protected along a 50-km reach of the river within the SPRNCA, administered by the U.S. 
Department of the Interior Bureau of Land Management.   
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The regionally, nationally, and internationally important ecological resources of SPRNCA also 
provide valued ecosystem services. The main service addressed in this report is the support of 
important plant and wildlife habitat and the resulting biodiversity. Human residents and visitors 
to the area obviously regard this habitat-diversity relationship as being an outstanding service: 
the SPRNCA is nationally and internationally recognized for its birdwatching opportunities, one 
of the fastest growing recreational activities in the U.S.  Most birdwatching in Arizona occurs in 
the southeastern portion of the state and the San Pedro basin is one of the three major areas 
visited.  Total tourism revenues within Cochise County were estimated at $180 million annually.  
In the period 1991-1992, 11,700 tourists visited the San Pedro and 26,300 visited Ramsey 
Canyon, elsewhere in the watershed.  This visitation was estimated to have led to direct 
expenditures in the area of $1.2 million for a total economic impact of $2 million.  By 1997, the 
annual number of visitors to the SPRNCA had grown to an estimated 100,000 visitors.   
 
Of equal or greater importance is the enhancement to the quality of life of local residents 
attributable to the river, its riparian vegetation and the bird life it supports.  These values depend 
on the quality of the aquatic ecosystem.  Marginal deterioration of a natural resource such as the 
SPRNCA imposes losses both to economic activity as well as to public values.   
 
In addition to the non-market value of the river (quality of life, riparian habitat, etc.) to local 
residents, an ecosystem such as the San Pedro services an area larger than it runs through. The 
birds migrating through the area to their breeding areas further north or their wintering areas 
further south provide ecosystem services (including recreation and pest control) to a much larger 
part of the U.S., Canada, and Central and South America.  
 
The ecological resources of the San Pedro riparian ecosystem are currently under considerable 
threat from anthropogenic stress. Particularly, groundwater withdrawals for human consumption 
jeopardize the riparian habitat by lowering the water table in the basin. More recently a new 
potential threat has been recognized: global climate change, through the effect that a changing 
climate may directly exert on temperature and precipitation patterns, and indirectly on water 
tables and evapotranspiration rates, may also have the potential of changing the valued riparian 
ecosystem of the San Pedro.  
 
In this research project we evaluated the potential effect that global climate change, in 
concurrence with existing stressors, may have on the ecological resources and biodiversity of the 
SPRNCA. Our results show that: 
 

• Changes in the representation of the main vegetation communities (riparian and mesic 
and xeric) were projected through 2102 under four main future climate change scenarios: 
no change from present, warmer with similar precipitation, warmer and drier, and warmer 
and wetter. Modeled future vegetation conditions were greatly affected by the scenario 
selected. 

 
• Changes in river baseflow, soil water content, channel migration, and the incidence and 

intensity of wildfires were also modeled under the climate change scenarios. 
 

• Model results suggest that even with no change in climate a decrease in coverage by 
pioneer woody vegetation across the floodplain of the upper San Pedro will occur over 
the next 100 years.  In particular, coverage of cottonwood/willow patches may decline as 
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old patches established during the channel narrowing process will senesce.  The extensive 
cottonwood and willow patches found currently along portions of the river are largely the 
legacy of channel widening and subsequent channel narrowing and floodplain 
reconstruction over the last century.  Long-term coverage by cottonwood/willow in 
particular, and pioneer patch types in general, will depend heavily on how much 
opportunity there is for new recruitment of these species in the future.   

 
• Recruitment of cottonwood/willow depends heavily on the formation of moist, mineral 

seedbeds by channel migration and on the timing of floods.  Hence, the influence of 
climate change on pioneer riparian communities will depend largely on how precipitation 
regimes change. The warmer and drier climate change scenario incurs the greatest 
reductions in the representation of cottonwood/willow dominated communities.  

 
• Projections from the scenario with increased winter precipitation result in larger and more 

frequent winter floods, higher channel migration rates, and higher recruitment rates by 
cottonwood and willow.  If increases in precipitation are high enough, then it is possible 
that pioneer patch types could be maintained at high levels in the floodplain of the San 
Pedro. 

 
• Warmer and drier conditions will favor the replacement of the cottonwood/willow 

riparian forest by local vegetation communities that are better adapted to mesic or xeric 
conditions. These include grasslands and mesquite scrubland. 

  
• Warmer and drier conditions will favor an increase in the representation of the invasive 

shrub saltcedar in the basin. Thus, the upper San Pedro may come to more closely 
resemble areas further downstream where saltcedar has, in many areas, replaced native 
vegetation.  

 
• Model results suggest somewhat higher fire frequencies under all warming scenarios, 

with particularly higher frequencies under a warmer, drier climate. This would favor the 
expansion of mesquite and other mesic or xeric communities, to the detriment of 
cottonwood/willow. 

 
• Other factors could also have important effects on cover of different vegetation 

communities in the floodplain.  Direct and interactive effects of increases in CO2 and 
temperature on plant physiology (e.g., water use efficiency, rates of photosynthesis and 
respiration) may strongly influence plant growth rates and competitive interactions 
among species, particularly between woody shrubs and grasses   
 

• Perhaps the dominant factor influencing vegetation patterns along the San Pedro today is 
its geomorphic history.  The channel incision and widening events of the late 19th through 
early 20th century set the template that influenced subsequent development of the new 
floodplain and riparian ecosystem. Reoccurrence of a catastrophic channel 
incision/widening event in the near future seems unlikely, given improvements in upland 
land use.  However, channel cutting and filling have been cyclical events in the region 
across geologic history and projected effects of global warming include increases in 
climatic extremes.  In addition, recent and ongoing changes in land cover (expansion of 
urban areas and mesquite patches) in the San Pedro watershed may be increasing the 
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flashiness of watershed response.  Against this setting, large increases in the size or 
variability of precipitation events could also increase the vulnerability of the system to 
channel entrenchment from a catastrophic flood event.  Unfortunately, the climatic and 
geomorphic thresholds for such catastrophic events are not well known.  Occurrence of a 
major incision and widening event could reset the system to conditions that prevailed in 
the first half of the 20th century, before channel recovery processes led to channel 
narrowing and formation of the vegetated riparian corridor we see today. 

 
• The avian community of the SPRNCA includes species that are highly dependent on 

riparian cottonwood/willow forest. This is also the habitat that supports most of the 
migratory birds moving through the area in the spring and fall. A different suite of 
species is typical of the more arid grasslands and mesquite shrublands that abut the 
riparian ecosystem. The high overall avian diversity of the area is largely due to the 
juxtaposition of these two very different habitat types. 

 
• Many of the bird species that are dependent on the riparian habitat in the SPRNCA is rare 

or restricted in their North American distributions. However, the species that occur in the 
mesic or xeric habitats abutting the SPRNCA are typically widely distributed and 
relatively common the desert southwest and in northern Mexico. 

 
• The “no change” and “warmer and drier” climate scenarios, acting through their 

projected adverse impacts on the SRPNCA riparian cottonwood and willow habitats are 
likely to adversely affect the ability of the area to continue supporting the bird species 
dependent on this habitat type.    

 
• Specifically, rare and restricted distribution species such as grey hawk, yellow-billed 

cuckoo, and green kingfisher are likely to suffer under the no change and the warmer and 
drier climate scenarios. 

 
• Some species will likely benefit under the no change and warmer and drier scenarios 

(e.g., Abert’s towhee, Botteri’s sparrow, Bewick’s wren, and verdin). However, unlike 
the riparian habitat-dependent species, these are all organisms that are widely distributed 
and relatively common in the desert southwest. 

 
• We project that the net result of the no change and warmer and drier scenarios will be a 

reduction of about 25% in the overall avian biodiversity of the SPRNCA. Furthermore, 
this 25% is comprised largely of the rarer species that attract most of the visitors to the 
area. Without these species the San Pedro ecosystem becomes less outstanding as a target 
for ecotourism. 

 
• The warm and wet, and the warm and very wet climate change scenarios that were 

modeled did not have such adverse effects on the structure and representation of the 
riparian communities. Under these scenarios, increased or maintained river flows were 
projected to ensure the existence of seeding and sapling habitats for cottonwood and 
willow, thereby supporting the continued existence of the riparian forest. 

 
• Recent anthropogenic changes in the riparian system have introduced factors that have 

not been included in this modeling exercise. Specifically, beaver have been re-introduced 
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to the system, and are apparently flourishing. It is too early to tell what effects these 
animals may have on the vegetation and geomorphology of the system. Nor is it possible 
at this stage to predict how beaver activity may interact with others stressors, such as 
climate change. However, it is possible that the activity of the beaver may help shift the 
riparian community back to a pre-20th century conditon where gallery forest was not so 
widespread and cienaga marshlands and ponds dominated the landscape.        
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SECTION 1. INTRODUCTION AND PROJECT BACKGROUND 
 
This study examines the effects of climate change, land-use (population growth and groundwater 
pumping) and the combination of the two on the ability of the Upper San Pedro River to continue 
to support a healthy riparian ecosystem with its important ecological resources and supply valued 
ecosystem services. Our focus is on the riparian habitat for its biodiversity, especially that 
located within the San Pedro Riparian National Conservation Area (SPRNCA).  The goal of the 
project is to assess how global change-related alterations in surface hydrology, subsurface 
hydrology, water quantity, water quality and seasonality may affect these systems.  Through this 
project, an investigative, methodological framework will be developed that can be applied to 
similar basins elsewhere. 
 
In the arid southwestern United States, riparian ecosystems are critical for sustaining regional 
biodiversity and supporting the existence of species that are now otherwise rare or restricted in 
their distributions within the U.S. (Naiman et al., 1993; Noss et al., 1995). They also typically 
support numbers of organisms that are disproportionate to their relatively limited spatial areas. 
For example, although riparian habitats comprise less than 1% of the western landscape, 82% of 
breeding bird species in northern Colorado occur in this habitat (Knopf, et al., 1998); in Montana 
89% of bird species exploit riparian habitats during their breeding seasons, while 36% are 
limited to these habitats (Mosconi and Hutto, 1981).  
 
Historically, most rivers and riparian habitats in the U.S. have been severely degraded through 
flow diversion and dams, groundwater depletion, land use change, urbanization, overgrazing by 
livestock, contaminants, and other anthropogenic stressors (Stromberg et al., 1996; Galbraith et 
al., 1996; Knopf et al., 1998; Mooney and Hobbs, 2000;). These stressors have also been 
responsible for highly fragmented distribution of riparian and riverine habitat. Climatic change 
may present a new challenge to conserving riparian habitats. Climate change may directly affect 
ecological resources, or it may interact with existing stressors in complex ways, potentially 
exacerbating or ameliorating their effects.   
 
This report compiles and presents the results of research projects that focus on the potential 
effects of climate change, together with existing stressors, on the riparian ecosystems of the San 
Pedro River in southern Arizona. These studies examine important drivers of change in this 
system, which, because of its relatively unaltered condition and high levels of biodiversity, is a 
reference system for riparian areas of the Southwest, and projects potential ecosystem changes 
due to future climate change. This research was funded by U.S. EPA’s Office of Research and 
Development. 
 
This project employs a risk assessment approach as the process for achieving results (see the 
EPA’s Guidelines for Ecological Risk Assessment, US EPA 1998) and will use the concept of 
“ecosystem services” to articulate specific objectives and project endpoints. The term 
“ecosystem services” describes both the conditions and the processes through which ecosystems 
sustain and fulfill human life (Daily 1997). Ecosystem services maintain biodiversity, produce 
goods, and perform life-support functions. Along the Upper San Pedro, ecosystem services 
include flood and drought alleviation, waste assimilation and purification capacity, and 
recreational opportunities – all revolving around the exceptional biodiversity in the Basin. In the 
Upper San Pedro riparian ecosystem the ecosystem services are not restricted to the immediate 
area but extend south into Mexico and Central America and north into Canada and Alaska.  
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These are the ecosystem services, including recreation, pollination, seed dispersal and pest 
control, provided by the migratory songbirds using the Upper San Pedro riparian ecosystem 
(SPRE) to refuel during their migratory journeys.  The reason for employing the concept of 
ecosystem services in this project is that it enables individuals from a cross section of society 
(e.g., ecologists, economists, the general public) to express the values they hold for ecological 
processes or functions using a common language. Common expressions of value help frame 
analyses to produce information relevant to decision making. Translating changes in ecological 
functioning and processes into changes in ecosystem services also enables clearer 
communication of the effects of global change on ecosystems as a whole. Both social and 
ecological consequences may be captured and expressed using this concept. 
 
1.1 The San Pedro Riparian Ecosystem and its Biodiversity Importance 
 
The Upper San Pedro River riparian ecosystem (SPRE) in southeastern Arizona and northern 
Sonora (figure 1-1) contains one of the richest assemblages of species and supports one of the 
most important migratory bird habitats in western North America (Arias Rojo et al., 1999). The 
biodiversity of the SPRE matches or exceeds that found almost anywhere else in the United 
States: more than twenty different biotic communities occur in the basin, and the river sustains 
three biotic types considered threatened - Fremont cottonwood/Goodding willow forests, 
cienegas and big sacaton grasslands (Figures 1-2 through 1-4). Vascular plant diversity is very 
high, with 608 species from 92 families identified within the SPRNCA alone (Makings in press). 
Among these is the Huachuca water umbel (Lilaeopsis schaffneriana spp. recurva), a federally 
endangered species. The SPRE is of critical importance in maintaining regional biodiversity at 
the ecotones between the Sonoran and Chihuahuan deserts and the Plains grassland.  
 
The Nature Conservancy has recognized the high ecological value of the area through the 
designation of the upper San Pedro as one of the “Last Great Places”.  Approximately 58,000 ha 
are protected along a 50-km reach of the river within the San Pedro Riparian Conservation Area 
(SPRNCA), administered by the U.S. Department of the Interior Bureau of Land Management 
(BLM).   
 
The San Pedro River begins near the town of Cananea in the state of Sonora, Mexico and flows 
240 km north through Arizona, to its confluence with the Gila River near Winkelman, Arizona 
(Arias Rojo et al., 1999).  Total drainage area is about 1900 km2 at the border and about 12,000 
km2 at its confluence with the Gila River (Stromberg, 1998a).  For most of its course, the San 
Pedro is a low elevation, low gradient (0.002-0.005 m/m) alluvial stream (Stromberg, 1998), 
with elevation ranging from 1300 m at the Mexican border to 586 m at the confluence of the Gila 
River, a distance of 198 km (Huckleberry, 1996).  The river is typically divided into upper and 
lower reaches, with varying definitions.  Typically, the upper San Pedro is considered the reach 
extending from the headwaters in Sonora, Mexico to a bedrock constriction near Benson known 
as the Narrows (Wood, 1997).  Geomorphically, the upper San Pedro carries a mixed sediment 
load (suspended sediments and bedload) and has a relatively narrow, braided low flow channel, 
but a sinuous flood channel (floodplain) between arroyo walls.  The sediment in the channel bed 
is coarser than in the arroyo walls.  The lower San Pedro (downstream from the Narrows) is 
wider and less sinuous entrenched channel and is more of a bedload system (Huckleberry, 1996).  
Upland vegetation of the lower valley (north of Cascabel) is characterized by Sonoran 
desertscrub, while the upper valley is characterized by Chihuahuan desertscrub, with semi-desert 
grassland and Madrean evergreen woodland at higher elevations (Brown, 1994).   
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For its size, the area has one of the highest vertebrate diversities found anywhere in the United 
States. The SPRNCA has one of the highest bird diversities of any area of its size in the United 
States, with more than 350 recorded species (Kreuper, 1997), 250 of which are Neotropical 
migrants. Between one million and four million migrating songbirds use the riparian habitat 
annually as they move between their wintering grounds in Mexico and Central America and their 
breeding grounds in the United States and Canada (Arias Rojo et al., 1999). Twelve bird species 
found annually on the SPRNCA have previously been classified by the State of Arizona as 
Wildlife of Special Concern, representing 41% of the bird species on that list.  Of the 107 species 
on the 1988 Partners in Flight ‘WatchList’, 52 have occurred in the San Pedro Basin at least once 
and 19 of them either breed or winter in the area.  Of the top scoring 45 species on Arizona 
Partners in Flight species of concern, 42 have occurred at least once in the basin and 25 occur 
annually (9 breed, 5 winter and 11 migrate through).  The SPRNCA has been designated as 
critical habitat for the endangered Southwestern Willow Flycatcher.  Additionally, a globally 
significant number of Western Yellow-billed Cuckoos, a species that groups have petitioned the 
USFWS to consider listing as a threatened or endangered species, breed along the San Pedro 
(Arias Rojo et al., 1999). 
 
The SPRNCA currently contains, or contained within the last 150 years, more than 80 species of 
mammals – for its area, one of the richest assemblages of land mammal species in the world.  
More than 40 species of reptiles and amphibians have also been found within the boundaries of 
the SPRNCA (Arias Rojo et al, 1999). However, the fish population of the San Pedro River in 
the U.S. is impoverished with only 2 of 13 native species persisting.  Many of the native fish 
species were eradicated during a spill of toxic pollutants from the Cananea mine in the Mexican 
reach of the river. Now that the quality of water has improved the USFWS considers the San 
Pedro River to be potential habitat for reintroduction of several endangered fish species (in Arias 
Rojo et al., 1999). 
 
The San Pedro watershed in Mexico is also considered ‘regionally outstanding’ for its biological 
values.  Four major biotic communities have been identified in the watershed, supporting some 
260 species of vertebrates of which 64 are considered threatened, endangered or rare.  More than 
117 species of birds have been identified in the area, with 16 listed under some protection status.  
Since 1970, there has been a notable decline in natural riparian habitat, particularly along reaches 
near the U.S. border (Arias Rojo et al., 1999) 
 
In the arid southwestern United States, riparian ecosystems are critical for sustaining regional 
biodiversity and supporting the existence of species that are now otherwise rare or restricted in 
their distributions within the U.S. (Naiman et al., 1993; Noss et al., 1995). They also typically 
support numbers of organisms that are disproportionate to their relatively limited spatial areas. 
For example, although riparian habitats comprise less than 1% of the western landscape, 82% of 
breeding bird species in northern Colorado occur in this habitat (Knopf, et al., 1998); in Montana 
89% of bird species exploit riparian habitats during their breeding seasons, while 36% are 
limited to these habitats (Mosconi and Hutto, 1981).  
 
Historically, most rivers and riparian habitats in the U.S. have been severely degraded through 
flow diversion and dams, groundwater depletion, land use change, urbanization, overgrazing by 
livestock, contaminants, and other anthropogenic stressors (Stromberg et al., 1996; Galbraith et 
al., 1996; Knopf et al., 1998; Mooney and Hobbs, 2000;). These stressors have also been 
responsible for highly fragmented distribution of riparian and riverine habitat. Climatic change 
may present a new challenge to conserving riparian habitats. Climate change may directly affect 
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ecological resources, or it may interact with existing stressors in complex ways, potentially 
exacerbating or ameliorating their effects.   
 
This report compiles and presents the results of research projects that focus on the potential 
effects of climate change, together with existing stressors, on the riparian ecosystems of the San 
Pedro River in southern Arizona. These studies examine important drivers of change in this 
system, which, because of its relatively unaltered condition and high levels of biodiversity, is a 
reference system for riparian areas of the Southwest, and projects potential ecosystem changes 
due to future climate change. This research was funded by U.S. EPA’s Office of Research and 
Development. 
 

1.2 Ecosystem Services Provided by the SPRNCA  
 
In this project, the concept of “ecosystem services” is used to articulate specific objectives and 
project endpoints. The term “ecosystem services” describes both the conditions and the processes 
through which ecosystems sustain and fulfill human life (Daily 1997). Ecosystem services 
maintain biodiversity, produce goods, and perform life-support functions.  
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  Figure 1-1. Map showing the location of the San Pedro River, the SPRNCA, and nearby cities 
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Figure 1-2. A general view of the SPRNCA looking south to Mexico.  
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Figure 1-3. The San Pedro River flowing through the SPRNCA and showing the 
cottonwood/willow gallery forest that adjoins the river. 
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Figure 1-4. Showing the ecotone in the SPRNCA between the riparian ecosystem and the 
sacaton grassland and mesquite scrub.  

 
The principal service provided by the SPRNCA and addressed in this report is the support of 
important plant and wildlife habitat and the resulting biodiversity. Human residents and visitors 
to the area obviously regard this habitat-diversity relationship as being an outstanding service: 
the SPRNCA is nationally and internationally recognized for its birdwatching opportunities, one 
of the fastest growing recreational activities in the U.S.  The watershed as a whole contains an 
additional 2-3 major and numerous minor birdwatching locations.  In 1991, birdwatching was 
estimated to generate more than $128 million in retail sales and supported more than 3800 jobs.  
Most birdwatching in Arizona occurs in the southeastern portion of the state and the San Pedro 
basin is one of the three major areas visited.  Total tourism revenues within Cochise County were 
estimated at $180 million annually.  In the period 1991-1992, 11,700 tourists visited the San 
Pedro and 26,300 visited Ramsey Canyon, elsewhere in the watershed.  This visitation was 
estimated to have led to direct expenditures in the area of $1.2 million for a total economic 
impact of $2 million.  By 1997, the annual number of visitors to the SPRNCA had grown to an 
estimated 100,000 visitors.  However, no new economic impact studies have been done.  A site 
receiving similar visitation rates for similar purposes is Laguna Atascosa NWR in Texas.  Total 
non-consumptive visitor-related expenditures at Laguna Atascosa in 1995 were approx. $3.5 
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million for a local economic impact of $6 million (Arias Rojo et al., 1999).  There is also a 
limited amount of consumptive uses of the SPRE for recreational fishing and some hunting. 
 
Of equal or greater importance is the enhancement to the quality of life of local residents 
attributable to the river, its riparian vegetation and the bird life it supports.  These values depend 
on the quality of the aquatic ecosystem.  Marginal deterioration of a natural resource such as the 
SPRNCA imposes losses both to economic activity as well as to public values.  Many individuals 
mentioned the river as an attribute contributing to their choice of living in the area.   
 
In addition to the non-market value of the river (quality of life, riparian habitat, etc.) to local 
residents, an ecosystem such as the San Pedro services an area larger than it runs through. The 
birds migrating through the area to their breeding areas further north or their wintering areas 
further south provide ecosystem services (including recreation and pest control) to a much larger 
part of the U.S., Canada, and Central and South America.  Application of wetland function 
valuation approach or a contingent valuation method could perhaps be used to estimate the non-
market or willingness to pay value for the Upper San Pedro.  Additionally consideration needs to 
be given to the function of the riparian ecosystem in carbon sequestration, of marsh vegetation in 
purifying the water and to regional cooling effects afforded by the transpiration of the vegetation 
(modified from Arias Rojo et al., 1999). 
 

1.3 Stakeholders and their Involvement 
 
A fundamental component of this project was to engage the variety of stakeholders who have an 
interest and a role in helping to preserve the biodiversity of the Upper San Pedro riparian 
ecosystem, so they could aid in the analytic design, analysis, evaluation and interpretation of 
information. Stakeholders guided the selection and prioritization of analytic activities, helped 
establish project goals, shared expertise, and provided information in a variety of areas including 
public values, equity considerations, and relevant decision processes. Their continuous input 
about their information needs enhanced the relevance and credibility of results. 
 
The San Pedro Climate Change Project was designed to be an adaptive project, able to make 
some changes in response to feedback from other researchers, landowners and conservation 
groups in the surrounding area.  Unlike the Upper Chesapeake and San Francisco Bay watershed 
projects currently being studied under the auspices of EPA, the San Pedro is mostly important for 
its biodiversity and recreational values.  The river provides no direct drinking water for 
surrounding communities, has no current livestock grazing in the primary area of the study, and 
only provides a limited amount of direct irrigation for agriculture just outside of the primary area 
of the study.  Therefore, the main goal of the study is to investigate the impacts of climate 
change and land-use change on the biodiversity service of the riparian ecosystem and on 
potential ‘downstream’ ecological effects (e.g., reduction of bird populations breeding in the 
U.S. and Canada) relating to the biodiversity of the riparian ecosystem. 
 
The limited number of primary ecosystem services being provided by the San Pedro riparian 
ecosystem also restricts, somewhat, the composition of the key stakeholder groups interested in 
the project.  The initial analysis of stakeholder groups included - 
 

Federal Agencies - Bureau of Land Management, National Park Service, Department of 
Defense, U.S. Forest Service, U.S. Fish and Wildlife Service 
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State Agencies - Arizona Game and Fish Department 

 
Non-profit Organizations - Southeast Arizona Bird Observatory, The Nature 
Conservancy, Huachuca Audubon Society, American Bird Conservancy  and Friends of 
the San Pedro.   

 
In addition, The San Pedro Partnership, a group composed of representatives of various state, 
federal and municipal governments, and non-profit organizations, has been informally briefed on 
the study and kept informed of all major findings. 
 
A meeting was held in year one of the study, attended by representatives of most of these groups.  
Stakeholder groups that did not attend the original meeting were contacted and briefed on the 
project.  At this meeting and during subsequent conversations discussions were held concerning 
the overall endpoints of the study.  These conversations helped to focus and narrow the scope of 
some the study as well as to identify the key species of interest to the stakeholder groups (see 
preliminary results).   
 
1.4 Overview of Studies - 
 
The primary goal of this suite of studies was to model the likely effects of climate change, 
coupled with existing stressors (agriculture, ranching, urbanization), on selected ecological 
services of the SPRNCA.  Specifically, we evaluated the future ability of the SPRNCA to remain 
a high quality, self-sustaining riparian ecosystem able to continue to provide those ecological 
services that it currently provides.     
 
Subsumed within the above overall objective are three connected “sub-objectives.” These were 
to evaluate how: 
 

• Existing stressors and changes in the climate in the SPRNCA will likely affect the 
hydrologic conditions that determine the structure and composition of vegetation 
communities 

 
• Existing stressors and climate change may affect the structure, composition, and 

representation of vegetation communities in the SPRNCA 
 

• Changes in the SPRNCA vegetation communities under climate change will affect their 
ability to continue to support important ecological resources (riparian vegetation 
communities, aquatic biota, amphibians and reptiles, mammals and birds). 

 
 
Modeling approaches, coupled with field data, were used to address each of these research 
objectives. These approaches and their results are described in the main body of this report. 
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1.5 Report structure 
 
The remainder of this report comprises 6 main sections. In Section 2, the main ecological drivers 
and stressors of the SPRE are identified and discussed. In Section 3 the methods used, and the 
results of, the vegetation modeling are presented. In Section 4, the approaches to analyzinf the 
effects of climate change on biodiversity, including translating projected vegetation changes into 
effects on selected bird species and avian communities and biodiversity, are described. Section 5 
briefly discusses the implications of the projected vegetation and wildlife changes on the main 
ecosystem service provided by the SPRNCA – support of wildlife habitat and biodiversity.  
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SECTION 2. HYDROLOGY, STRESSORS, HISTORICAL CHANGE AND 
BIODIVERSITY IN THE SAN PEDRO RIPARIAN ECOSYSTEM 
 
This section of the American Bird Conservancy report identifies the main climatic and 
geophysical drivers of the condition and quality of the San Pedro riparian ecosystem, particularly 
in the SPRNCA, and discusses how these have changed, and the ecological changes that they 
have set in train, over the last century. It is intended to set the context for the specific studies that 
are described in the remainder of the report. It also describes past and recent changes in the main 
anthropogenic stressors on the system – agriculture and local population growth and their 
demands on the hydrology of the system.     
 

2.1 Climate 
 
The current climate in the SPRNCA is generally considered semiarid, with temperatures 
exceeding 100° F in the summer to occasional lows below freezing in the winter.  Precipitation 
in the basin averages from between 9” and 25” per year and falls in a bimodal pattern.  Winter 
precipitation, accounting for approximately 30% of the total, usually falls in the form of steady 
rains brought in by storms from the Pacific Ocean.  The bulk of the precipitation, 70%, falls in 
summer from convective thunderstorms, known as monsoons.  Summer precipitation is highly 
variable with some areas receiving a great deal of rain while nearby areas may receive none.  Fall 
and spring are both usually dry.  Overall the amount of precipitation increases and the average 
temperature decreases at the higher elevations in the watershed.  
 
Year-to-year and multi-decadal variability in winter precipitation related to the El Niño Southern 
Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) has a strong influence on 
ecological dynamics in the region.  Periods of high winter rains in El Niño years also have a 
strong influence on the occurrence of winter floods.   
 
Spatial and temporal variability in water availability affect the dynamics of ecosystems in the 
region.  Recent changes in climate have had a strong influence on riparian ecosystems, with 
wetter conditions since about 1960 resulting in an increase in the frequency of winter floods and 
recruitment opportunities by pioneer riparian trees.  This period roughly corresponds to the 
positive (warm) phase of the Pacific Decadal Oscillation that occurred from 1976-1998, during 
which El Niño events were more frequent than previously.  In the last 5 years, however, the 
climate system may have transitioned to a drier phase with the juxtaposition of a negative (cool) 
Pacific Decadal Oscillation (PDO) and a positive (warm) Atlantic Multidecadal Oscillation 
(AMO), a configuration that last occurred during the mega-drought of the mid-1950s. 
 
2.1.1 Future Climate Change 
 
Climate change projections for the Southwest Region of the United States suggest an increase in 
mean seasonal temperatures of 2-7 ° C over the next 100 years. All climate change models agree 
in this regard. However, climate models used in the Southwest Region Assessment differ in their 
projections for precipitation, with the Canadian Climate Centre model and the Hadley 2 model 
projecting strong increases in winter precipitation, and the Regional Model by the National 
Center for Atmospheric Research (NCAR) suggesting a decrease in winter precipitation. Thus, 
the general consensus about future climate conditions in the study area is that it will be 
significantly hotter, but that it may be wetter, drier or similar to current conditions. This 



 21

precipitation change uncertainty is important in projecting future ecological change. Therefore, 
the climate change scenarios on which our vegetation modeling is based are designed to capture 
and reflect this range of potential precipitation outcomes (Section 3).   
 

2.2 Hydrology 
 
A hydrological system can be thought of in terms of its inputs and outputs, while a pristine 
system can best be thought of as being in a state of dynamic equilibrium: over time the amount 
of water leaving the system is offset by water entering the system.  In many systems this in-
stream flow is primarily caused by run-off.  While there is some seasonal run-off in the San 
Pedro River, the majority of the flow in the river actually comes from the groundwater aquifer.  
The primary regional aquifer for the San Pedro River is made up of upper and lower alluvial 
units in direct hydraulic connection with each other. The floodplain aquifer beneath the San 
Pedro is long, narrow, and shallow, with a thickness ranging from more than 150’ to non-existent 
in areas where bedrock is close to the surface. Fed by this aquifer, the San Pedro River is 
generally perennial between Hereford and Charleston.  From Charleston to Redington, 
streamflow conditions are largely governed by the surrounding geology.  In general, flow in the 
San Pedro is intermittent from the ‘Narrows’ downstream to Redington.  Much of the base flow 
in the San Pedro River comes from the floodplain aquifer – the perennial flow being largely due 
to the groundwater discharging to the stream (Goode and Maddock, 2000). 
 
The primary sources of recharge for this aquifer are mountain front recharge and excess 
irrigation water trickling down to the groundwater.  Mountain front recharge includes all of the 
waters draining down off of the mountains surrounding the watershed.  This includes both direct 
flows from tributaries, but is mainly from water percolating down into the alluvial layers (Goode 
and Maddock, 2000).  There may also be some recharge from wetlands built at the Sierra Vista 
sewage ponds but this recharge has not been quantified (Arias Rojo et al., 1999).  In general the 
amount of recharge is calculated as the amount of precipitation minus the evapotranspiration of 
the plants.   
 
Evapotranspiration from the riparian vegetation is one of the natural water users of system and 
needs to be factored in to any hydrologic balance.  Evapotranspiration is important not only from 
the riparian vegetation that supports the ecosystem services in the SPRNCA, but also from 
vegetation in the watershed and on the uplands along the river that capture some of the mountain 
front recharge.   
 
Pumping disrupts the natural balance in the system as an additional discharge and should be 
considered the primary stressor in the San Pedro River Ecosystem. The amount of water pumped 
from the aquifer supporting the San Pedro riparian ecosystem has increased dramatically in the 
last 50-60 years.  From small amounts of pumping (<25,000 m3/day) in 1940, the amount of 
water pumped from the aquifer has increased to >200,000 m3/day over the period 1976-1985, a 
level of intensity that continued into 1997 (Goode and Maddock, 2000).   Much of this water is 
pumped for agricultural use.  While there is some return of water to the aquifer via percolation, 
on average 70% of the water used for agriculture is lost. Basin wide, the amount of land in 
irrigation has remained fairly constant since the creation of the SPRNCA in 1988.  While some 
wells near the river have been retired, others have been put into service.  The amount of water 
used for irrigation has increased from <20,000 m3/day in 1940-41 to between 100,000-120,000 
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m3/day for the period of 1985-1997.  Agriculture is the largest user of water on the U.S. side of 
the border.  
 
Other users of water on the U.S. side of the river are municipal water supply wells (500 m3/day 
in 1940-41 increasing to 29597 m3/day in 1997); other domestic water wells (<500 m3/day in 
1940-41 to >3500 m3/day in 1997); stock wells (<1000 m3/day in 1940-1941 to >10,000 m3/day 
in 1997; declining since 1989) and some military and industrial use (Goode and Maddock, 2000). 
On the Mexico side of the basin, pumping estimates are harder to come by. Pumping for 
domestic use has been estimated at only around 90 m3/day.  The largest user of water in the 
Mexico portion of the watershed is the mine at Cananea.  Groundwater pumping at the mine 
peaked at 50,000 m3/day in 1990 falling off to a little over 30,000 m3/day in 1997.  There has 
also been some agricultural pumping along the river but it does not seem to be a regular 
occurrence at this time (Arias Rojo et al., 1999). 
 
Results projected by hydrological models for the years 1940- 1997 show that the levels of 
anthropogenic water use described above have resulted in: 1) a reduction in streamflow in the 
San Pedro River; 2) a reduction in evapotranspiration by riparian vegetation along the floodplain 
of the San Pedro River; and 3) the formation of significant cones of depression near many 
communities with accompanying large losses of groundwater storage.  Depletion in base flows of 
the San Pedro River is most noticed around Benson (Figure 1-1) where many reaches are now 
dry.  Overall, nearly 20% of the water pumped in the San Pedro basin was taken from the river.  
Since 1940 the perennial flow in the river near Charleston (Figure 1-1) has been reduced by more 
than 30%.  Another 15% of the water pumped in 1997 was taken from evapotranspiration thus 
affecting the riparian vegetation in the SPRE (Goode and Maddock, 2000). 
 
2.2.1 Hydrology and Vegetation 
 
The biodiversity and health of the San Pedro riparian ecosystem is strongly influenced by the 
hydrologic regime of the river – both its timing and overall flow as determined by surface and 
groundwater flows.  Critical components of surface flows for riparian biota include low flows 
(base flows) and high flows (flood flows).  Base flows are the major source of water for the 
ecosystem during the driest part of the years.  Declining base flows are usually indicative of 
declining groundwater levels.  Flood flows are also important for establishment of new 
vegetation and act to recharge the shallow alluvial aquifer (Arias Rojo et al., 1999). 
 
The lowest stream flows in the San Pedro River occur from April to June.  During this time, the 
base flows come primarily from groundwater and are essential for the survival of riparian 
species.  While some species can tolerate the intermittent loss of stream flow, many require 
perennial flow.  This period of low flows also occurs when birds are migrating through and when 
they are establishing breeding territories.  Thus, flows in the river during the driest times of the 
year are vital.   
 
As water availability changes, the composition and abundance of riparian and aquatic 
communities also change.  The composition of the riparian plant community changes as the 
depth to groundwater changes, because of differences between species in rooting depth, drought 
tolerance and saturation tolerance (Stromberg et al., 1996).  Perennial flows are also necessary to 
support aquatic plants, fish and some aquatic invertebrates, while floodplain soils underlain by 
shallow groundwater (mean depths of less than 0.25 m below the surface) are necessary to 
support obligate wetland herbaceous marsh plants. Groundwater becomes inaccessible to most 
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herbaceous species at depths approaching five meters.  Of the trees in the riparian ecosystem, 
Goodding willow, Salix goodingii, and Fremont cottonwood, Populus fremontii, require the 
shallowest groundwater level (Stromberg, 1998).  Seedlings require the groundwater table to be 
within 0.5 and 1.5 meters of the surface.  High quality stands of these species grow primarily in 
areas where the depth to groundwater is less than three meters, although some will grow in areas 
with a depth to groundwater of 5 m (in Arias Rojo et al., 1999). 
 
Permanent declines of groundwater of more than one meter have been observed to lead to a loss 
of vigor and eventual death of Fremont cottonwoods (Stromberg et al., 1996).  However, the 
introduced species salt cedar flourishes in these conditions, often replacing cottonwoods as the 
soil becomes drier.  In the perennial reaches of  SPRNCA, cottonwoods are healthy and depth to 
groundwater typically fluctuates by less than 0.5 m.  At the north and south ends of SPRNCA the 
ecosystems are less healthy; signs of drought stress have been noted in the vegetation and 
groundwater levels have fluctuated by 0.5-1meter and occasionally by two meters (Stromberg et 
al., 1996). 
 

2.3 Human Population Growth 
 
The human population of the land adjacent to the San Pedro River has grown dramatically in 
recent decades.  The population of Sierra Vista, the largest city near the Upper San Pedro grew 
from 24,937 in 1980 to 41,325 in 1999.  Since 1990, the population in the area has grown by 
23.3% and the current average is a growth rate of 2.4% a year.  The University of Arizona, in 
strategic planning for a campus in the area, estimates a continued growth of 2% a year for the 
foreseeable future.  Much of the growth and water-use affecting the river comes not from Sierra 
Vista but from the unincorporated areas of the county around the SPRNCA.   Between 1960 and 
2000 the population in Cochise County grew from 55,039 to 117,755 (U.S. Census data).  
Projected growth for the county as a whole is for a population of 160,049 by 2030 and 174,556 
by 2050 (Pima Association of Governments).  Not all of this growth will be in areas potentially 
impacting the SPRNCA, as it also includes the cities of Benson, Willcox and Bisbee.  While 
agricultural water use in the area is expected to decrease over the next few decades, the amount 
of urbanized land and concomitant water use will grow rapidly. 
 
Historically, the principal user of water in the U.S. side of the basin has been agriculture.  
However, this use has a relatively low return per unit of water as the water is typically used for 
low value crops such as pasture and alfalfa.  The loss of economic activity from retiring 
agricultural pumping is estimated to be less than $1 million while the economic benefit of eco-
tourism in the same area is estimated to be more than $6 million per year (Arias Rojo et al., 
1999). 
 

2.4 Geomorphological and Ecological Changes along the San Pedro River 
 
The SPRE has changed over time, in responses to changes in climate, land use, fire and flood 
regimes, species introductions and losses, and other human influences.  The journals of early 
explorers describe the watershed as being composed of grasses tall enough to hide a man on 
horseback and the river bottom as a broad marsh full of beaver and fish (Arias Rojo et al., 1999).    
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Sometime between the 1850s and the turn of the 20th century a major episode of arroyo cutting 
occurred lowering the channel several meters below the floodplain surface (Hastings, 1959).  
This was likely due to several factors including extreme climatic events (including several large 
floods), deforestation, water diversions and overgrazing by livestock (Bahre, 1991, Tellman et 
al., 1997).  This led to changes in the biotic character of the river with the loss of much of the 
marshland vegetation (Hendrickson and Minckley 1984).  Mesquite brushlands also became 
more common in the surrounding watershed.   
 
The widespread channel incision and entrenchment of the late 19th and early 20th centuries may 
exert a strong influence on current geomorphology and riparian vegetation on the San Pedro and 
other rivers in the region.  The pre-entrenchment (pre-1850) San Pedro appears to have been 
shallow and marshy, with longer reaches of perennial flow, and the vegetation a mosaic of 
riverine marshlands (cienegas), sacaton grasslands, and more scattered riparian woodlands of 
cottonwood, willow, and ash (Arias Rojo et al., 1999).  Degraded range conditions, coupled with 
large floods, led first to episodes of severe channel down-cutting (incision), followed by 
entrenchment and formation of a wide, braided river channel.  In the upper San Pedro, channels 
incised 1-10 m (1-5 m upstream from Lewis Springs and 5-10 m downstream).  Near Hereford, 
entrenched channel widths increased from 25-40 m in the early 1900s to around 80-100 m or 
more in the late 1930s.  Enlargement of the entrenched channel (floodplain) slowed beginning in 
the 1950s, with total floodplain area relatively stable since the 1970s, suggesting that channel 
processes may have reached a dynamic steady state.  Since the 1950s, flood magnitude has 
declined and rates of fluvial disturbance have slowed, allowing vegetation colonization, channel 
narrowing, and formation cottonwood-willow gallery forest on a new, inset floodplain within the 
entrenched channel banks.  Most of the present cottonwood and willow forests originated in the 
1960s and 1970s, with narrower bands of recruitment since then.  This suggests that rates of 
channel migration and pioneer tree recruitment may have declined in recent years as the channel 
has narrowed and the banks have become stabilized with riparian vegetation.   
 
A few pockets of Fremont cottonwood dating back at least 1900 have persisted on the old 
floodplain (Stromberg 1998).  Some of the current cottonwood-willow forest lining the channel 
banks throughout much of the area expanded in the new floodplain between 1900-1950. 
However, most cottonwoods seen today were established in the 1960s and 1970s.  Some 
cottonwoods have become established in the 1980s and 1990s but these cover a much smaller 
area. Riparian vegetation along the San Pedro approximately doubled in acreage from the 1930s 
to the 1960s (Arias Rojo et al. 1999).  There has been very little increase in overall riparian area 
since 1966 and current estimates are that it probably will not increase much more.  In Mexico, 
loss of riparian vegetation has been severe between 1970 and 1992.  Increase in brush, especially 
mesquite, is pronounced.  Introduction of invasive exotic plant species has also influenced 
portions of the SPRNCA.  Salt cedar, Tamarix chinensis, native to Eurasia, was introduced in the 
1800s and has become abundant on parts of the river since about the 1960s, especially in those 
areas that can no longer support cottonwood-willow forests (Stromberg 1998).  
 
Since the 1850s, riparian vegetation has changed considerably along the upper San Pedro River.  
Riverine marsh/cienega, once a dominant cover type, has declined considerably, likely due to 
reductions in stream flow permanence, drops in alluvial groundwater that accompanied channel 
incision, and the extirpation of beaver.  Riparian forests and shrublands dominated by 
cottonwood, willow, or tamarisk have increased in area, with present-day forest vegetation 
occupying the inset floodplain formed from narrowing of the previous wide, entrenched channel.  
Coverage and productivity by sacaton (Sporobolus wrightii) grasslands have declined throughout 
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the region.  Coverage by mesquite coverage may have increased, particularly in upland areas.  
Fire appears to have increased in importance along the San Pedro over the last decade, perhaps 
linked to increases in fine fuel since the removal of grazing in 1988 and increased plant 
productivity from wet winters associated with El Niño events.  These fires may be reducing 
coverage by woody species and increasing grassland area.  Finally, increases in groundwater 
pumping in the basin since the 1940s have reduced alluvial groundwater levels and decreased 
baseflow along portions of the upper San Pedro. 
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SECTION 3.  PROJECTING THE EFFECTS OF ENVIRONMENTAL CHANGE ON 
RIPARIAN VEGETATION IN THE SPRNCA 

3.1  Introduction 
 
Riparian areas function as keystone elements of the landscape, having a functional importance 
that far exceeds their proportional area.  Ecosystem services provided by riparian areas include 
their roles as buffers controlling lateral movements of pollutants or sediments between aquatic 
and terrestrial environments, corridors for facilitating longitudinal movement or organisms or 
materials across the landscape, and highly productive habitats that are often hotspots for 
biodiversity (Naiman et al., 1993, Naiman and Decamps, 1997).  In the southwestern United 
States, riparian habitats are particularly important for sustaining regional biodiversity, with a 
large proportion of species dependent on riparian systems (Patten, 1998).  Southwestern riparian 
systems may have an important influence on continental diversity of Neotropical migrant birds, 
providing critical migratory corridors and stopover habitats through an otherwise arid region 
(Skagen et al., 1998).  Finally, as ecotones between terrestrial and aquatic ecosystems, riparian 
zones may be highly sensitive indicators (but see Grimm et al., 1997) or integrators of 
environmental change in the watersheds within which they occur (Decamps, 1993).  Because of 
their position at the land-water interface, riparian zones are potentially impacted by 
environmental changes that occur anywhere within the watershed.  Watershed level changes in 
hydrologic processes (e.g., runoff, groundwater recharge, evapotranspiration) hence may inflict a 
particularly strong imprint on the structure and function of riparian zones. 
 
Watersheds and riparian systems of semi-arid to arid regions, such as the southwestern United 
States, should be particularly sensitive to environmental changes that influence hydrologic 
processes. Water is a limiting resource in the Southwest, both for natural ecosystems and for 
humans, presenting an important challenge for balancing economic development and the 
conservation of native ecosystems.  The majority of riparian and river systems in the desert 
Southwest have been strongly degraded through a variety of anthropogenic stressors, including 
flow diversion and dams, groundwater depletion, land use change, urbanization, and overgrazing 
by livestock (Tellman et al., 1997, Patten, 1998).   
 
New challenges exist with the increasingly recognized effects of anthropogenically-induced 
climatic change.  General Circulation Models of the climate system project large changes in 
temperature and precipitation patterns over the next 50-100 years as a result of accelerated 
accumulation of greenhouse gases in the atmosphere, largely from the burning of fossil fuels 
(SRAG, 2000, Houghton et al., 2001).  There is increasing evidence that global and regional 
climate has changed over the last 100 years, particularly since the 1950s.  Climatic change may 
interact with other stressors in complex ways, potentially exacerbating the effects of some 
stressors or ameliorating the effects of others.  However, the diversity of stressors impacting 
southwestern riparian systems, climatic change, and the inherent variability in historic climatic 
conditions make the effects of individual stressors, or even “naturally” versus 
“anthropogenically” induced changes, difficult to separate (Grimm et al., 1997).   
 
This report reviews some of the important drivers of change in southwestern riparian systems 
and projects how riparian vegetation community structure and function might be affected by 
changes in climate, land use, and water consumption within the basin of the San Pedro River.  In 
addition to reviewing the literature on southwestern riparian systems, this report also examines 
the implications of several plausible climate change scenarios for riparian vegetation dynamics, 
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using a simulation model developed and parameterized for the upper San Pedro.  The San Pedro 
is presented as a case study because of the availability of data on the factors influencing 
ecological structure and function for the system, the high species richness and biological value of 
the area, the high ecological integrity of the system compared to other southwestern watersheds, 
and the array of factors that challenge the long-term sustainability of the system. 
 
 
3.1.1 Study site: San Pedro River and SPRNCA 
 
The San Pedro is one of the few low-elevation rivers of its size in the desert Southwest that 
contains significant reaches of perennial flow and is not regulated by dams.  These 
characteristics support a lush riparian corridor with gallery forests of cottonwood and willow on 
perennial reaches.  The presence of this riparian corridor within this arid landscape provides 
critical migratory and breeding habitat for many bird species, as well as habitat for a high 
diversity of mammals, reptiles and amphibians, butterflies, and other animals (Arias Rojo et al., 
1999).  The Nature Conservancy has recognized this high ecological value through the 
designation of the upper San Pedro as one of the “Last Great Places”.  Approximately 58,000 ha 
(Steinitz et al., 2003) are protected along a 50-km reach of the river within the San Pedro 
Riparian Conservation Area (SPRNCA), administered by the U.S. Department of the Interior 
Bureau of Land Management (BLM).  Protection began in 1988 (Yuncevich, 1993) in 
recognition of the significant biological resources that exist in the river corridor.   
 
The San Pedro River begins near the town of Cananea in the state of Sonora, Mexico and flows 
240 km north through Arizona, to its confluence with the Gila River near Winkelman, Arizona 
(Arias Rojo et al., 1999).  Total drainage area is about 1900 km2 at the border and about 12,000 
km2 at its confluence with the Gila River (Stromberg, 1998a).  For most of its course, the San 
Pedro is a low elevation, low gradient (0.002-0.005 m/m) alluvial stream (Stromberg, 1998a), 
with elevation ranging from 1300 m at the Mexican border to 586 m at the confluence of the Gila 
River, a distance of 198 km (Huckleberry, 1996).  The river is typically divided into upper and 
lower reaches, with varying definitions.  Typically, the upper San Pedro is considered the reach 
extending from the headwaters in Sonora, Mexico to a bedrock constriction near Benson known 
as the Narrows (Wood, 1997).  Geomorphically, the upper San Pedro carries a mixed sediment 
load (suspended sediments and bedload) and has a relatively narrow, braided low flow channel, 
but a sinuous flood channel (floodplain) between arroyo walls.  The sediment in the channel bed 
is coarser than in the arroyo walls.  The lower San Pedro (downstream from the Narrows) is 
wider and less sinuous entrenched channel and is more of a bedload system (Huckleberry, 1996).  
Upland vegetation of the lower valley (north of Cascabel) is characterized by Sonoran 
desertscrub, while the upper valley is characterized by Chihuahuan desertscrub, with semi-desert 
grassland and Madrean evergreen woodland at higher elevations (Brown, 1994).   
 
Although perennial flow likely occurred over most of the river in the past (Arias Rojo et al., 
1999), it is now spatially discontinuous.  Perennial reaches occur where baseflow is sustained by 
regional groundwater inputs to the alluvial aquifer (Arias Rojo et al., 1999; Pool and Coes, 1999; 
Goode and Maddock, 2000).  Most perennial reaches occur on the upper San Pedro,north of the 
Mexican border and south of Benson, Arizona .  Flow is intermittent in Mexico and near the 
Mexican border in the U.S., is perennial between Hereford and Charleston, and is intermittent 
again downstream from Charleston.  Downstream of Benson, there are several reaches with 
perennial flow but most of the river is  intermittent, owing to the underlying geology, two flow 
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diversions (Pomerene canal and St. David’s Ditch) near St. David, and to groundwater pumping 
for agriculture, domestic use, and mining. 
The perennial flow and shallow groundwater along much of the upper San Pedro supports 
thriving riparian vegetation communities, including regionally threatened vegetation types like 
Sonoran cottonwood-willow (Populus fremontii – Salix gooddingii) gallery forest, riverine marsh 
or cienega, mesquite (Prosopis velutina) woodland or bosque, and sacaton (Sporobolus wrightii) 
grassland.  Maintenance of the cottonwood-willow forests, in particular, is viewed as critical for 
sustaining the high biodiversity of the riparian corridor.  Several endangered plant and animal 
species, a high diversity of mammal, reptile and butterfly species, and around 390 bird species 
have been found along the upper San Pedro (Arias Rojo et al., 1999; Kreuper et al., 2003).   
 
Groundwater pumping for agricultural, industrial, and domestic use has formed cones of 
depression in the regional aquifer around the growing communities of Sierra Vista – Huachuca 
City and Benson.  Hydrologic studies suggest that this local depletion of the regional aquifer may 
threaten alluvial aquifer levels (Arias Rojo et al., 1999; Goode and Maddock, 2000; Steinitz et 
al., 2003) by reducing the gradient in hydraulic head from the recharge zone (west side) across 
the valley toward the river.  Modeling studies suggest an annual overdraft (pumping minus 
recharge) of approximately 7000 acre-feet in the Sierra Vista sub-basin and declines in river 
baseflow have occurred since 1940 at Palominas and Charleston (Arias Rojo et al., 1999; Goode 
and Maddock, 2000; Pool and Coes, 1999).  Declines in the alluvial aquifer of the San Pedro 
could reduce surface flow frequencies and lead to “terrestrialization” of riparian communities, 
such as complete loss of riverine marsh habitat and conversion of cottonwood-willow forests to 
exotic saltcedar (Tamarix chinensis) shrublands, or even xeric native shrublands (Hymenoclea, 
Ericameria, Acacia, Prosopis) (Stromberg et al., 1996).   
 
3.1.2 Climate of the Southwest 
 
Any discussion of the effects of climate change must begin with an understanding of the current 
climate of the Southwest and recognition of its inherent variability (Sheppard et al., 2002).  As a 
semi-arid to arid region, the energy available to evaporate water (potential evapotranspiration) 
greatly exceeds the inputs of water via precipitation, on an annual basis (Patten, 1998).  
However, there are critical periods of time when delivery of water temporally exceeds 
evapotranspiration, and when water can be stored in less labile reservoirs.  Hence, the magnitude 
and seasonality of precipitation events strongly influences the temporal availability of water.  
Ecologically (and hydrologically) important variation in temporal availability of water occurs 
over daily, seasonal, annual, and multi-decadal time scales (Sheppard et al., 2002).  In addition, 
there is spatial variability across the region in the seasonality and magnitude of precipitation 
seasonality and in potential evapotranspiration.  The combination of spatial and temporal 
variability in water availability, along with other physical controls and biogeographical legacies, 
and human land use patterns strongly affects the broad and fine scale patterning of ecosystems in 
the region (Brown, 1994).  For example, the four major desert biomes in the region (Great Basin, 
Mojave, Sonoran, and Chihuahuan) are characterized by differences in the relative frequency and 
magnitude of winter rains and summer rains.  
 
Ecological dynamics in the Southwest correspond to precipitation-defined and temperature-
defined seasons.  In Arizona, the period of April – June (pre-monsoon season) constitutes the 
beginning of the growing season for most perennial plant species, but is typically very dry.  
During July-September (monsoon season), locally heavy convective precipitation may occur, 
derived from moisture from the Gulf of California, eastern Pacific, and Gulf of Mexico 
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(Sheppard et al., 2002).  The months of October and November typically comprise a relatively 
dry, and cooler, post-monsoon season.  However, large precipitation events associated with 
dissipating tropical storms from the eastern Pacific occasionally occur during late summer and 
fall.  Finally, the winter and early spring form a cool rainy season, with more widespread, longer 
duration frontal rains derived from moisture in the eastern Pacific (Graf, 1985; Webb and 
Betancourt, 1992; Huckleberry, 1994). 
 
The relative importance of summer (monsoon) and fall/winter precipitation varies temporally 
according to variations in atmosphere-ocean circulation patterns and spatially along a geographic 
gradient from west to east.  During positive phases (El Niño) of the El Niño Southern Oscillation 
Index (ENSO) associated with warmer sea surface temperatures (SSTs) in the equatorial Pacific, 
moisture-laden winter frontal systems from the Pacific are steered eastward over the Southwest, 
leading to higher winter precipitation and cooler winter temperatures.  In contrast, during the 
negative phase of ENSO (La Niña), drier and warmer winter conditions occur in the Southwest, 
while wetter conditions occur in the Pacific Northwest (Andrade and Sellers, 1988; Webb and 
Betancourt, 1992; Hamlet and Lettenmaier, 1999; SRAG, 2000; Sheppard et al., 2002).  Further, 
the relative frequency and strength of El Niño and La Niña events appears to be modulated by 
conditions associated with the Pacific Decadal Oscillation (PDO), a lower frequency climatic 
cycle connected with sea surface temperatures in the upper Pacific (Mantua et al., 1997).  Under 
positive (warmer) values of the PDO index, El Niño conditions are more frequent, while under 
negative conditions, La Niña conditions predominate (Sheppard et al., 2002).  Phases of the PDO 
appear to last about 20-30 years.  From approximately 1976 to 1998, positive PDO conditions 
occurred and the Southwest experienced a time of enhanced winter precipitation and winter 
floods.  Since about 1998, negative values of the PDO index have predominated, perhaps 
signally a shift to drier conditions in the region.  There is also evidence that interdecadal cycles 
in the north Atlantic (Atlantic Multidecadal Oscillation, AMO) may have an important influence 
on the timing of severe droughts in the Southwest and other parts of the country, with periods of 
particularly severe drought coinciding with the joint occurrence of a negative PDO and a positive 
AMO (McCabe et al., 2004).  This climatic configuration (-PDO and +AMO) occurred during 
the prolonged drought of the 1950s and is occurring at the beginning of the 21st century (from 
1998-present). 
 
As with precipitation regimes, flood regimes in the region may be best understood as a mixed 
population of floods of different seasonality and of different types of climatic drivers, whose 
absolute and relative frequency changes under different sets of large-scale climatic regimes.  On 
the Santa Cruz River near Tucson, the proportion of annual floods occurring in fall or winter has 
increased since 1960, while fewer annual floods have occurred in the summer (Webb and 
Betancourt, 1992).  Strong differences emerge if the flood series is partitioned by ENSO 
conditions, with 100-year floods during El Niño years twice the magnitude of the 100-year flood 
in other years.  During 1960-1986, floods on the Santa Cruz of 10-year return interval or greater 
were dominated by dissipating tropical cyclones, with an estimated 100-year return flood of 1660 
cms and 6 of the 7 largest floods in the historic record for the basin.  In contrast, 1930-59 was 
dominated by monsoonal (summer) floods and had an estimated 100-year return flood of 323 
cms.  The annual peak flow occurred in winter or fall in just 3% of the years between 1930 and 
1959, 39% of the years 1960-86, and 53% of the years before 1930.  A higher proportion of 
floods are generated by frontal cutoff low-pressure systems and tropical cyclones during 
meridional circulation patterns, such as those that occurred between 1960 and 1986 (Webb and 
Betancourt, 1992; Huckleberry, 1994).  Although changes in precipitation regimes have not been 
as clear-cut on the nearby San Pedro (Hereford, 1993), there has been a similar increase in the 
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frequency and magnitude of winter floods since the 1960s, along with a possible decline in the 
magnitude of summer monsoonal floods and annual flood peaks (Hereford, 1993; Arias Rojo et 
al., 1999). 
 
The upper San Pedro occurs at the ecotone between Chihuahuan and Sonoran climatic conditions 
and plant communities, with summer rains making up a larger proportion of the annual 
precipitation and floods in most years, but with winter rains producing ecologically and 
geomorphically significant floods in El Niño years.  Climatic conditions along the San Pedro 
also vary spatially, with a more “Sonoran” climate (35% summer, 65% winter precipitation), 
characterized by a higher proportion of winter rainfall, at the north (lower) end of the basin and a 
more “Chihuahuan” climate (60% summer, 40% winter precipitation), characterized by a higher 
proportion of summer rainfall, at the southern (upper) end of the basin (Skirvin et al., 2000).  
Upland vegetation patterns follow climatic patterns, with Sonoran desertscrub dominating the 
lower basin (below Cascabel) and Chihuahuan desertscrub in the upper basin (Brown, 1994). 
 
Recent Climatic Change 
 
The high temporal variation in precipitation from year to year and decade to decade makes 
characterization of a typical climatic regime difficult, if not impossible.  Based on tree ring 
records, the last 100 years may have included both the 3rd worst period of drought (1950s 
drought, especially 1956) and the 3rd wettest period (1976-1995) in the last 1000 years (J.L. 
Betancourt, seminar at Arizona State University, 2003).  The period from 1976 to the late 1990s 
was characterized in particular by warm, wet winters and variable summer precipitation, with 
unprecedented high rates of tree-ring growth at higher elevations (Swetnam and Betancourt, 
1998).   Severe drought appears to be cyclical, with a return time of approximately 80 years 
(SRAG, 2000).  The most prolonged drought of the last 300 years may have ended at the 
beginning of the 20th century (1840-1905).  As suggested above, the late 1990s may have 
ushered in another dry period, with the same climatic configuration associated with the 1950s 
megadrought, but with higher temperatures (McCabe et al., 2004). 
 
Overall, there appears to have been an increase in annual mean temperature of 1.1-1.7° C across 
the region (as defined by the Southwest Regional Assessment) over the last century (SRAG, 
2000).  Significant changes in precipitation also occurred, but varied by region, with increases in 
southern Nevada, Utah, New Mexico, and central Arizona, and decreases in southeastern 
California, southern Arizona, and the central Rockies. 
 

Projecting Future Climatic Change 
 
Projections from three climate models were presented by the Southwest Regional Assessment of 
the U.S. Global Change Program (SRAG, 2000) for the region encompassing Colorado, Utah, 
Nevada, New Mexico, Arizona, and southeastern California (Table 3-1).  These were the Hadley 
2 Model (Hadley Centre for Climate Prediction and Research, United Kingdom Meteorological 
Office), the model from the Canadian Centre for Climate Modeling and Analysis, and NCAR 
(National Center for Atmospheric Research) Regional Model (Giorgi et al., 1998; Doherty and 
Mearns, 1999; Mearns et al., 1999).  The Hadley and Canadian models utilize a coarse grid cell 
size (about 350 km on a side) and project a 1% annual increase in atmospheric CO2 
concentrations, with a doubling of pre-industrial CO2 levels by about 2060.  The NCAR model 
was designed for finer scale, regional projections.  Projections of the NCAR Regional Model are 
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made for the climate under a doubling of pre-industrial CO2 levels and hence should be 
comparable to the Hadley and Canadian projections for 2060. 

 

Projections from the Hadley and Canadian Climate Centre models suggest that the Southwest 
region will experience significant warming, and along with it, increases in precipitation over the 
next 60-90 years (SRAG, 2000).  Seasonal mean temperature increases across the region are 
projected at 1.5-4° C by 2060, and up to 7° C for winter temperature by 2090 under the Canadian 
model.  These increases suggest the likelihood of extreme temperature events that are 
unprecedented in the historic record (SRAG, 2000).  The strongest increases in both temperature 
and precipitation are projected to be in the winter, with possibly a doubling in winter 
precipitation.  Both models project warmer, wetter winters.  Empirical relationships between 
ENSO occurrence and climate warming further suggest that El Niño conditions are likely to be 
increased in frequency by warmer temperatures, bringing greater winter/spring precipitation 
(Hunt, 1999; Timmerman et al., 1999; SRAG, 2000).   

 

Projections from a regional model developed at NCAR also suggest significant temperature 
increases in all seasons, but suggest a decrease in winter precipitation (SRAG, 2000).  Consistent 
with the possibility for decreased winter precipitation is the likelihood that the climate has 
transitioned into the negative phase of the Pacific Decadal Oscillation, signaling a possible 20-30 
year period of reduced El Niño conditions (Hamlet and Lettenmaier, 1999; Mantua et al., 1997; 
McCabe et al., 2004), reduced winter precipitation, and possibly reduced precipitation in general.  
Co-occurrence of negative (cool) PDO conditions and a positive (warm) AMO index, along with 
global warming, could signal the occurrence of severe drought for the Southwest at the 
beginning of this century (McCabe et al., 2004). 

 

Several characteristics of the existing models, however, limit their ability to adequately represent 
and forecast climatic changes for the region.  First of all, the two General Circulation Models 
(GCMs, Hadley 2 and Canadian) were not developed to represent local and regional changes in 
climate and hence utilize a coarse grid cell size (350 km on a side) that averages over local 
variation.  In addition, existing GCMs do not adequately simulate convective precipitation, 
effects of local topography on climate, nor ENSO dynamics, all of which are important 
components of climate in the Southwest (SRAG 2000).  The NCAR Regional model provides 
projections at a finer resolution, but otherwise suffers from the same limitations.  Overall, 
climate projections for temperature increases have relatively high confidence, with precipitation 
projections highly uncertain.   

 

Projections for the three models, averaged across the Southwest region, are given below (Table 
3-1).  Estimates in Table 3-1 do not take into account the range of uncertainty in model 
projections for the region nor spatial variation in projections within the region.  Problems arise in 
particular for projecting the regional changes under the NCAR model to southern Arizona, with 
decreases in precipitation per day for the winter exceeding current mean winter rainfall levels. 
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Table 3-1.  Means of temperature and precipitation projections for the Southwest Region 
from the Hadley 2, Canadian, and NCAR High Resolution Climate Model (from SRAG, 
2000). 

 
        
Year 2030  2060  2090 
 Hadley Canadian Hadley Canadian NCAR Hadley Canadian 
Model Centre Climate Centre Climate Regional Centre Climate 

Model Centre Model Centre Climate Model Centre 
2 Model 2 Model Model 2 Model 

Mean Temperature Change (° C) 
Winter +2.5 +3.0 +2.0 +4.0 +4.0 +4.0 +7.0 
Spring +1.5 +2.0 +1.5 +3.0 +4.0 +2.0 +6.0 
Summer +1.5 +2.0 +2.5 +3.0 +5.0 +3.0 +5.0 
Fall +1.5 +1.5 +3.0 +4.0 +4.0 +3.0 +5.0 
        
Mean Precipitation Change (mm/day) 
Winter +1.0 +1.5 +1.5 +1.5 -1.0 +5.0 +4.5 
Spring +0.5 +0.3 +0.3 +0.5 +0.3 +2.0 +1.0 
Summer +0.3  0.0   0.0 -0.3 -0.3  0.0  0.0 
Fall  0.0 +0.5 -0.3 +1.0  0.0 +3.0 +1.0 
        
 
 

3.2 Ecology of southwestern riparian vegetation and drivers of change 
 
Vegetation patch types 
 
A review of the ecology of all southwestern riparian vegetation types is beyond the scope of this 
report.  The focus of this report will be on lowland riparian biotic communities (<1750 m 
elevation; Brown, 1994) that occur along the San Pedro and some upland vegetation types that 
occur in the basin.  For the purposes of this report, these vegetation associations are summarized 
into several riparian patch types.  These include cottonwood-willow forests and woodlands, 
riverine marsh, mesquite woodland or bosque, saltcedar shrublands, hydromesic shrublands, 
xeric riparian scrublands, and sacaton grasslands.  Besides Fremont cottonwood and Goodding’s 
willow, the cottonwood-willow patch type also includes mesic broadleaf tree species of 
temperate affiliation (e.g., Juglans major, Fraxinus velutina, Platanus wrightii, Celtis reticulate).  
Hydromesic shrub species, such as seepwillow (Baccharis salicifolia), also are associated with 
cottonwood-willow patch types.  Xeric riparian scrublands occur on coarse sediment deposits 
and are characterized by species such as burrobrush (Hymenoclea monogyra) and rabbitbrush 
(Ericameria nauseosa), and may also include desert scrub species.  Riverine marsh communities 
include perennial species from  wetland genera such as Scirpus, Typha, Juncus, Eleocharis, and 
other emergent species.  True “cienega” communities, which were a variety of riverine or spring-
fed wetlands, were once dominant along many rivers in the region, but have now become very 
rare (Hendrickson and Minckley, 1984).  Finally, sacaton grasslands are another important 
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riparian patch type along portions of the San Pedro.  Sacaton grasslands once covered large areas 
along river valleys in the region, but now too have been greatly decreased in extent or degraded 
in quality (Cox et al., 1983). 
Upland vegetation in the San Pedro basin is dominated by Chihuahuan Desertscrub in the upper 
part of the basin (south of Cascabel) and Sonoran Desertscrub in the lower basin.  Vegetation in 
higher elevations in the upper basin includes areas of Plains and Great Basin Grassland, 
Semidesert  Grassland, Madrean Evergreen Woodland (evergreen oaks, juniper, pinyon pine), 
and Rocky Mountain and Madrean Montane Conifer Forests (ponderosa pine, Douglas-fir, aspen, 
etc.) at the highest elevations in the Huachuca Mountains (Brown, 1994; Steinitz et al., 2003). 
 

Drivers of riparian vegetation dynamics 
 

a. Flooding – erosion and sedimentation, dispersal 
 
Flooding is an important driver of riparian vegetation dynamics.  Reproduction of the dominant 
pioneer woody species in the system, Fremont cottonwood, Goodding’s willow, and saltcedar, 
depends on the formation of moist, mineral seedbeds for germination and survival of seedlings 
(Fenner et al., 1985; Stromberg et al., 1991).  Floods prepare such seedbeds by scouring 
vegetation off of bars, depositing sediment, and by inducing channel change through point bar 
migration (meandering) or channel avulsion (Scott et al., 1996).  Floods also cause mortality of 
established plants and can trigger major channel realignment.  Sedimentation from floods also 
leads to progressive terrestrialization as sediment deposition increases the elevation of the 
surface, thus increasing the depth to groundwater and reducing the frequency of inundation 
(Stromberg et al., 1996; Patten, 1998).  Average sediment texture tends to change with 
progressive aggradation of the plot and successional age, with finer textured sediments 
(suspended sediments, those carried in the water column) deposited on higher surfaces or those 
with dense vegetation (Stromberg et al., 1991; Stromberg unpublished; Patten, 1998).  In 
addition to creating open mineral substrates by deposition, floodwaters may also be important for 
scouring away leaf litter and woody debris.  Build up of litter in the floodplain limits recruitment 
by some riparian plants (Xiong et al., 2001) and may also increase the risk of fire, as seen along 
some leveed portions of the Rio Grande (Ellis, 2001).  Floodwaters and the sediments they 
deliver may be an important source of soil nutrients.   
 
Frequent flooding may also be important for reducing salinization of soils, with increased 
salinity in the absence of flooding potentially favoring saltcedar and other salt-tolerant species 
(Shafroth et al., 1995; Busch and Smith, 1995).  The presence of frequent flooding on the San 
Pedro may be one factor that constrains saltcedar dominance and reduces some of the negative 
effects often attributed to saltcedar (Stromberg, 1998b).  Moisture inputs from floods are 
important for recharging water levels in alluvial aquifers and floodplain soils (Arias Rojo et al., 
1999).  Finally, floods may be important for dispersing seeds or vegetative propagules of 
cottonwood, willow, saltcedar or other riparian species (Fenner et al., 1985; Shafroth et al., 
1998).  The relative contributions of these different flood effects are difficult to separate, but 
occur as a suite of factors that contribute to the often-observed lateral and longitudinal gradients 
in vegetation communities along riverbanks (Auble et al., 1994; Bendix, 1994; Dixon and 
Johnson, 1999). 
 
The timing and magnitude of flooding are both important for vegetation dynamics.  Recruitment 
of pioneer tree species that colonize river alluvium, such as Fremont cottonwood, Goodding 
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willow and saltcedar, appears to be closely related to ENSO and perhaps PDO cycles on the San 
Pedro and other rivers in the region (Stromberg et al., 1991, 1993a; Stromberg, 1997, 1998).  
Successful establishment of all three species is closely linked with large non-growing season 
floods that occur in El Niño years.  Recent recruitment success on the middle San Pedro may be 
related to wetter climatic conditions associated with the positive (warm) phase of the Pacific 
Decadal Oscillation from the mid-1970s to late 1990s, although some years of strong recruitment 
also occurred during the previous dry (negative) phase of the PDO (Stromberg 1998a).  Floods in 
the fall, winter or spring rework sediment, cause channel movement, scour channel bar 
vegetation, or may produce overbank sediment deposits, creating bare alluvial surfaces that can 
be colonized by seedlings of spring-dispersing pioneer riparian species (Scott et al., 1996).  
Subsequent floods or moist conditions into the pre-monsoon and monsoon season further favor 
survival of seedlings, if the floods are small and do not scour out the young seedlings (Stromberg 
et al., 1991; Stromberg, 1998a).  Dry conditions following winter/spring floods may cause 
mortality of the seedlings, or may shift composition of the cohort towards the deeper-rooted and 
more drought-tolerant saltcedar (Stromberg, 1997).   
 
Rainfall (in areas with abundant summer rains) and large summer floods generated from  
monsoonal rains favor continuous to episodic recruitment of mesquite seedlings (Stromberg et 
al., 1991).  The effect of monsoon-season floods on saltcedar recruitment is not clear, although 
the long dispersal period of saltcedar suggests that this species may be able to establish after 
some summer floods (Shafroth et al., 1998; Horton, 1977).  However, these floods are typically 
of shorter duration than the occasional large winter floods and may not have as strong of an 
effect on formation of alluvial surfaces (Huckleberry, 1994; Arias Rojo et al., 1999).  In addition, 
competition by herbaceous species may be high following growing season floods, lowering 
survival of pioneer tree seedlings (Stromberg, 1998a).  Overall, there is little evidence of salt 
cedar establishing after monsoonal floods.  Instead, at least on the San Pedro, recruitment by 
both saltcedar and cottonwood/willow has been associated more strongly with fall-winter floods 
(Stromberg, 1998a), although saltcedar may show greater amplitude of conditions and 
mechanisms under which it establishes (Cooper et al., 2003).   
 
Floods of any season, but particularly large floods of longer duration (generally in the fall or 
winter), appear to be important for removal of vegetation by scour and sometimes channel 
widening, shifting (avulsion), meandering, or incision (Stromberg et al., 1991, 1993a; 
Huckleberry, 1994).  Such large floods are important for patch turnover and may be important 
for renewal of particular vegetation types.  Stromberg et al. (1997) observed the formation of 
riverine marsh on the Hassayampa River following a large winter flood in 1993 that eroded 
floodplain terraces, widened the channel from 3 to 50 m, and recharged the floodplain aquifer, 
leading to much of the floodplain occurring very close to the water table.  Conversely, another 
flood in 1995 scoured most of the channel vegetation and aggraded the floodplain, leading to a 
floodplain that was generally too high to support marsh vegetation.  Minckley and Clark (1984) 
report that large floods were partially responsible for both formation and destruction of a 
mesquite bosque on the Gila River, with an earlier flood providing coarse sediments for 
establishment and a later flood widening the channel and removing much of the bosque.  Large 
floods associated with very dry climatic conditions followed by periods of high intensity 
precipitation, along with overgrazing in the watersheds, contributed to region-wide channel 
incision and widening during the latter part of the 19th and early part of the 20th century 
(Hastings, 1959; Hereford 1993).  Legacies of these events still strongly influence the 
geomorphology, hydrology, and vegetation of streams and rivers throughout the region.  



 35

Given the influence of floods on riparian structure and function, climatic changes that influence 
flood magnitude and seasonality may have strong effects on riparian systems in the Southwest.  
For instance, increases in winter precipitation would likely increase the frequency of large winter 
floods, channel realignment (migration), and recruitment of pioneer riparian tree species.  Small 
changes in precipitation can lead to large changes in surface flow, with flooding and annual flow 
particularly sensitive to changes in cool season precipitation (Dahm and Molles, 1992 in Grimm 
et al., 1997).   
 
Besides climate, other environmental drivers that could influence the frequency, timing, and 
magnitude of flooding include land-use in the watershed and management of tributaries.  
Construction of check dams on ephemeral tributaries to the San Pedro has been suggested as one 
means to increase recharge of the regional aquifer (Arias Rojo et al., 1999; Steinitz et al., 2003).  
The influence of such check dams on mainstem dynamics on the San Pedro is unknown.  
Tributaries may be important sources of propagules, sediment, and flood discharge.  Reductions 
in sediment inputs from tributaries could increase channel incision and reduce rates of floodplain 
aggradation.  Reduced rates of flooding by tributaries could reduce the frequency and magnitude 
of channel migration, especially in the vicinity of tributary junctions.  Together, these changes 
would likely reduce opportunities for recruitment by pioneer riparian trees, particularly 
cottonwood and willow (Arias Rojo et al., 1999).  The potential effects of proposed tributary 
dams on San Pedro vegetation, flow, and sediment supply deserve further examination through 
studies of ecological dynamics at tributary junctions and hydrologic modeling of runoff and 
sediment movement in the basin. 
 
Other management practices in the watershed may also have strong influences on the delivery of 
flow and sediment to the river channel.  Past overgrazing in desert grasslands and deforestation 
in the mountains have been suggested as contributing factors to the high runoff events and large 
floods that were associated with region-wide, severe channel incision during the late 1800s and 
early 1900s (Hastings, 1959; Bahre and Shelton, 1993).  On the San Pedro, improved range 
condition through better land management and increased precipitation may be related to changes 
in rainfall-runoff relationships and reduced frequency of large floods since around 1960 
(Hereford, 1993).  Others, however, have suggested that recent and ongoing changes in the 
watershed, including increases in impervious surfaces from urbanization and expansion of 
mesquite and other shrublands at the expense of desert grassland, may lead to increased 
“flashiness” of watershed response to precipitation (Hernandez et al., 2000; Kepner et al., 2002, 
2004; Miller et al., 2002). 
 

b. Groundwater and Baseflow 
 

The availability of groundwater strongly influences the distribution, composition, and function of 
riparian vegetation in the Desert Southwest.  On the upper San Pedro, depth to groundwater is an 
important factor influencing the spatial distribution of species and plant communities (Stromberg 
et al., 1996).  Species differ in their rooting depths and in their relative reliance on groundwater 
versus soil moisture or stream flow.  Fremont cottonwood and Goodding’s willow are considered 
obligate phreatophytes, meaning that they cannot survive without continual access to water from 
saturated (phreatic) soil zones (Smith et al., 1998).  Facultative phreatophytes, such as saltcedar 
and velvet mesquite, make use of phreatic water when available, but also take up moisture from 
unsaturated soil layers.  In actuality, the dichotomy between obligate and facultative is somewhat 
arbitrary, in that different species occur along a gradient of dependence on phreatic water and 
may vary in their dependence depending on climatic conditions or location.  In a study on the 
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San Pedro River, Snyder and Williams (2000) examined the relative use of shallow soil water 
and groundwater during the growing season in one facultative (velvet mesquite) and two obligate 
phreatophytes (Fremont cottonwood and Goodding’s willow) across sites that differed in depth 
to groundwater.  Goodding’s willow appeared to be a true obligate phreatophyte, using 
groundwater exclusively, regardless of groundwater depth and summer rainfall.  The relative 
proportion of water used for transpiration by cottonwood and mesquite depended on depth to the 
water table and on rainfall.  Cottonwood used mostly groundwater, but also made some use of 
shallow soil water (estimated 26-33% of its transpiration) on an ephemeral tributary where 
groundwater was deep (>4m) and when summer precipitation occurred.  Mesquite use of shallow 
moisture increased as depth to groundwater increased (>50% when groundwater was >4 m deep 
on the ephemeral site), but derived essentially all moisture from groundwater when shallow soil 
moisture was unavailable.  Work by Scott et al., (2000, 2003) showed that mesquite stands at 
different sites along the San Pedro differed in their relative use of groundwater and soil water 
derived from seasonal precipitation.   
 
Since rooting depths change with plant age, so too suitable groundwater depths vary according to 
plant age or life stage, with some phreatophytic species requiring shallow groundwater for 
recruitment and seedling survival, but able to tap into groundwater at greater depths as adults.  
Successful cottonwood or willow recruitment requires that the phreatic zone be near the surface 
and that rates of decline not exceed the ability of the growing seedlings to track the declining 
water table via root growth.  This is an important component of the “recruitment box” model 
devised by Mahoney and Rood (1998) for prescribing flow management to favor 
cottonwood/willow establishment.  Work by Segelquist et al., (1993) showed that plains 
cottonwood (Populus deltoides subsp. monilifera) seedlings were able to survive water table 
declines of 2.9 cm per day in coarse alluvial sands (47% of germinated seedlings) and final water 
table depths of 80 cm, although highest survival occurred at slower rates of decline.  This 
maximum rate of decline is close to the 2.5 cm/day rule-of-thumb used by Mahoney and Rood 
(1998) in their recruitment box model.  Populus seedlings have been reported to survive 
groundwater declines at rates of 2-4 cm/day, to have root growth rates of 0.6-1.3 cm/day, and 
total first season root depths of 72-162 cm (Mahoney and Rood, 1998; Horton and Clark, 2001).  
Cottonwood response to water table decline is highly dependent on soil texture, with finer 
textures resulting in a thicker capillary fringe of available moisture above the alluvial water 
table.  Thus, the recruitment box concept, with consideration of the capillary fringe, leads to the 
prediction of successful cottonwood recruitment up to 0.6-2 m above the summer low flow 
levels, depending on the cottonwood/willow species, the sediment texture, and climate or 
geographic location (Mahoney and Rood, 1998; Kalischuk et al., 2001; Amlin and Rood, 2002). 
 
Gooding’s willow seedlings appear to be less tolerant of water table decline than cottonwood and 
saltcedar.  In an experiment comparing growth and survival of Gooding’s willow and saltcedar 
seedlings under simulated water table declines in coarse sediment, willow grew best under no 
water table decline (continually saturated soils) and had decreasing survival and growth with 
progressively greater rates of water table decline (Horton and Clark, 2001).  Saltcedar had higher 
survival across all groundwater treatments and greater root elongation, with optimal rates of root 
growth at the 1-cm/day rate of decline (Horton and Clark, 2001).  Amlin and Rood (2001, 2002) 
found higher tolerance of inundation in some species of Salix than in Populus and also found 
evidence of greater vulnerability to water table decline in some species of Salix.   
 
Continued survival of cottonwood and willow saplings also depends on consistent access to 
saturated moisture.  In general, mature cottonwood/willow stands grow on sites within 3 m of the 
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water table, but may occur up to 5 m above the permanent water table.  Because fine roots are 
concentrated in the capillary fringe, just above the water table, these species may be sensitive to 
large seasonal fluctuation in water table or to permanent declines, particularly on coarser soils 
with a narrower capillary fringe (Shafroth et al., 2000).  Species from both genera have low 
thresholds of plant water potential at which xylem embolism/cavitation may occur and a narrow 
“safety margin” between water potentials at which stomatal conductance declines and levels at 
which significant cavitation of the water column occurs (Pockman and Sperry, 2000).  Research 
by Scott and colleagues (Scott et al., 1999, 2000) suggests that adult cottonwood trees may 
experience high mortality from abrupt, permanent drops in water table of 1.0 m or more.  On a 
site in Colorado with medium alluvial sands, a permanent water table decline of >1 m (due to 
sand mining) produced canopy die back and declines in growth within weeks, followed by 
mortality of 88% of the trees within a three year period (Scott et al., 1999).  More modest water 
table declines (around 0.5 m) did not appear to influence mortality or most growth parameters, 
but did produce a significant decline in annual branch growth.  Similar results were found on a 
site along the Mojave River, where a large flood was believed to have caused locally significant 
channel incision (up to 3.6 m decline in local channel elevation).  Stand mortality ranged from 
58-93% on sites with water table declines of 1.5 m or greater, but only 7-13% on sites with 
declines of less than 1 m.  Under more moderate or temporary cases of water stress, cavitation in 
peripheral branches and subsequent branch “sacrifice” or canopy die-back may actually be a 
survival mechanism to improve water status of the rest of the plant (Rood et al., 2000). 
 
Facultative phreatophytic species such as saltcedar and mesquite have a greater tolerance for 
groundwater decline, but still may be adversely affected if groundwater declines consistently 
below the rooting zone.  Saltcedar often increases on reaches in which groundwater declines 
have made conditions unsuitable for cottonwood and willow, but may be eliminated when 
groundwater levels decline to 10 m or more below the ground surface (Graf, 1985).  Permanent 
groundwater decline was identified as the likely cause of death of velvet mesquite trees on the 
Casa Grande National Monument (Judd et al., 1971).  Work by Stromberg et al, (1992, 1993b) 
suggests that individual tree morphology and physiology (canopy dieback, leaf morphology, leaf 
water potential) and mesquite stand characteristics vary as a function of groundwater depth.  
Although mesquite roots may reach as far as 15 m below the surface or even more (Phillips, 
1963; Stromberg, 1993), development and maintenance of healthy mesquite bosque, with tree-
sized mesquite, appears limited to sites with shallow to moderate groundwater depths (2-10 m) 
(Stromberg et al., 1993b; Stromberg, 1993; pers. obs.).  On sites with deeper groundwater, plant 
height, canopy cover, and leaf area all decline, with mesquites not exceeding shrub size on xeric 
riparian sites with groundwater deeper than 15 m (Stromberg et al., 1992, 1993b).  Canopy 
dieback by trees in response to groundwater decline, and the ability of mesquite to resprout 
suggest the possibility that individual mesquites may be able to readjust their morphology and 
leaf area in response to permanent groundwater declines.  Shrub-sized mesquites growing in 
upland situations may also have very different root morphology than riparian mesquites, with 
shallower and more extensive lateral distribution of roots.  Work by Martinez and Lopez-Portillo 
(2003) suggests that stand characteristics of mesquite in upland environments may also differ 
considerably according to landform and soil characteristics. 
 
Productivity of sacaton grasslands may also be influenced by groundwater depth.  On floodplains 
and terraces along the Santa Cruz and San Pedro Rivers, Tiller et al., (in prep.) found that stem 
water content, percent live green stems, and percent live biomass of sacaton was significantly 
related to groundwater depth during the dry, pre-monsoon season (June), with live biomass 
highest for sites with groundwater less than 4 m below the surface.  Post-monsoon measurements 
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(August and September) showed a weaker relationship with groundwater depth and a stronger 
relationship to soil moisture at 60 cm.  Productivity was lowest, however, at two San Pedro 
terrace sites with groundwater depths greater than 8 m below the surface.  These results suggest 
that sacaton uses groundwater at least seasonally, with plants with access to shallow groundwater 
(< 4 m) exhibiting higher productivity during the pre-monsoon dry season, but with productivity 
more related to soil moisture after the summer monsoon.  Work by Scott et al. (2000, 2003, 
unpub. data) at two sites along the San Pedro similarly suggests that sacaton primarily uses rain-
derived soil water, but uses some groundwater at sites where the groundwater is shallow (< ca. 3 
m). 
  
Besides the direct effects of groundwater depth, the frequency of river surface flow also may 
have an important influence on the composition and function of riparian vegetation.  Baseflow 
and groundwater dynamics are inextricably intertwined.  Baseflow is the flow in the river that is 
solely supplied by groundwater, hence it is the flow minus any inputs from storm runoff.  
Gaining stream reaches are those in which the hydraulic gradient points toward the stream, such 
that groundwater discharges into the stream and creates baseflow.  Losing reaches are those in 
which the hydraulic gradient is flat or points away from the stream, so that water flows from the 
stream to the groundwater.  Losing reaches effectively do not have baseflow, or have it only 
during times of the year that the hydraulic gradient points toward the stream, perhaps as a result 
of bank storage from earlier floods.  Hence, streams with groundwater levels consistently higher 
than the deepest part of the channel (thalweg) tend to have perennial flow, those with 
groundwater consistently below the channel tend to be ephemeral (flow only following storms), 
and those with a shallow hydraulic gradient or seasonal reversals in hydraulic gradient tend to be 
intermittent (Arias Rojo et al., 1999; Rood et al., 2003; Figure 3-1). 
 
Consistently shallow groundwater and/or perennial flow may be critical for sustaining some 
riparian plant communities.  Cover of wetland obligate perennial plants drops off rapidly as the 
frequency of surface flow in a stream declines below perennial (Bagstad, 2003).  On the San 
Pedro, importance of cottonwood and willow relative to saltcedar also declines with reductions 
in surface flow frequency and corresponding declines in groundwater (Lite, 2003).  Annual 
fluctuation in groundwater levels tends to be lower in perennial, gaining streams than in 
intermittent or ephemeral losing streams.  Cover by wetland perennial herbs and obligate 
phreatophytic trees tends to be lower on sites where annual fluctuation in groundwater level is 
high. 
 
Phreatophyte control or clearing has been proposed as a way to reduce groundwater losses due to 
evapotranspiration and increase baseflow (Arias Rojo et al., 1999, Steinitz et al., 2003).  Such 
experiments in the past have had mixed results, with some early savings of groundwater and 
boosts in stream flow realized, but typically little effect over the long run.  Stream evaporation 
rates may increase and bank stability decrease with removal of overhanging woody cover.  In 
addition, water savings may require continual clearing of phreatophytes, which (particularly 
saltcedar) may recolonize after a few years (Graf, 1985).  Nevertheless, phreatophytes can have a 
significant influence on daily and seasonal groundwater fluctuations (Scott et al., 2002), 
suggesting that reductions in phreatophyte cover through clearing, natural disturbance (e.g., fire) 
or successional change (e.g., senescence of old cottonwoods) may have a significant impact on 
floodplain water balance and potentially on groundwater levels and stream baseflow. 
 
Over the long term, climatic change could influence regional groundwater levels in the San 
Pedro basin through changes in mountain front recharge.  Most recharge likely occurs during the 
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winter, when evapotranspiration rates are lower.  Hence, increases in winter precipitation would 
increase recharge, while increased winter and summer temperatures would increase 
evapotranspiration and reduce recharge.  Over shorter time scales, variation in temperature and 
humidity can influence rates of transpiration, and hence uptake of groundwater, by 
phreatophytes.    In the San Pedro basin, the strongest effects of climate change on groundwater 
levels would likely be indirect, through climate-induced changes in land cover (e.g., conversion 
from grassland to mesquite) and anthropogenic water usage.  With or without climate change, 
changes in development patterns, per capita water use, and human population in the basin are 
likely to have the greatest short- and long-term impacts on future groundwater levels along the 
San Pedro River (Arias Rojo et al., 1999; Steinitz et al., 2003). 
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Figure 3-1.  Schematic depicting the three major hydrologic reach types and corresponding 
vegetation patterns along the upper San Pedro River. 
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c. Precipitation and Soil Water 

 
Precipitation is highly variable from day to day, season to season, and year to year in the Desert 
Southwest.  In Arizona, rainfall tends to have a bimodal pattern, with separate summer and 
winter rainy season often separated by a short fall dry season and a more severe spring dry 
season.  The relative contribution of cool (winter) vs. warm season (summer) rains may have 
important implications for dominance by different functional groups of plants. 
 
Water use strategies by plant functional groups in the desert grassland can be divided into 
intensive and extensive users (Burgess, 1995).  Intensive users include most perennial grasses 
and other herbs, concentrate their roots near the soil surface, and are generally are most active 
during the summer.  In a climate with summer monsoonal rains, these species are most 
dependent on summer precipitation and shallow soil moisture, and track the water potential of 
the shallow surface soil.  Because summer rains are often of short duration and 
evapotranspiration rates are high, little of this moisture may get past the surface layers (Sala et 
al., 1992; Burgess, 1995).  Extensive users are often woody plants like mesquite that have far 
ranging root systems with both shallow and deep roots and can tap into more stable deeper soil 
water or other local water sources.  Because of their greater reliance on deeper soil water, these 
species may be more influenced by non-growing season precipitation that is able to infiltrate and 
add water to the deeper soil layers (where turnover is slower) and may be less efficient at 
exploiting summer precipitation, except when long-duration storms result in deeper percolation 
of water down the soil profile.  Hence, a climate shift towards a greater proportion of 
precipitation in the summer may benefit the intensive, shallow rooted strategy, while a greater 
proportion of rainfall in the winter may benefit the extensive water users (Gao and Reynolds, 
2003; McAuliffe, 2003).  
 
Along the San Pedro River, herbaceous annual plants are highly responsive to seasonal 
precipitation, with some species responding to the more dependable summer precipitation, and 
others to the more variable winter precipitation.  High winter precipitation may increase 
productivity of both annual and perennial herbaceous plants by wetting deeper soil layers 
through infiltration and by causing large, longer-duration cool-season floods, which recharge 
both deeper soil layers and the alluvial aquifer (Arias Rojo et al., 1999).  Recruitment of some 
woody species of subtropical origin, such as mesquite, may be keyed in high summer 
precipitation for initial recruitment (Stromberg et al., 1991), but may subsequently benefit from 
winter rain or flood events that supply more stable deep soil moisture for the growing seedling 
(Weltzin and McPherson, 1997). 
 

d. Fire 
 
Although fire is not often considered as an important driver of vegetation dynamics in riparian 
areas, it may have strong effects on riparian patch dynamics, particularly in the Southwest, where 
the high productivity of riparian zones occurs in a climate with high temperatures and low 
relative humidity: factors that combine to increase fire risk. 
 
Riparian species differ in their resilience following fire.  Saltcedar, some willow species, velvet 
ash, and mesquite all resprout from the base vigorously following fire, as long as the fire is of 
low enough intensity that the tree is only top-killed (basal meristems not killed).  Cottonwoods 
appear to have lower rates of resprouting (Busch, 1995), although this may differ considerably 
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from species to species and place to place (Ellis, 2001).  Hence, one might expect saltcedar, 
willow, and mesquite to increase in dominance, relative to cottonwood, in burned sites (Busch, 
1995; Busch and Smith, 1995).  There is also good circumstantial evidence that thickets of 
saltcedar, especially older patches with high litter build up, may be especially fire prone and may 
contribute to the demise of cottonwood by increasing fire intensity and frequency in the patches 
in which they co-occur (Busch, 1995). 
 
As at other grassland-shrubland ecotones throughout the world (Scholes and Archer, 1997), fire 
may be an important factor influencing the relative cover of herbaceous plants vs. shrubs within 
the riparian zone and in the uplands.  Fire suppression has been suggested as one of the factors 
leading to expansion by shrubs in the desert grassland and other grasslands worldwide during the 
20th century (Bahre and Shelton, 1993; Grover and Musick, 1990; Van Auken, 2000).  Although 
mesquite is a vigorous resprouter following low-moderate intensity fires, high intensity fires may 
cause high mortality, particularly of younger plants (Glendening and Paulsen, 1955; McPherson, 
1995).  The seasonality of fires may be particularly important to their effects, with woody plants 
generally less susceptible to fires during their winter dormant season than during the growing 
season (Glendening and Paulsen, 1955).  Hence, in the Southwest, fires during the warm spring 
dry season may have a much stronger ecological effect than cool-season fires.  However, 
particularly hot fires may also reduce the vigor and cover of some grass species like sacaton 
(Sporobolus wrightii), leading to creation of more bare ground, and favoring productivity of 
annual forbs (Bock and Bock, 1978; Cox and Morton, 1986; Cox, 1988).  Hence, frequent 
enough fires could tip the balance toward grass-dominated ecosystems or to savannahs with low 
densities of larger mesquite.  As tree densities increase, however, there may be a threshold 
(phase change) beyond which the availability of fine fuels is too sparse or their connectivity too 
low to ignite and carry fires of sufficient intensity to kill the trees or shrubs (Archer et al., 1988; 
Kepner et al., 2002).   
 
Fire may interact strongly with other ecological (disturbance) drivers, such as flooding and 
grazing.  On some sites along the Rio Grande which have been isolated from river flooding by 
levees, high woody debris build up has led to increased probabilities of intense fires in the 
riparian forest (Ellis, 2001).  Reductions in flooding along the Colorado River from flow 
regulation, in combination with characteristics of saltcedar that may increase flammability, may 
contribute to increased riparian fires and replacement of relict patches of cottonwood with 
saltcedar thickets (Busch,1995; Busch and Smith, 1995). 
 
Fire and precipitation have a strong, but complex relationship in the Southwest.  On a regional 
scale, the frequency of fires may be related to the cyclic nature of ENSO events (Swetnam and 
Betancourt, 1990, 1998) and the patterns of precipitation and drought that accompany them.  
Area burned in Arizona and New Mexico in 1920-1990 closely tracked variation in the Southern 
Oscillation Index (SOI), with larger areas burned during dry years associated with the La Niña 
(positive) phase.  Major fire years tend to be associated with the switch from El Niño (wet) to La 
Niña (dry) conditions (Swetnam and Betancourt, 1998; Kitzberger et al., 2001).  Higher winter 
precipitation in El Niño years tends to increase productivity of cool season herbaceous plants, 
leading to the buildup of fine fuels.  These high fuel loads then contribute to high fire frequency 
and intensity during the subsequent spring dry season or drought years.  The effect of moist 
conditions in previous years for enhancing fuel buildup and increasing subsequent fire 
occurrence and area burned is strongest for grassland, shrubland, and open woodland 
ecosystems, where fine fuels predominate (Westerling et al., 2003).  Area burned on public lands 
in southeastern Arizona between 1980 and 2000 was positively related to prior moisture 
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conditions (as measured by the Palmer Drought Severity Index), with the strongest relationship 
with moisture conditions about 2 years prior to the burn season (Westerling et al., 2003).  
 
Climatic warming would likely increase the frequency and intensity of fires in southwestern 
riparian areas.  As suggested above, an increase in the intensity and frequency of El Niño events, 
and corresponding increases in winter rains, would increase herbaceous productivity and fine 
fuel loads.  Hotter temperatures during intervening drier periods would increase the probability 
of ignition and the intensity and rate of spread of resulting fires.  It is less clear how a warmer, 
drier climate might influence fire occurrence.  Hotter, drier conditions should increase ignition 
probabilities and fire intensities, but lower winter precipitation might also reduce herbaceous 
productivity and fine fuel loads (McPherson, 1995).  Perhaps a warmer wetter climate would 
result in a higher frequency of large fires (due to higher accumulation and connectivity of fine 
fuels), while a warm dry climate might result in more frequent, but smaller and lower intensity 
fires (Gardner et al., 1996).  As with the effects of climate change on groundwater levels, 
climate-induced changes in land cover (e.g., shrubland vs. grassland) and land management (e.g., 
grazing) would have a very strong influence on future fire frequencies in southwestern 
watersheds and their riparian landscapes (McPherson, 1995). 
 

e. Grazing  
 
Grazing, browsing, and trampling by cattle, and in some cases by native ungulates, may have a 
profound influence on both upland and riparian systems (Kauffman and Krueger, 1984).  Impacts 
of cattle on riparian zones are variable, depending on the duration, seasonality, and stocking rates 
of cattle and may include effects on both riparian vegetation structure and channel morphology.  
Presence of cattle in the riparian zone may reduce successful establishment of cottonwood, 
willow, sycamore, and other riparian pioneers (Glinski, 1977; Auble and Scott, 1998; Samuelson 
and Rood, 2004) and could contribute to shifting species composition toward less palatable 
species such as saltcedar, Russian-olive, and Baccharis.  Removal of cattle from portions of the 
upper San Pedro in 1988 was associated with dramatic increases of riparian vegetation and with 
it bird densities (Kreuper et al., 2003).  This vegetation recovery could contribute to increased 
narrowing, deepening, and stability of channels, with consequent reductions in channel migration 
rates (Arias Rojo et al., 1999).  
 
Overgrazing may have important landscape impacts on vegetation composition and watershed 
hydrology.  Livestock grazing is thought to have been one of the drivers of shrub increases in 
desert grasslands of the Southwest, which (unlike the Great Plains) did not historically have large 
populations of native ungulates (Hastings, 1959; Grover and Musick, 1990; Bahre and Shelton, 
1993; Van Auken, 2000).  Soil compaction and reductions in herbaceous cover from grazing may 
influence rain-runoff relationships, resulting in a flashier hydrograph.  Such changes may have 
contributed to very large floods on the San Pedro River and other southwestern rivers in the late 
19th and early 20th centuries that were associated with sheet and gully erosion and subsequent 
arroyo formation. 
 
In addition to interacting with watershed hydrology and erosion, grazing also interacts with fire, 
particularly in upland rangelands.  Heavy grazing reduces litter accumulation from grass 
production and may also reduce the connectivity of fine fuels.  These fuel reductions may 
decrease the frequency, intensity and rates of spread of wildland fire (Bahre and Shelton, 1993).  
In addition, reductions in grass and litter cover may directly favor recruitment of woody shrubs 
and reductions in fire frequency associated with grazing may favor persistence and spread of 
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shrubs.  Hence, conversion of grassland to shrubland associated with heavy grazing may in itself 
reduce fire frequencies.  Conversely, some have attributed increases in mesquite and other shrubs 
in the San Pedro basin to increasing urbanization and removal of grazing, with the rationale that 
ranchers used prescribed fire and removed shrubs to keep rangelands open (Steinitz et al., 2003). 
 

f. Temperature 
 
The effects of temperature are pervasive and influence other drivers, such as fire and water use 
by vegetation.  High evapotranspiration rates and water stress may be associated with high 
temperatures and low relative humidity.  Along the San Pedro and other rivers and streams in the 
region, the vegetation is a mixture of species with more northern and mesic lineages (such as 
Populus) and those that have a more subtropical affiliation (such as mesquite) (Brown, 1994).  
More vernally-adapted species like cottonwood, which are part of the relictual temperate Tertiary 
flora (Brown, 1994) appear to be more tolerant of frost and have an earlier leaf-on (and hence 
longer growing season) than mesquite in the upper basin.  Increases in temperatures may 
increase growth rates of subtropical species due to more frequent occurrence of temperature 
optima for photosynthesis, longer growing seasons (earlier spring thaw and later fall frost), and 
reductions in the occurrence of the killing frosts that place important constraints on the 
distribution of some subtropical species (Turnage and Hinckley, 1938; Glinski and Brown, 
1982).  This could result in expansion of the latitudinal and elevational ranges for some 
temperature-limited species. 
 
Using a climate-correlative envelope approach, Skirvin et al. (2000) suggested that a modest 
mean annual temperature increase of 2° C and shifts in mean cool or warm season precipitation 
of 10% could result in strong shifts in habitable area for some upland species across the entire 
San Pedro watershed.  Suitable habitat for some heat-tolerant Sonoran desert species (Carnegiea 
gigantea and Cercidium spp.) would expand uphill under warmer climate scenarios with no 
change in precipitation patterns or an increase in winter precipitation, while habitat for mid-
elevation chaparral species (Quercus spp., Nolina microcarpa, Juniperus spp., Arctostaphylos 
spp.) and tarbush (Flourensia cernua), a Chihuahuan desert shrub species, could decline 
strongly.  Mesquite and related leguminous shrub/tree species (Prosopis velutina, Olneya tesota, 
Acacia spp.) and creosotebush (Larrea tridentata) showed only modest changes (slight declines 
for mesquite) under the warming scenarios. 
 
The distribution, physiognomy, and relative dominance of velvet mesquite may be influenced by 
frost severity and frequency.  In December of 1978, severe cold temperatures were associated 
with heavy topkill or canopy dieback in velvet mesquite in the San Pedro basin, with higher 
topkill rates highest close to the Mexican border, and declining northward with decreasing 
elevation (Glinski and Brown, 1982).  Little effect was observed north of Cascabel, which occurs 
at the boundary between the Chihuahuan and Sonoran desertscrub biotic communities (Brown, 
1994).  Cooler temperatures with more frequent frosts and shorter growing seasons higher in the 
basin may limit dominance of mesquite and development of mesquite bosques to elevations 
below approximately 1200 m, with sparser and more shrub-like mesquites at higher elevations 
and higher coverage by sacaton grassland (Stromberg et al., 2003).  The shrub-like growth form 
could also predispose upper basin mesquites to higher mortality from fire, further favoring the 
maintenance of grasslands.  If frost limits the current mesquite distribution in the San Pedro 
basin, then warmer temperatures, and with them, reductions in the severity and frequency of frost 
events, could favor expansion of mesquite woodlands and shrublands along higher elevation, 
upstream portions of the San Pedro.    
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Changes in temperature could also influence competitive relationships between saltcedar and 
other riparian pioneers.  Growth rates and stand development of saltcedar may be lower in cooler 
climates at the northern end of its naturalized range (Lesica and Miles, 2001) or at higher 
elevations along the San Pedro River corridor (Stromberg 1998a).  In addition, saltcedar appears 
to have a higher photosynthetic temperature optimum than cottonwood and willow (Horton et 
al., 2001).   
 

g. Carbon dioxide  
 
Increases in CO2 could lead to increases in productivity across species and functional types, but 
may favor species utilizing the C3 photosynthetic pathway (e.g., many shrubs like mesquite) 
more than those utilizing the C4 pathway (e.g., warm season grasses like sacaton).  This 
explanation has been put forward as a possible contributing mechanism for the spread of shrubs 
in desert grasslands throughout the Southwest and the increases in shrub cover throughout semi-
arid and arid grasslands and savannahs throughout the world (Idso, 1992; Archer et al., 1995).  
Increases in CO2 would reduce the relative advantage that C4 species have in productivity and 
water use efficiency at high temperatures. 
 

 

3.3 Historic and recent changes along the San Pedro River  
 
The recent history of the San Pedro and other rivers in the region has been dynamic, with a 
mixture of natural and anthropogenic factors influencing riparian vegetation structure, 
composition, distribution, and dynamics and upland vegetation and land use. 
 

Geomorphic Change 
 
Current distribution and abundance of pioneer riparian trees may be largely a function of historic 
geomorphic legacies along the San Pedro (Arias Rojo et al., 1999).  Like many other 
southwestern streams, the San Pedro experienced episodes of severe channel incision, 
entrenchment, and channel widening during the late 19th century through the middle part of the 
20th century.  Historic accounts suggest that the pre-1850 river was shallow and narrow, with 
longer reaches of perennial flow (Hastings, 1959; Hastings and Turner, 1965; Davis, 1982; Arias 
Rojo et al., 1999).  Vegetation may have been a mosaic of riverine marshlands (cienegas), 
sacaton grasslands, and more scattered riparian woodlands of cottonwood, willow, and ash 
(Arias Rojo et al., 1999; Davis, 1982).  Channel incision and entrenchment began as early as 
1850 in some areas and extended into the 1930s (Huckleberry, 1996; Wood, 1997; Hereford, 
1993).  Degraded range conditions, coupled with large floods, led first to episodes of severe 
channel down-cutting (incision), followed by entrenchment and formation of a wide, braided 
river channel.  The flood of record in September 28, 1926 (98,000 cfs at Charleston) was 
probably largely responsible the last major episode of incision, entrenchment and widening of 
much of the channel in the upper San Pedro.  Subsequent declines in floodplain groundwater 
levels and high fluvial disturbance in the widened channel destroyed most of the existing riparian 
vegetation and the former river floodplain (Bryan, 1928; Hastings, 1959; Hereford, 1993).  The 
root causes of channel entrenchment are uncertain and controversial, but likely included climatic 
variability, with periods of severe drought followed by a period of greater rainfall and higher 
intensity storms, and changes in runoff characteristics in the basin due to the effects of grazing 
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on soil infiltration and due to increases in shrub cover relative to grasses (Bryan,1928; Hastings, 
1959; Hastings and Turner, 1965; Hereford, 1993; Bahre and Shelton, 1993).  Other possible 
contributing factors include forest cutting in the uplands and the occurrence of a large earthquake 
in 1887 that may have particularly influenced groundwater hydrology in the basin.  In the upper 
San Pedro, channels incised 1-10 m (1-5 m upstream from Lewis Springs and 5-10 m 
downstream).  Near Hereford, entrenched channel widths increased from 25-40 m in the early 
1900s to around 80-100 m (Huckleberry, 1996) or more in the late 1930s.  Enlargement of the 
entrenched channel (floodplain) slowed beginning in the 1950s, with total floodplain area 
relatively stable since the 1970s, suggesting that channel processes may have reached a dynamic 
steady state (Hereford, 1993).   
 
Since the 1950s, flood magnitudes have declined and rates of fluvial disturbance have slowed, 
allowing vegetation colonization, channel narrowing, and formation of a new, inset floodplain 
within the entrenched channel banks (Hereford, 1993).  Part of the decline in flood magnitudes 
may be due to changes in the rainfall-runoff relationship (lower runoff for a given rainfall event) 
since around 1960, which may be related to improved range condition in the uplands (Hereford, 
1993).  Feedbacks between vegetation colonization and sediment deposition have likely been a 
key part of the channel recovery process and the original channel entrenchment and widening 
events have likely enabled the establishment of the cottonwood-willow gallery forest that exists 
along the upper San Pedro River today.  Most of the present cottonwood and willow forests in 
the upper basin originated in the 1960s and 1970s, with narrower bands of recruitment since then 
(Stromberg, 1998a).  This suggests that rates of channel migration and pioneer tree recruitment 
may have declined in recent years as the channel has narrowed and the banks have become 
stabilized with riparian vegetation.  This pattern of narrowing, with recruitment of cottonwoods 
and willows during the narrowing phase, matches the pattern observed on other western streams 
that have undergone cycles of floodplain destruction and reconstruction (Friedman et al., 1996). 
 

Change in vegetation communities 

Riparian vegetation - Coverage of cottonwood and willow forests has probably changed 
considerably over time on the San Pedro.  Although these communities were present in the past 
(1850s or before), they probably occupy a larger extent today (Arias Rojo et al., 1999).  Much of 
the riparian forest present at the beginning of the 20th century was likely destroyed during large 
flood events associated with channel entrenchment and widening during the first several decades 
of the century.  As of 1928, Bryan (1928) states that most of the former riparian forest and 
grassland had disappeared, with only a fringe of mesquite remaining.  Recovery of riparian forest 
has occurred since then, with channel narrowing through development of an inset floodplain 
within the formerly widened, entrenched channel.  Recovery of riparian forest likely 
accompanied and contributed to declines in channel widening between 1955 and 1970 (Hereford, 
1993), with the establishment of a new dynamic equilibrium between river discharge and channel 
dimensions.  Most cottonwoods, willows, and saltcedar currently on the San Pedro date to the 
1960s and 1970s (Stromberg, 1998a).  An assessment of changes in the area of riparian 
vegetation from aerial photos in the 1930s and 1970s suggests an approximate doubling of the 
area of dense riparian cover (includes cottonwood-willow forest, tamarisk, and dense mesquite) 
during that interval (Reichardt et al., 1978).  More recent assessments from satellite imagery 
suggest slight declines in riparian area between 1973 and 1986 and little change since then 
(Kepner et al., 2002).   
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Increases in cottonwood/willow and saltcedar recruitment have also been linked with an increase 
in the size and frequency of winter floods since about 1960, while summer floods during the 
same period may have decreased in magnitude (Hereford,1993; Stromberg, 1998a).  Recruitment 
has continued in recent years with winter floods (1991, 1993, 1997) but with progressively 
narrower patches, as the availability of open substrate for colonization has declined with channel 
narrowing (Stromberg, 1998a).  Another contributing factor to recent recruitment appears to have 
been the removal of cattle from the SPRNCA in 1988.  Following cattle removal there was an 
increase in riparian vegetation density and cover and with it an increase in densities of many 
riparian bird species.  Removal of cattle may have initially favored tree recruitment, as well as 
increases in herbaceous and shrub cover (Kreuper et al., 2003).  Overall increases, however, in 
shrubs and herbaceous cover may reduce the space further for tree recruitment and may also 
reduce formation of open surfaces by channel migration, as higher vegetation cover may be 
stabilizing the river banks and inducing local channel deepening (Arias Rojo et al., 1999; 
Stromberg et al., 2003). 
 

Cienega and riverine marsh - Accompanying widespread channel entrenchment throughout the 
Southwest was the near disappearance of riverine marshlands or cienegas as a major vegetation 
community.  Understanding of cienegas is limited, but they appear to have been a dominant (or 
the dominant) community type along large portions of the upper San Pedro (Hastings, 1959; 
Davis, 1982; Hendrickson and Minckley, 1984; Arias Rojo et al., 1999).  Cienegas were 
characterized by high water tables, organic and anoxic soils, and small, low-energy, shallow 
river channels.  Characteristic species in cienegas included wetland obligate species of 
Cyperaceae (Scirpus, Juncus, Eleocharis) and some grasses (Hendrickson and Minckley, 1984).  
Loss of cienega vegetation along the San Pedro and other rivers in the region were likely linked 
to high-energy floods that deepened and widened channels and led to abrupt drops in 
groundwater levels in the floodplain (Bryan, 1928).  In the San Pedro basin, a large earthquake in 
1887 may have also contributed to changes in cienega coverage, as changes in groundwater 
hydrology were observed, with some springs ceasing to flow and some wells becoming artesian 
(Arias Rojo et al., 1999). 
 
Local extirpation of beavers (Castor canadensis) in the 1880s may also have strongly influenced 
the formation or maintenance of cienega habitats.  The San Pedro formerly had a high density of 
beaver, earning it the unofficial label of “Beaver River” in the 1800s (Bryan, 1928; Davis, 1982; 
Arias Rojo et al., 1999).  Beaver dams create miniature impoundments that slow the flow of 
water, induce sedimentation and aggradation of the stream bed, and raise water tables.  A high 
density of beavers and a high frequency of dam building could have important landscape-level 
effects on the San Pedro, as they have had in some landscapes in the Midwest (Naiman et al., 
1988; Arias Rojo et al., 1999).  Some have even hypothesized that extirpation of beaver may 
have contributed to arroyo formation, with the removal of dams increasing the flow rate and 
erosive power of water in the rivers (Parker, 1985, in Arias Rojo et al., 1999).  C. H. Bayless, a 
rancher along the San Pedro in the 19th century, speculated that extermination of beaver, along 
with overgrazing, had led to incision and widening of channels and drainage of bottomlands 
(Griffith, 1901 cited in Wood, 1997) 
 
Beaver were reintroduced to the upper San Pedro in 1999-2002 (Mark Fredlake, BLM, personal 
communication) and appear to be having important local effects on vegetation structure and 
hydrology.  Fifteen individuals were reintroduced originally, and, as of January 2004, 
approximately 70-80 beaver are thought to be living on the upper San Pedro, with 19 dams 
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spanning the river.  In addition to influencing hydrology and sedimentation, beavers also directly 
affect vegetation structure and composition, by cutting/felling of trees, particularly favored 
species like cottonwood and willow.  Hence, cutting by beavers could locally reduce densities of 
cottonwood and willow, or increase the frequency of resprouts.  High water tables induced by 
beaver impoundments may also limit the distribution of some species of plants that are intolerant 
of anoxic conditions and favor others that require standing water or high water tables. 
 

Changes in upland cover types and land cover - Analysis of satellite imagery (Landsat-TM) 
from 1973-1997 suggests changes in landscape composition across the upper San Pedro 
watershed (Kepner et al., 2000, 2002).  The dominant changes have been an approximate four-
fold increase in coverage by both upland mesquite and urban areas, with corresponding declines 
in desert scrub and grassland.  Nearly all of the increase in mesquite coverage occurred between 
1973 and 1986, with increases in both the number of patches and average patch size.  Coverage 
by urban land uses increased two-fold between 1973 and 1986, and had doubled again by 1997.  
Desert scrub and grassland decreased 22% and 16% respectively since 1973, with strongest 
declines in 1973-1986.  Possible contributing factors to land cover transitions included short-
term drought, livestock grazing, urbanization, and fire suppression (Kepner et al., 2002).  
Modeling of watershed processes suggests that the increase in urban, agricultural, and mesquite 
land cover from 1973 to 1997 may have implications for watershed hydrology, with higher 
volumes of runoff and sediment transport resulting (Miller et al., 2002). 

Fire - Fire appears to have been an important disturbance factor structuring riparian vegetation 
along the upper San Pedro River over at least the last 10 years.  Fires were historically frequent 
in the upland forests of the region, but little is known of historic fire frequencies in the riparian 
corridor.  Data on fire occurrence within the SPRNCA since 1986 (BLM, unpublished) suggests 
an increase in the frequency and size of fires beginning in the mid-1990s (Figure 3-2) with 
individual fires in 1999 and 2003 exceeding 1000 acres (400 ha.).  Area burned since 1994 
equals approximately 10% of the area of the entire SPRNCA (about 2400 hectares), with perhaps 
even a larger proportion of riparian habitats influenced by fire during that time.  The majority of 
fires and the largest area burned have been in the dry pre-monsoon months of March-July 
(Figure 3-2).  Recent increases in the size and frequency of fires along the San Pedro may be 
linked to increases in fine fuels levels after removal of cattle from the Conservation Area in 1987 
(Kreuper et al., 2003).  Another contributing factor could be high productivity by herbaceous 
plants following winter rains in recent El Niño years (1991-95, 1997-98; 
www.cdc.noaa.gov/ENSO/enso.mei_index.html), providing fine fuel buildup for fires during the 
spring dry season.  Most fires have been attributed to human causes, at least in terms of the initial 
ignition, with some recent fires being attributed to powerline collapse, ignition near roads, or 
undocumented border-crossers from Mexico (Stromberg et al., 2003). 
 
Current research on the effects of wildfires on vegetation structure and landscape pattern along 
the San Pedro suggest high topkill rates of mesquite on terraces and outer floodplains and locally 
high mortality of cottonwoods and willows.  On one recently (2003) burned site, willows and 
mesquites have shown high rates of resprouting, although some trees were killed.  Some 
resprouting has also been observed in cottonwoods.  Other studies of riparian fire in the 
Southwest suggest lower rates of resprouting for cottonwoods than for many of the other species 
(mesquite, willow, saltcedar) (Busch, 1995), with mortality rates and resprouting related to the 
degree of fuel buildup (woody debris) in the floodplain (Ellis, 2001).  Ambient air temperature, 
relative humidity, and burn season also strongly influence fire intensity, tree mortality, and 

http://www.cdc.noaa.gov/ENSO/enso.mei_index.html


 49

resprout rates (Glendening and Paulsen, 1955; McPherson, 1995; Ansley et al., 1998; Drewa, 
2003)  On the San Pedro, a January fire near Palominas in 1994 appeared to have a much smaller 
influence on tree mortality and patch type dynamics than spring fires (March-June) at other sites 
in the late 1990s and near Palominas in 2003 (Stromberg and Rychener pers. obs.).There is some 
evidence for higher proportions of grassland and lower proportions of riparian forest (and 
woodland) on sites burned in the last 10 years relative to nearby, paired unburned sites along the 
San Pedro (Rychener and Stromberg, unpublished).  Fire not only affected landscape pattern, but 
its effects were also influenced by landscape pattern.  In an analysis of the effects of landscape 
pattern on the relative area of cottonwood/willow patches burned, the distance of the patch from 
the channel, the size of the patch, and the fractal dimension (shape complexity) were important 
factors.  Larger patches were more likely to experience at least some burning, as were patches 
farther from the river channel.  A higher percent area per patch was burned for riparian patches 
that were farther from the river channel and a lower percentage was burned for patches with a 
complex shape (high fractal dimension).  For one individual site where fire occurred in 2003, the 
proportion of the patch boundary that bordered grass-forb patch types was also associated with a 
higher proportion burned.  Overall, these results suggest that riparian landscapes with more 
complex patch shapes were more likely to retain riparian forest after a fire, and that riparian fire 
on balance may narrow the riparian forest corridor by eliminating more distal patches.  
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Figure 3-2. Historical frequency, impacts and seasonality of fires in the San 
Pedro Basin 
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Changes in groundwater and baseflow - The advent of rural electrification around 1940, and 
with it, high-powered electronic pumps, made possible much greater rates of groundwater 
withdrawal in the San Pedro basin (Goode and Maddock, 2000) for agricultural, mining, and 
domestic uses.  Rates of groundwater extraction increased strongly from about 1940 until the 
designation of the San Pedro Riparian National Conservation Area in 1988 (Arias Rojo et al., 
1999; Goode and Maddock,2000) and have declined somewhat with recent retirement of 
irrigated agricultural land in the upper basin.  Modeling studies suggest declines in river 
baseflow and groundwater levels from 1940 until present, with significant impacts occurring by 
the 1960s and 1970s (Arias Rojo et al., 1999; Goode and Maddock, 2000), and estimate that 
current levels of groundwater discharge may be only 30% of levels prior to 1940 (Arias Rojo et 
al., 1999).  Significant declines in baseflow have also been observed at the Palominas and 
Charleston stream gages since about 1940 (Pool and Coes, 1999).  Vionnet and Maddock (1992) 
projected that continued pumping at 1988 levels would effectively dry up the river in 20 years, 
with no baseflow remaining along the upper San Pedro.  The annual overdraft (pumping minus 
recharge) for the Sierra Vista sub-basin is currently estimated at about 7000 acre-feet and could 
rise to 13,000 acre-feet per year by 2020, assuming a 45% increase in population within the basin 
(Arias Rojo et al., 1999).  Future changes in alluvial groundwater levels and stream baseflow are 
highly dependent on changes in human population in the basin, spatial patterns of housing 
development, types of land-use, and the spatial location of pumping (Arias Rojo et al., 1999, 
Steinitz et al., 2003)  
 

3.4 Simulation of vegetation response to climate change 
 
Methods 
 

1. Vegetation model 
 
A simulation approach was used to evaluate the effects of several plausible climate change 
scenarios on riparian vegetation structure and dynamics at three sites along the upper San Pedro 
River.  The model was developed using the STELLA II Dynamic Simulation software (ISEE 
Systems, Lebanon, NH) and simulates the effects of changes in environmental drivers (e.g., 
groundwater, streamflow, precipitation, temperature, fire) on the composition, structure, and 
dynamics of riparian vegetation.  Specifically, the model simulates the recruitment, growth, and 
mortality of 10 species or functional groups of southwestern riparian plants - Fremont 
cottonwood, Goodding’s willow, saltcedar, velvet mesquite, velvet ash, a hydromesic shrub 
group (e.g., Baccharis salicifolia), a xeric riparian shrub group (e.g., Ericameria nauseosa, 
Hymenoclea monogyra), herbaceous annuals, wetland perennials (e.g., Typha, Scirpus, 
Eleocharis), and mesic perennial grasses (e.g., Sporobolus wrightii) – in relation to their life 
history characteristics and changes in environmental drivers, at the scale of individual sampling 
plots (about 10 x 10 m).  Details of the model development have been provided in earlier reports 
(Dixon, 2003a,b).  Vegetation change was simulated at three sites that were chosen to represent 
the range of hydrologic conditions and vegetation composition that occurs along the upper San 
Pedro River. 
 
Climatic inputs to the vegetation model include incident solar radiation, average minimum and 
maximum temperature, daily precipitation, relative humidity, and maximum daily wind speed, 
all averaged (or summed) over the 5-day time step of the model.  Incident solar radiation and 
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mean daily temperature (average of minimum and maximum) are used to calculate potential 
evapotranspiration using the Jensen-Haise (Wright and Hanson, 1990) and Hargreaves (Wu, 
1997) methods.  Soil and plant moisture dynamics are modeled as a function of precipitation, 
plant cover and moisture uptake, and potential evapotranspiration.  Plant growth is modeled as a 
function of light availability (modified by leaf area above the plant), crowding, air temperature, 
moisture availability (soil water and groundwater), disturbance, and plant life history 
characteristics.  Relative humidity, temperature, wind speed, and precipitation are used for 
modeling fine fuel moisture, probabilities of fire occurrence, and fire intensity. 
 

2. Climate scenarios 
 
A 52-year daily time series of historic weather data (1951-2002) from the National Weather 
Service station at Tombstone (station ID 028619, 31.7° latitude, -110.05° longitude) was used to 
create five transient climate scenarios for the period 2003-2102.  The daily 52-year record was 
cycled through twice to generate the 100-year scenario, with simulation years 2003 and 2054 
initialized with the adjusted 1951 daily data.  Historic temperature trends from 1951 to 2003 
were not removed from the time series.  Using data from 1951 to represent climatic conditions 
starting in 2003 may be appropriate, given the combination of the negative phase of the Pacific 
Decadal Oscillation and the positive phase of the Atlantic Multidecadal Oscillation in both years.  
This climatic configuration was associated with the severe drought conditions in the mid-1950s 
(McCabe et al., 2004).   
 
The station at Tombstone was used because of its proximity to the study area and the length and 
completeness of its record.  The scenarios were chosen to represent a reasonable set of potential 
climate trajectories, given the range of projections for the region derived from climate models  
(SRAG, 2000).  The scenarios are as follows: 
 

1. No climate change (1951-2002 daily temperature and precipitation repeated) 
2. Warm: progressive temperature warming over 100 years, with a 4° C increase in 

maximum daily temperature and a 6° C increase in minimum daily temperature by 2102 
3. Warm dry: progressive temperature warming as in #2 and a progressive decline in winter 

(nonmonsoonal: October 1 – May 31) daily precipitation of 50% by 2102 
4. Warm wet: progressive temperature warming as above, with a progressive increase in 

winter daily precipitation of 50% by 2102. 
5. Warm very wet: progressive temperature warming as above, with a progressive increase 

in winter daily precipitation of 100% by 2102. 
 
All of the climate scenarios are transient, beginning with the same conditions in 2003 and 
progressively diverging over the 100-year simulation period.  Changes in temperature and 
precipitation, relative to historic values, were applied linearly over the 100-year period.  Hence, 
for the warming scenarios (scenarios 2-5), daily minimum temperatures were increased 0.06° C 
per year and daily maximum temperatures 0.04° C per year over 2003-2102.  Similarly, for the 
precipitation increases (scenarios 4 and 5), winter precipitation was increased 0.5% and 1% per 
year, respectively, from 2003-2102.  Changes in precipitation were applied only to days in the 
historic record that had measurable precipitation.  Hence, precipitation totals for individual days 
were adjusted upward or downward, without changing the frequency of rain events.  For the 
wetter scenarios, this effectively increased the magnitude of extreme events, which is one 
expectation of climatic change (Easterling et al., 2000, Houghton et al., 2001).  For a fixed 
amount of total rainfall, the ecological and hydrologic effects of changes in the event size versus 
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changes in the number of events may be very different, particularly in a semi-arid environment 
(Gao and Reynolds, 2003).  The implications of these two approaches, or a gradient of 
intermediate approaches (i.e., changes in both event size and frequency), could be explored in 
future simulation exercises. 
 
Changes in temperature were of roughly the magnitude projected for the region by the Canadian 
Climate Centre (CCC), Hadley 2, and NCAR Regional models (SRAG, 2000).  A stronger 
increase in minimum temperature than maximum was assumed, in agreement with general trends 
projected by IPCC and observed under recent climatic changes (Houghton et al., 2001).  The 
range of changes in fall-spring precipitation reflected the disagreement among climate models 
(SRAG, 2000) on the direction and magnitude of winter precipitation changes for the region, 
with the CCC and Hadley 2 models suggesting strong increases (perhaps a doubling or more) 
and the NCAR Regional Model suggesting a decrease.  None of the models projected a 
significant change in summer (monsoonal) precipitation, so historic daily values for June 1 – 
September 30 were retained in the scenarios.  Transient scenarios were used, instead of applying 
a fixed climate change over the entire record, to more realistically represent gradual changes in 
climate over the next 100 years.  Use of daily historic data preserved the important seasonal and 
year-to-year patterns of climatic variation (e.g., influences of ENSO and PDO) that characterize 
the climate of the Southwest. 
 
Incident solar radiation and relative humidity were simulated based on daily temperature and 
precipitation data, using the MTCLIM4.3 software 
(http://www.ntsg.umt.edu/bioclimatology/mtclim/) (Glassy and Running, 1994; Thornton and 
Running, 1999).  This software package uses an improved algorithm for simulating relative 
humidity for arid environments in which minimum temperature may be much higher than dew 
point temperatures (Kimball et al., 1997).  Daily wind speed data were obtained from the 
weather station at the Fort Huachuca airport for the years 1991-2003.  I used the maximum wind 
speed for each day, took the average of the maximum values over each 5-day period in the 
historic record, and then calculated the mean and standard deviation of these values by month.  
These values were then used to represent wind speed probabilistically for each time step (5 days) 
in the vegetation model. Because temperature and relative humidity are likely to differ 
considerably from the streamside sites simulated in the model and the upland location of the 
Tombstone weather station, I compared daily temperature and relative humidity data from 2001-
2003 from ecohydrology study sites (Goodrich et al., 2000; Scott et al., 2000, 2003) at 
Palominas and Charleston to values on the same days at the Tombstone weather station.  Mean 
differences were applied uniformly by month to adjust the Tombstone data (assumed to represent 
regional conditions) to local conditions at the study sites (Charleston adjustments used for 
Contention, Palominas adjustments used for Palominas and Kolbe). 
 

3. Streamflow projections 
 
The Soil Water Assessment Tool (SWAT, Arnold et al. 1994, www.brc.tamus.edu/swat/) was 
used for modeling the effects of different climate scenarios on daily streamflow in the upper San 
Pedro River.  SWAT is a physically-based, quasi-distributed hydrologic model designed to 
project the effects of land management practices on water and sediment yield in large, complex 
watersheds over long periods of time (Neitsch et al., 2002).  Input data include daily weather, 
soils, topography, vegetation, and land management practices.  SWAT is primarily a runoff 
model, but includes input parameters for representing streamflow-groundwater interactions as 
well.  I used the Automated Geospatial Watershed Assessment Tool (AGWA) interface 

http://www.ntsg.umt.edu/bioclimatology/mtclim/
http://www.brc.tamus.edu/swat/
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(http://www.tucson.ars.ag.gov/agwa, Hernandez et al., 2000, 2003; Kepner et al., 2004) for 
ArcView 3.2 with a digital elevation model (DEM) of the basin to delineate the watershed and 
sub-basins for the upper San Pedro, for streamflow at Charleston.  Land cover data based on 
1997 classified Landsat-TM imagery (North American Landscape Characterization, NALC), 
basin topography, and STATSGO soil data were used to derive spatially quasi-distributed runoff 
parameters (sub-basin curve numbers) based on lookup tables supplied for the upper San Pedro 
from the AGWA website.  Additional adjustments to hydrologic parameter settings were applied 
to the sub-basins based on model calibration to historic annual stream flow values by Mariano 
Hernandez of the Agricultural Research Service (Hernandez et al., 2000, 2003). 
 
SWAT is designed more for representing long-term water yield than for simulating flood routing 
in response to individual precipitation events (Neitsch et al., 2002).  Other distributed hydrologic 
models, such as KINEROS (Hernandez et al., 2000, 2003) are better suited to representing flood 
routing from individual storm events and require much finer temporal scale precipitation data.  
The temporal resolution of the available input data and desired output data in this assessment 
was intermediate between that of a single storm event and annual water yield.  SWAT was used 
for this assessment because of the availability of annually calibrated parameter settings for the 
upper San Pedro (Hernandez et al., 2000, 2003) and the ability of the program to accommodate 
long-term daily climate inputs and provide daily streamflow outputs over a long time interval 
(100+ years).  The reasonable fit between simulated peak annual flows and simulated flows 
supports the validity of using SWAT for this assessment (see Results section, Figure 3-4).  Better 
fit between simulated and historic flows may be achievable by further calibration of parameters. 
 
Climatic inputs to the SWAT model were derived for 5 weather stations distributed across the 
upper San Pedro basin.  Temperature data for the basin were represented by historic daily values 
(1951-2002) at Tombstone.  Precipitation data were represented by complete daily time series 
(1951-2002) at 5 stations (principal stations in Table 3-2), with values from neighboring stations 
used to fill in missing values.  Precipitation inputs were distributed to the sub-basins based on the 
Thiessen polygon approach used in AGWA.  Climate scenarios used in the vegetation model 
runs were also applied to the temperature and precipitation data used in SWAT model runs (i.e., 
no change over 1951-2002 data, 4° C daily maximum and 6° C minimum temperature increases, 
50% or 100% increase and 50% decrease in winter precipitation).  Weather stations used for 
constructing the precipitation time series are shown below in Table 3-2. 

http://www.tucson.ars.ag.gov/ agwa
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Table 3-2.  Weather stations used in SWAT model runs.  Principal stations used for 
precipitation point locations in the model are shown in bold.  The other, neighboring 
stations were used to estimate missing values in the records of the principal stations.  
Latitude and longitude are in decimal degrees. 
 
Station Name Station Lat Long Elev Period of 

ID (DD) (DD) (m) Record 
Apache Powder Company 020309 31.9 -110.25 1124.4 1923-1990 
Benson 020680 31.97 -110.3 1118.9 1900-1975 
Benson 6 SE 020683 31.88 -110.23 1124.7 1990-2003 
Tombstone 028619 31.7 -110.05 1405.1 1897-2003 
Fairbank 1 S 022902 31.72 -110.18 1174.1 1909-1973 
Sierra Vista 027880 31.55 -110.28 1402.1 1982-2003 
Fort Huachuca 023120 31.57 -110.33 1421.9 1900-1920, 

1954-1981 
Y Lightning Ranch 029562 31.45 -110.23 1399.0 1939-2003 
Coronado National Monument 022140 31.35 -110.25 1597.8 1960-2003 
 
 

4. Channel migration projections 
 
Projected changes in channel location under different climatic scenarios were made by Alex 
Fremier and Eric Larsen of the University of California, Davis, using the program MEANDER 
(Larsen and Greco, 2002).  MEANDER simulates lateral channel migration as a function of 
channel hydraulics, annual stream power, and spatial heterogeneity in bank erodibility, calibrated 
against past changes in channel location and configuration.  Model output is in the form of 
ArcView/ArcGIS shapefiles with associated attribute data on sinuosity, axis of curvature, etc. of 
channel bends.  In addition to simulating lateral point bar migration, MEANDER now includes 
an algorithm to simulate channel cutoffs, given thresholds for peak flow, sinuosity, and bend 
length at which avulsion occurs.  Channel migration in the model was calibrated against 
observed channel locations from 1973 and 1996 aerial photographs (Dixon, 2003c), and annual 
cumulative stream power from historic daily flows at the Charleston (0947100), Palominas 
(09470500), and Redington (0947200) USGS streamflow gages over 1973-1996.  Parameter 
settings for the cutoff algorithm were determined through an iterative process, with the final 
parameter settings those that minimized the difference between actual and simulated channel 
positions during the calibration period (1973 to 1996).  Among reaches, the sinuosity thresholds 
for avulsion ranged from 1.7 to 2.0 (reach 1: 2.0, reach 2: 1.8, reach 3: 1.7) and the threshold 
bend length varied from 20 to 40 channel widths (reach 1: 25, reach 2: 40, reach 12: 20).  The 
peak flow threshold for avulsion was assumed to be 50 cms (1766 cfs).  High river terrace 
boundaries (pre-entrenchment surface) digitized from maps generated by Hereford (1993) were 
used to partially constrain lateral migration.  Other inputs included estimates of bankfull 
discharge (assumed 1000 cfs), bankfull channel width and depth, channel slope, median particle 
size (D50) of streambed sediments. 
 
MEANDER was run using daily streamflow outputs from SWAT under the 5 climate scenarios 
(no change, warm, warm dry, warm wet, warm very wet) for the reaches including the three 
study sites (reach 1: Palominas UA, reach 2: Kolbe, reach 12: Contention).  Differences in the 
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projected location of the channel midpoint along each study transect at the end of each 5-year 
interval were used to represent channel location and patch turnover on each study site cross-
section. 
 

5. Study sites  
 
The three sites chosen for simulation runs all occur within the SPRNCA and roughly correspond 
to the three classes of the Riparian Condition Index developed by Lite (2003).  The three reach 
types and representative sites are (1) perennial (Kolbe site); (2) wet intermittent (Palominas UA 
site); and (3) dry intermittent flow (Contention site).  The perennial flow type can be 
characterized as a hydrologically “gaining” reaches, in which shallow groundwater supports 
baseflow throughout the year; while the intermittent flow types represent “losing” reaches in 
which baseflow may cease during seasons in which the groundwater level falls below the river 
thalweg (Figure 3-1).  Wet intermittent reaches are those that have surface flow during the 
majority of months during a normal year (but are not perennial), while dry intermittent reaches 
flow less frequently, typically less than 60% of the time. 
 
Kolbe:  Kolbe (lat-long: 31.42°, –110.1°; elevation: 1274 m) is classified as a perennial flow 
site, based on observations of flow in 100% of the days during the 2002 water year (Stromberg et 
al., 2003).  Groundwater levels exceeded the elevation of the thalweg in the non-growing season 
and were nearly equal with the thalweg during the growing season in water year 2002 (Figure 3-
3, Table 3-3), with a relatively low range of fluctuation in groundwater levels near the channel 
(about 0.4 m) and with baseflow supported by groundwater inputs (a “gaining” stream reach).  
Consistent with the riparian assessment model of Lite (2003), overstory vegetation near the 
channel is dominated by tall-stature, obligate phreatophytic species of riparian trees, Fremont 
cottonwood and Goodding’s willow with little cover of the more drought-tolerant saltcedar 
(Table 3-3). 
 
Palominas UA:  Palominas UA (lat-long: 31.37°, –110.12°; elevation: 1289 m) is classified as a 
wet intermittent flow site, based on observations of flow in 70% of the days during the 2002 
water year (Stromberg et al., 2003).  Groundwater levels exceeded the elevation of the thalweg 
during the non-growing season, but fell slightly below the thalweg (here about –0.3 m near the 
channel) during periods of high groundwater demand during the growing season (Table 3-4, 
Figure 3-3).  Consistent with the riparian assessment model, the Palominas UA site contains a 
mixture of obligate phreatophytic (cottonwood) and facultative phreatophytic (saltcedar) riparian 
trees (Table 3-4).   
 
Contention:  Contention (lat-long: 31.76°, –110.2°; elevation: 1154 m) is classified as a dry 
intermittent flow site, based on observations of flow in 56% of the days during the 2002 water 
year (Stromberg et al., 2003).  Groundwater levels were slightly lower than the elevation of the 
thalweg during the non-growing season (-0.14 m at the channel), fell substantially below the 
thalweg (here about –2.3 m near the channel) during periods of high groundwater demand during 
the growing season, and hence exhibited a large range of fluctuation (about 2 m) in groundwater 
levels during water year 2002 (Figure 3-3, Table 3-5).  Riparian vegetation at Contention was 
consistent with projections of the riparian assessment model, with dominance by patch types 
characterized by facultative phreatophytic species such as saltcedar and mesquite, and the near 
absence of obligate phreatophytic riparian trees (cottonwood, willows) (Table 3-5). 
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6. Plot conditions and vegetation model runs 

 
The model was run for vegetation plots along a transect instrumented with piezometers  at each 
site, for which detailed groundwater, topographic, and stage-discharge data were available.   
Plots on the high terrace (pre-entrenchment surface) were excluded; only plots on the post-
entrenchment floodplain/terrace were used.  Initial conditions for each model run consisted of the 
vegetation, elevation above the river thalweg, and seasonal depth to groundwater (growing 
season and non-growing season) for each plot that was sampled along the transect.  Depth and 
seasonal fluctuation in groundwater levels were based on minimum and maximum groundwater 
levels in a dry year (2002), measured from nested piezometers on the site (Leenhouts, 
unpublished data).  Transect topography was based on topographic surveys by the USGS in 
combination with patch widths delineated by the Stromberg group.  Initial vegetation conditions 
were based on field data on vegetation composition and structure collected in 2001 for each plot.  
Each plot was taken to represent the conditions in the entire patch in which it was found and its 
contribution to the vegetation of the entire transect was weighted by the width of the patch 
relative to the width of the entire floodplain. 
 
Initial conditions for vegetation were represented by the stem density (per 100 m2 plot) and mean 
effective diameter (weighted diameter based on total basal area divided by stem density for each 
species) in study plots, for five of the six most abundant tree species (Freemont cottonwood, 
Gooding willow, saltcedar, mesquite, and ash) in the riparian corridor. (The other common tree, 
Celtis reticulata, which often occurs as a subdominant in mesquite woodlands, was assumed to 
be ecologically equivalent to the more abundant mesquite and hence was lumped with that 
species in the model input and output).. Initial conditions also included  density and coverage of 
a general group designated as xeric riparian shrubs (e.g., Hymenoclea monogyra, Ericameria 
nauseosa, Acacia greggii) and hydric pioneer shrubs (e.g., seep-willow, Baccharis salicifolia), 
and by cover values for three functional groups of herbaceous plants (wetland perennials, 
annuals, and mesic perennial grasses such as sacaton. Sacaton has the greatest average cover of 
all perennial herbs in the Upper San Pedro floodplain, with Sorghum halapense and Cynodon 
dactylon also being common).   For the purpose of these model runs, I initialized all plots with 
20% cover each of annuals and wetland perennial plants.  Initial rooting depth of all woody 
plants present on the plots at the beginning of the simulation were set as the deepest groundwater 
depth during the course of the year or the maximum rooting depth for the species, whichever was 
smaller.  In cases in which the patch was designated as a forest or woodland of a particular type 
(e.g., old growth cottonwood woodland), but no trees of that species were present on the sampled 
plot, I assumed a density of 0.5 trees per 100 m2 and an effective diameter corresponding to the 
age class (young, mature, old growth) of that species.  Soil texture on all plots was assumed to be 
80% sand, 10% clay, and 10% silt. 
   
The vegetation model was run for plots from each of the three sites under four of the five climate 
scenarios (no change, warm, warm wet, warm dry), with four replicates of each run, for 2003-
2102.  Model runs were not made for the wettest climate scenario (doubling of winter 
precipitation).  Flow data were taken from SWAT model runs for stream segments corresponding 
to each study site and were summarized over 5-day intervals, based on the maximum daily mean 
flow during each period.  Stage-discharge relationships were extrapolated from HEC-RAS model 
runs for the 2-100 year return floods at each site (Leenhouts, 2003).  Shifts in channel position 
along each transect were derived from MEANDER runs under each climate/flow scenario for 
each 5-year interval.  Shifts in channel position were assumed to erode portions of existing 
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patches on the outside of the bend and form point bars available for colonization of new 
vegetation on the inside of the bend, thus creating new patches and eroding old ones during the 
course of the simulation.  New patches were initialized with a plot elevation of 0.5 meters above 
the river thalweg and were assigned a patch width corresponding to the amount of simulated 
channel migration that had occurred since the last recruitment event.  During each 5-year 
interval, new vegetation plots were initiated in the year with the highest peak daily discharge 
exceeding 6000 cfs at Charleston (>5721 at Palominas).  This flow threshold was the peak daily 
flow (maximum mean daily flow for the year) exceeded in approximately 10% of the years 
during 1951-2002 at the Charleston gage, and reflected the assumption that major vegetation 
colonization events are associated with the 10-year return flood (Stromberg et al., 1993a, 1998a).  
The effects of long-term declines in alluvial aquifer levels were not simulated for this report.  
Studies of groundwater hydrology in the basin, however, suggest that current rates of 
groundwater extraction could lead to strong future declines in alluvial aquifer levels, reduction of 
stream baseflow, and degradation of riparian vegetation (Vionnet and Maddock, 1992; Pool and 
Coes, 1999; Goode and Maddock, 2000; Steinitz et al., 2003).  Scenarios of groundwater decline 
will be incorporated in future runs of this model, as results from a seasonal groundwater model 
currently under development become available. 



 59

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3.  Topography, groundwater levels, and plot numbers at the three study 
transects. 
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Table 3-3.  Starting plot conditions for simulation runs on the vegetation transect at Kolbe. 
Cases in which plot vegetation (starting vegetation for the model runs) differed 
substantially from the field-designated patch type are shown in bold.  Plot and 
groundwater elevations are relative to the river thalweg. 
 
Plot 
ID 

Field Patch Type  Simulation Patch 
Type 

Landform Plot 
Elev 
(m) 

 

Groundwater 
Elevation (m)  

Patch 
Width 
(m) 

     Summer Winter  
2W Spiny aster 

shrubland 
Mature1 willow 
forest 

Floodplai
n 

2.94 0.06 0.34 12.3

1W Mixed grassland Mixed open Floodplai
n 

1.42 0.09 0.36 8.5

 Active Channel   0.00 -0.02 0.37 22.1
1E Mature willow 

woodland  
Young willow 
forest 

Floodplai
n 

0.88 0.09 0.36 1.4

2E Mature willow 
forest 

Mature1 willow 
forest 

Floodplai
n 

2.17 0.08 0.35 7.3

3E Mature 
cottonwood forest 

Mature1 
cottonwood forest 

Floodplai
n 

2.73 0.05 0.33 11.6

4E Other grassland Mixed open Floodplai
n 

2.44 0.01 0.31 17.7

5E Mature willow 
forest 

Forbland or sacaton 
grassland 

Floodplai
n 

2.38 0.01 0.32 7.0

6E Mature willow 
forest 

Old cottonwood/ 
willow forest 

Floodplai
n 

3.33 0.04 0.41 9.0

7E Old cottonwood 
woodland 

Old cottonwood 
forest 

Floodplai
n 

3.42 0.07 0.46 11.8

 
Total Width =  

 
108.7 
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Table 3-4.  Starting plot conditions for simulation runs on Palominas UA transect. Cases in 
which plot vegetation (starting vegetation for the model runs) differed substantially from 
the field-designated patch type are shown in bold.  Plot and groundwater elevations are 
relative to the river thalweg. 
 
Plot 
ID 

Field Patch Type  Simulation Patch 
Type 

Landform Plot
Elev 
(m) 

 

 Groundwater 
Elevation (m) 

Patch 
Width 
(m) 

     Summer Winter  
6W Mature 

forest 
cottonwood Mature1 

cottonwood 
Floodplain 3.23 -0.22 0.44 6.1

forest 
5W Old cottonwood 

forest 
Mature1 
cottonwood 

Floodplain 2.17 -0.24 0.41 58.0

woodland 
4W Mature 

forest 
cottonwood Mature1 

cottonwood 
Floodplain 1.83 -0.28 0.37 32.7

forest 
3W Mature cottonwood 

woodland 
Mature2 
cottonwood 

Floodplain 1.41 -0.30 0.35 8.0

forest 
2W Open patch Young 

cottonwood forest
Floodplain 1.90 -0.30 0.34 7.5

1W Open patch Young 
cottonwood 

Floodplain 0.96 -0.32 0.33 25.3

woodland 
 Active Channel   0.00 -0.34 0.30 8.8
1E Other grassland Young 

cottonwood 
Floodplain 1.81 -0.40 0.25 41.5

shrubland 
2E Mature saltcedar 

shrubland 
Young saltcedar 
shrubland 

Floodplain 1.43 -0.49 0.16 15.0

3E Spiny aster shrubland Mature1 
saltcedar 

Floodplain 4.36 -0.54 0.11 6.0

woodland 
4E Spiny aster shrubland Xeric shrubland Floodplain 4.36 -0.59 0.05 20.0

 
Total Width = 328.9
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Table 3-5.  Starting plot conditions for simulation runs on Contention transect. Cases in 
which plot vegetation (starting vegetation for the model runs) differed substantially from 
the field-designated patch type are shown in bold.  Plot and groundwater elevations are 
relative to the river thalweg. 
 

Patch 
Width 
(m) 

Plot ID Field Patch 
Type  

Simulation Patch 
Type- 

Landform Plot 
Elev 
(m) 

 

Groundwater 
Elevation (m)  

     Summer Winter  
10W Old mesquite 

shrubland 
Mature mesquite 
shrubland 

Floodplain 5.93 -1.15 0.77 6.0

9W Old willow 
woodland 

Mature2 willow 
forest 

Floodplain 2.45 -1.20 0.74 12.0

7.5W Mature 
mesquite 
shrubland 

Sacaton grassland 
or mixed open 

Floodplain 2.93 -1.28 0.67 44.0

6W Open patch Mixed open Floodplain 3.10 -1.41 0.56 23.4
5W Mature 

mesquite 
shrubland 

Mixed open 
 

Floodplain 2.49 -1.79 0.25 182.0

4W Forbland Mixed open Floodplain 1.70 -2.15 -0.06 8.7
3W Sacaton 

grassland 
Sacaton grassland Floodplain 1.50 -2.17 -0.08 6.6

1.5W Grassland Mixed open Floodplain 1.36 -2.20 -0.10 5.9
 Active 

Channel 
  0 -2.25 -0.14 36.1

1E Grassland Mature1 saltcedar 
shrubland 

Floodplain 1.26 -2.32 -0.23 9.8

2.5E Forbland Mixed open Floodplain 2.05 -2.40 -0.33 58.0
4.5E Mature 

mesquite 
shrubland 

Sacaton grassland Floodplain 2.04 -2.50 -0.46 36.1

6E Atriplex 
shrubland 

Mature mesquite 
shrubland 

Floodplain 3.93 -2.54 -0.51 2.6

 
Total Width =  

 
430.7 
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7. Simulation of fire effects 

 
Unlike earlier versions of the vegetation model (Dixon, 2003a,b) the model runs in this report 
include the simulation of fire occurrence and its effects on vegetation composition and structure.  
Data on fire occurrence within the SPRNCA for 1991-2003 (BLM, unpublished) was used to 
develop statistical relationships between occurrence of fires of ≥ 10 acres (4 ha.) in size and 5-
day regional (Tombstone) climatic conditions, using logistic regression.  The regression equation 
selected for use in the model is shown below: 
 
logit (fire) = 0.0757*(mean Tmax) - 0.981*(precip over previous 35 days) + 0.6968*windspeed 
– 9.6907 
 
fire probability = 1/(1+EXP(-logit)) 
 
where precipitation is in cm, maximum temperature in degrees Celsius, and windspeed in meters 
per second.  Hence, the probability of occurrence (during a given 5-day period) of a fire of ≥10 
acres in the SPRNCA during a given 5-day period increased significantly with increases in mean 
daily maximum windspeed and mean maximum temperature and decreased with the total 
precipitation in the current (5-day) time step plus the previous month (six previous time steps). 
 
Given the occurrence of a fire somewhere within the SPRNCA, the probability of occurrence at a 
given study site was assumed to be ratio between the size of the fire and the total area of the 
riparian corridor within the Conservation Area, under the assumption that the majority of large 
fires occur within the riparian corridor.  The area of the riparian corridor was defined as the area 
of the floodplain (post-entrenchment surface) plus a 100-meter buffer, for the length of the river 
within the Conservation Area.  This comprised approximately 29% of the total area of the 
SPRNCA, or about 7300 ha.  For a given fire event, area burned was simulated probabilistically, 
randomly drawing fire size from a normal distribution based on the mean and standard deviation 
of the log-transformed areas of all fires ≥ 10 acres within the Conservation Area during 1991-
2003.  Finally, the occurrence of a fire in a given plot was also a function of local fuel moisture, 
with no fires occurring if fuel moisture exceeded the extinction moisture threshold of 25% 
(Rothermel, 1972).  Fuel moisture was expressed as a function of the moisture status of the live 
herbaceous plants (based on soil moisture availability), estimated moisture content of the 
herbaceous leaf litter, and the proportion of dead to live herbaceous leaf area.  The maximum 
moisture content (i.e., when soil moisture is not limiting) of live herbaceous plants was assumed 
to be 233% of stem dry weight (based on stem water content of 70% for sacaton; Tiller et al. in 
prep.).  Dead fuel moisture was modeled as a function of maximum temperature and relative 
humidity (based on the McArthur Grassland Fire Index, meter 5, from Noble et al., 1980). 
 
Local fire intensity was simulated using the Rothermel fire spread equations (Rothermel, 1972), 
based on local climatic and fine fuel (herbaceous litter) conditions.  Scorch height was modeled 
using the equation of van Wagner (1973), as modified by Miller and Urban (1999).  Tree topkill 
was modeled as a function of scorch height, tree height, and bark thickness, using equations 
developed by Ryan and Reinhardt (1988), Reinhardt (pers comm.), and Keane et al. (1996).  
Probability of tree or shrub resprouting after fire was determined for each species based on 
values found in the literature and data from the field. 
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8. Analysis 
 
Model runs were made for each plot for four climate scenarios (no change, warm, warm wet, 
warm dry), for a total of approximately 900 separate runs.  For each year, across the four 
replicates of each scenario and plot, model results were summarized by calculating the mean 
cover for each species or functional group, the leaf area above 5 m, and (for trees) the mean 
diameter per species on each plot.  These values were then used to classify plots according to 
patch type, using rules similar to those used for defining patch types in the field, using 
physiognomy (forest, woodland, shrubland, herbaceous, open), dominant species, and age-size 
structure (stem diameter classes for cottonwood, willow, saltcedar, and mesquite).  Rules for 
physiognomy were as follows: 
 
Forest   =  canopy >5 m tall, with 60-100% canopy cover 
Woodland  =  canopy >5 m tall, with 25-59.9% canopy cover 
Shrubland  =  <25% canopy cover over 5 m tall, but >25% woody cover in 1-5 m 
Herbaceous  =  <25% woody cover, >25% herbaceous cover 
Open   =  <25% woody cover and <25% herbaceous cover 
 
Floodplain-wide changes in proportional cover of patch types were summarized on 25-year 
intervals (2003, 2027, 2052, 2077, 2102) for each site by weighting each plot according to the 
width of the patch it represented, summing patch widths across patch types, and dividing by the 
total floodplain width. 
 

9.  Simulation Results 
 
Flood Modeling with SWAT 
 
SWAT simulations using historic precipitation and temperature data matched the timing and 
magnitude of large winter and annual floods reasonably well, but was much poorer at simulating 
flood events associated with summer monsoonal rains (Figure 3-4) and low flows, and 
considerably underestimated the size of the fall peak flood in 1977. 
 
SWAT model results showed relatively weak effects of climate warming alone on annual peak 
flow magnitude, but strong effects of changes in winter precipitation (Figure 3-5).  Increases of 
4° C for maximum temperature and 6° C for minimum temperature slightly reduced the 
magnitude of maximum annual mean daily flows by the end of the simulation.  Effects of 
changes in winter precipitation had a much stronger effect, with a 50% decline in the size of 
winter precipitation events essentially shutting off winter floods.  No fall/winter floods exceeded 
6000 cfs (the threshold for vegetation recruitment used in the model) under the warm dry 
scenario, with the only two floods exceeding 6000 cfs occurring in the summer monsoon season 
(in 2007 and 2059).  A progressive 50% increase in the size of winter precipitation events 
resulted in a large increase in the number of years with fall/winter floods exceeding 6000 cfs, 
with such floods occurring in 16 different years (2019, 2029, 2035, 2045, 2046, 2052, 2069, 
2071, 2081, 2082, 2083, 2087, 2088, 2089, 2097, and 2098) and with peak flood magnitudes 
about three times larger than those under the no change scenario by the end of the simulation.  
Predictably, a doubling of winter precipitation resulted in even larger and more frequent winter 
floods, with flood magnitude around 5-6 times larger than under the no change scenario by 2102 
(Figure 3-6).
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Figure 3-4.  Comparison of historic and modeled peak flows (maximum mean daily flows) 
at Charleston gage.  Flows were modeled using SWAT.  
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Figure 3-5.  Simulated annual peak flows from SWAT under the no change, warm, warm 
dry, and warm wet climate scenarios.
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Figure 3-6.  Comparison of simulated peak flows from SWAT model runs for the five 
climate scenarios: (a) annual peak flows, (b) fall/winter peak flows.
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a. Channel migration 

 
Channel migration rates varied considerably among scenarios and sites, with much higher 
migration rates under the two scenarios with increased winter precipitation; much lower rates 
under the warmer, drier scenario; and slightly lower rates under the climate warming with no 
change in precipitation than under the no change scenario (Figures 3-7 though 3-9, Table 3-6).  
Among sites, migration rates were much lower on the Palominas and Kolbe transects than at 
Contention, under the no change, warm, and warm dry scenarios.  Migration rates at all sites 
increased strongly under the wetter scenarios, with the strongest relative increases at Kolbe and 
the smallest at Palominas.  Total channel movement from 2002 to 2099 also varied considerably 
within each reach, suggesting that single measurements along the vegetation transects may not 
adequately represent reach-level channel and vegetation dynamics. 
 

b. Fire 
 
Climate scenario had a significant influence on the frequency of fire occurrence per patch at each 
study site.  Fires were significantly more frequent under the warm dry scenario than under all 
other scenarios and were significantly more frequent under both the warm and warm dry scenario 
than under the no change scenario.  The mean number of intense fires (fireline intensity >500 
kW/m2) per patch per 100 years was 2.2 for the warm dry  (45-year return interval), 1.8 for the 
warm (55-year return interval), 1.7 for the warm wet (60.3-year return interval), and 1.4 for the 
no climate change scenario (72-year return interval).  There were also differences among study 
sites in fire frequency, with the highest frequency at Palominas and the lowest at Contention, 
with Kolbe intermediate. 
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Figure 3-7.  Simulated channel position by 2099 at Contention under the five climate 
scenarios.  The starting (2002) channel position is shown as a dashed line.  Channel 
migration was simulated using the program MEANDER (Larsen and Greco, 2002). 
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Figure 3-8.  Simulated channel position by 2099 at Kolbe under the five climate scenarios.  
The starting (2002) channel position is shown as a dashed line.  Channel migration was 
simulated using the program MEANDER (Larsen and Greco, 2002). 
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Figure 3-9.  Simulated channel position by 2099 at Palominas UA under the five climate 
scenarios.  The starting (2002) channel position is shown as a dashed line.  Channel 
migration was simulated using the program MEANDER (Larsen and Greco, 2002).  
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Table 3-6.  Cumulative horizontal displacement (in meters) in simulated channel position, 
relative to 2002, along each transect, for five climate scenarios.  Channel migration was 
simulated using the program MEANDER (Larsen and Greco 2002).  Positive values 
indicate eastward movement of the channel, negative values indicate westward movement. 
 
Site Scenario Cumulative Displacement (m) 
  2027 2052 2077 2099

Contention 
no change 16.9 35.9 49.0 59.3

 warm 16.7 33.7 45.3 54.3
 warm dry 15.7 25.6 34.7 36.6
 warm wet 17.8 43.9 60.5 77.6
 warm very wet 19.4 56.9 75.4 95.0
   
Kolbe no change 0.8 0.4 -3.3 -9.8
 warm 0.8 0.6 -2.1 -5.9
 warm dry 0.7 1.0 0.5 0.2
 warm wet 0.9 -1.5 -11.9 -43.4
 warm very wet 0.9 -8.1 -37.0 -96.8
   
Palominas UA no change 2.6 6.6 9.8 13.0
 warm 2.5 6.0 9.2 12.8
 warm dry 2.4 4.2 6.2 8.0
 warm wet 2.7 8.8 13.8 24.1
 warm very wet 3.0 12.4 20.5 39.1
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c. Simulated vegetation change 
 

Contention - In 2003, the floodplain at Contention was dominated (about 80%) by vegetation 
classified as “mixed open” in the model (Table 3-5, Figure 3-10), meaning that species 
composition was mixed (no dominant species) and total cover was insufficient (<25%) to be 
classified as herbaceous, shrubland, woodland or forest.  In the field, however, these patches had 
been originally classified as mesquite shrubland (72% by patch width), forbland (21%), open 
(7%), and a tiny amount as grassland (<1%) (Table 3-3).  Had these patches been initially 
classified the same in the model as in the field, then mesquite would have dominated floodplain 
coverage from 2003 through 2102 for most of the climate scenarios.  By 2027, most of the mixed 
open patches had converted to mesquite, sacaton, or saltcedar-dominated patches (Figure 10).  In 
three of the four scenarios, mesquite remained the dominant patch type through the rest of the 
simulation.  The one exception was the no change scenario, in which sacaton occupied over 60% 
of the floodplain by 2077 and 2102.  Dominance of sacaton under the no change scenario was 
largely due to conversion of patch 5W (Table 3-5), which covered 47% of the floodplain, from 
mesquite shrubland to sacaton grassland (Attachment 1).  Similarly, the high coverage by 
sacaton under the warm dry scenario in 2027 was also due to conversion of patch 5W to sacaton.  
Sacaton coverage subsequently declined in this scenario as the patch converted to mesquite 
shrubland by 2052.  The relative balance of sacaton versus mesquite coverage on an individual 
date may depend on how recently fire had occurred in an individual model run.  This varied 
among individual model runs, as fire was simulated as a probabilistic event in each run and each 
patch.   
 
Saltcedar maintained a relatively small, but fairly constant proportion of the floodplain through 
the simulations (Figure 3-10).  Initial increases in patch dominance occurred in all scenarios 
between 2003 and 2027, with some conversion of open or grassland patches to saltcedar 
(Attachment 1) and some recruitment on new patches formed by channel migration (Figure 3-
14).  Thereafter, saltcedar increased slightly in the warm scenario and remained constant or 
declined slightly in the other scenarios.  Cottonwood-willow patch types occupied a small 
proportion of the floodplain initially, but died out and did not colonize new patches created by 
channel migration. 
 
Kolbe - The floodplain vegetation at Kolbe shifted from dominance by cottonwood and willow 
in 2003 to dominance by mesquite, sacaton, and in some cases, ash, in 2102 (Figure 3-11).  
Across scenarios, cottonwood/willow patch types occupied 60-70% of the total floodplain width 
from 2003 through 2027.  After 2027, coverage declined steadily, with cottonwood/willow patch 
types declining to a low of 3% under no climate change, 6% under the warm scenario, and less 
than 1% of the floodplain under the warm dry scenario.  Under the warm wet scenario, total 
coverage by cottonwood/willow patch types declined to 21% by 2077 and then rebounded to 
37% by year 2102.  In all scenarios, cottonwood/willow coverage by 2102 was almost 
completely composed of new patches formed by channel migration (Figures 3-11, 3-13), with 
cottonwood/willow patches present in 2003 occupying less than 1% of the 2102 floodplain.  
Patch 1E, which was only 1.4 meters wide, was the only original patch that still had significant 
cottonwood/willow coverage by the end of the simulation, with old-growth cottonwood 
woodland or forest in 2102 under all scenarios (Table 3-3). 
 
Change in coverage by mesquite patch types was nearly a mirror image of the cottonwood 
changes (Figure 3-11).  No patch types were dominated by mesquite in 2003 (Table 3-3), but the 
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proportion of the floodplain covered by mesquite increased strongly from 2027 to 2102, with 
final coverage ranging from about 30% in the no change and warm wet scenarios to nearly 70% 
in the warm scenario (Figure 3-11).  Across scenarios, all patches (with the exception of patch 
1E) that began as cottonwood/willow in 2003 had converted to mesquite, sacaton, or mixed open 
by 2102.  Sacaton grassland had a variable response across scenarios, occupying 13-24% of the 
floodplain by 2102 in three of the four scenarios, but co-dominant with mesquite patch types 
(each covering about 40% of the floodplain) in the warm dry climate.  Across scenarios, ash 
woodland/forest occupied about 20% of the floodplain in 2027 and 2052, remaining constant in 
the no change and warm dry scenarios to 2102, but converting to mesquite patch types in the 
other two scenarios (Figure 3-11).  All ash coverage was on one patch (4E) that began as a mixed 
open patch in 2003 (Table 3-3).  
 
Palominas UA - As at Kolbe, the floodplain at Palominas UA was dominated by 
cottonwood/willow patch types in 2003 (81%), with coverage by cottonwood/willow declining 
steadily in all scenarios after 2027 (Figure 3-12).  Saltcedar occupied about 10% of the 
floodplain in 2003, increased to 14-22% by 2052, and then declined sharply to 2102 in all 
scenarios.  By 2102 sacaton and/or mesquite dominated the floodplain, with highest coverage by 
sacaton patch types under the no change scenario (75%) and highest mesquite coverage under the 
warm wet scenario (75%).  Somewhat surprisingly, coverage by cottonwood/willow patches was 
highest in 2102 under the warm dry scenario, with old-growth cottonwood forest remaining on 
two fairly wide patches (1W and 4W).  Aside from these two patches under the warm and warm 
dry scenarios, all patches that began as cottonwood/willow in 2003 had transitioned to other 
patch types (mostly sacaton or mesquite), by 2102.  Rates of channel migration and recruitment 
of new cottonwood/willow and saltcedar patches were low at the transect location (Figures 3-13, 
3-14) and hence were insufficient to counterbalance loss of these patch types from senescence of 
the original stands.  No successful recruitment of cottonwood/willow occurred on patches 
formed by channel migration under the warm dry scenario (only summer floods) and very low 
recruitment of saltcedar occurred under the warm wet scenario, despite higher channel migration 
under this scenario than the others. 
 
An important trend across simulations, scenarios, and study sites was an increase in coverage of 
mesquite, and sometimes sacaton, patch types from 2003-2102 (Figures 3-10 – 3-12).  On Kolbe 
and Palominas UA, coverage of cottonwood/willow patch types declined strongly during the 
simulations, showing the inverse pattern to changes in mesquite coverage.  Overall, most patches 
occupied by pioneer patch types in 2003 transitioned to other patch types (often mesquite or 
sacaton) by 2102, as pioneer stands senesced.  Hence, long-term coverage by pioneer patch types 
was closely linked to rates of channel migration, with species composition (i.e., cottonwood/ 
willow or saltcedar) influenced by flood season and groundwater hydrology.  Only for 
Contention did migration rates appear sufficient to maintain stable coverage of pioneer woody 
patch types (saltcedar) in the floodplain, with highest coverage under the warm wet scenario 
(Figures 3-10, 3-14).  At Palominas, migration rates under even the warm wet scenario were 
insufficient to maintain the initially high cottonwood/willow coverage in the floodplain (Figure 
3-12).  At Kolbe, recruitment of new cottonwood/willow patches was four-fold greater under the 
warm wet scenario than under the no climate change scenario (Figure 3-13).  Migration rates 
under this scenario may be sufficient to maintain high coverage of pioneer patch types, if 
precipitation levels reached by the end of the transient scenario (50% increase in fall/winter 
precipitation) continue into the next century.  The substantially higher migration rates observed 
in the MEANDER runs with a doubling of winter precipitation by 2102 may be sufficient to 
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maintain high coverage of pioneer patch types at all sites, but vegetation model runs were not 
conducted for this scenario (Figures 3-7 through 3-9, Table 3-6). 
 

3.5  Discussion 
  

Discrepancies in patch type designations 
 
In several cases, starting (2003) patch type definitions based on plot-level vegetation and the 
equations used in the model differed from their designation in the field (e.g., Palominas UA, 
plots 1W and 2W; Kolbe, plots 2W and 5E; Contention, plots 1E, 4.5E, 5W, 7.5W; Tables 3-3 
through 3-5).  These differences arose for several possible reasons.  First of all, field patch-type 
designations were made based on the entire patch, with the individual sampling plot intended to 
represent patch-level vegetation patterns.  However, the small (100-200 m2) individual plots may 
not adequately characterize the vegetation of the entire patch (e.g., a mesquite tree may, by 
chance, occur within a plot in a patch otherwise dominated by grassland).  Hence, in some cases, 
applying the patch delineation rules to an individual plot may result in a different designation for 
the plot than for the patch as a whole.  Second, in the vegetation model it is implicitly assumed 
that the cover of any plant in the plot is entirely contained within the plot.  In the field, however, 
individual trees may occur at the edge of the plot, and hence have a lower canopy cover in the 
plot than projected by the model, or the canopies of trees outside the plot may extend into the 
plot, producing a higher canopy cover in the plot than is projected by the model.  Discrepancies 
between model and field patch designations can be attributed mostly to these two causes.  
Discrepancies could also arise, however, if model equations for particular species consistently 
over- or underestimate canopy cover.  In the model exercises reported here, model equations may 
have underestimated mesquite canopy cover in plots 5W, 7.5W, and 4.5E at Contention (Table 3-
5) and may have overestimated cover for mature cottonwoods and willows for some plots at 
Kolbe and Palominas UA (Tables 3-3 and 3-4).  Unfortunately, such discrepancies are difficult to 
evaluate, because individual plots are not large enough to contain the full canopies of all trees 
rooted within the plots.   
 
For consistency, this report uses patch-type designations derived from plot vegetation data (the 
actual inputs to the model) and model equations, rather than the field-delineated patch types.  
Other approaches (e.g., using average vegetation patterns to represent generalized patch types, 
rather than plot-specific vegetation) could be considered for future model runs. 
 
Projected vegetation changes 
 
Generally, model results suggest a decrease in coverage by pioneer woody vegetation across the 
floodplain of the upper San Pedro over the next 100 years.  In particular, coverage of 
cottonwood/willow patches may decline as old patches established during the channel narrowing 
process will senesce.  The extensive cottonwood and willow patches found currently along 
portions of the river are largely the legacy of channel widening and subsequent channel 
narrowing and floodplain reconstruction over the last century.  Long-term coverage by 
cottonwood/willow in particular, and pioneer patch types in general, will depend heavily on how 
much opportunity there is for new recruitment of these species in the future.  Recruitment of 
these species depends heavily on the formation of moist, mineral seedbeds by channel migration 
and on the timing of floods, with cottonwoods and willows particularly dependent on the 
occurrence of fall, winter or spring floods (Stromberg et al., 1991; 1993a; Stromberg, 1998a).  
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Hence, the influence of climate change on pioneer riparian communities will depend largely on 
how precipitation regimes change.  Decreases in winter precipitation will likely result in less 
frequent winter floods, lower rates of channel migration, and much lower rates of recruitment by 
cottonwood and willow.  Increases in winter precipitation should result in larger and more 
frequent winter floods, higher channel migration rates, and higher recruitment rates by 
cottonwood and willow.  If increases in precipitation are high enough, then it is possible that 
pioneer patch types could be maintained at high levels in the floodplain of the San Pedro. 
Relative coverage by cottonwood/willow versus saltcedar patch types may be influenced by 
changes in the seasonality of precipitation and flooding, with increases in winter flooding 
favoring cottonwood/willow.  Although saltcedar also recruits after winter floods, its longer 
dispersal interval may also enable it to recruit after floods later in the spring or summer (Horton, 
1977, Shafroth et al., 1998).  Changes in depth to groundwater, however, are likely to have a 
stronger influence on the relative importance of these two groups (Lite, 2003), with saltcedar 
much more tolerant of drought and more variable and deeper groundwater levels.  Future rates of 
groundwater extraction in the basin could have a strong impact on the relative coverage of 
saltcedar vs. cottonwood and willow patch types.  
 
According to model results, coverage by later successional communities such as mesquite, ash 
patch types, and perhaps sacaton grassland, should increase over the next 100 years.  The relative 
balance between mesquite forest/woodland and grassland/shrubland coverage may depend 
heavily on how fire frequency and intensity changes in the future.  Model results suggest 
somewhat higher fire frequencies under all warming scenarios, with particularly higher 
frequencies under a warmer, drier climate.  Model simulation of fire, however, was done 
probabilistically on a patch-by-patch basis, with no spatially explicit simulation of fire spread 
among patches.  Spatial effects could be very important for both future fire regimes and for 
population dynamics of mesquite.  Fire is likely to be frequent and effective within a landscape 
dominated by high coverage and connectivity of grassland patches than one in which such 
patches are small and disconnected.  As an animal-dispersed species, recruitment of mesquite 
may also be strongly influenced by spatial context.  Shifts between mesquite and grassland 
dominated landscapes could represent phase changes between alternative stable states, with 
either state tending to persist in the absence of changes in disturbance or land use (Archer et al., 
1988).  These effects of spatial context could not be captured in the plot-based unit model used in 
these simulations.  Conversion to a true landscape model, with spatially interactive processes 
among cells, could better simulate the effects of spatial context and perhaps yield better 
projections for landscape change.  Future changes in land management, particularly grazing, 
could also have a strong influence on fire frequency in the system and on relative coverage of 
grassland and woody shrubland or forest (Dixon, 2003b).  
 
Other factors could also have an important impact on coverage of different patch types in the 
floodplain.  Direct and interactive effects of increases in CO2 and temperature on plant 
physiology (e.g., water use efficiency, rates of photosynthesis and respiration) may strongly 
influence plant growth rates and competitive interactions among species, particularly between 
woody shrubs and grasses on the more xeric portions of the floodplain, and perhaps between 
saltcedar and cottonwood.  Indeed, some have suggested historic increases in CO2 as a possible 
factor favoring the spread of woody shrubs within the semidesert grasslands (Idso, 1992; Archer 
et al., 1995).  Although the vegetation model did include simple empirical functions relating soil 
water potential and temperature to growth of different species, physiological processes were not 
simulated explicitly, nor were CO2 fertilization effects. 
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Finally, perhaps the dominant factor influencing vegetation patterns along the San Pedro today is 
its geomorphic history.  The channel incision and widening events of the late 19th through early 
20th century set the template that influenced subsequent development of the new floodplain and 
riparian ecosystem.  Likely contributing factors to the widespread arroyo cutting that occurred 
across the desert Southwest were overgrazing and deforestation in the uplands and riparian zone 
and the transition between very dry and very wet climate regimes (Hastings and Turner, 1965).  
Reoccurrence of a catastrophic channel incision/widening event in the near future seems 
unlikely, given improvements in upland land use and a less flashy watershed response to 
precipitation events (Hereford, 1993).  However, channel cutting and filling have been cyclical 
events in the region across geologic history (Haynes, 1987 in Huckleberry, 1996) and projected 
effects of global warming include increases in climatic extremes (Easterling et al., 2000; 
Houghton et al., 2001).  In addition, recent and ongoing changes in land cover (expansion of 
urban areas and mesquite patches) in the San Pedro watershed may be increasing the flashiness 
of watershed response (Miller et al., 2002; Kepner et al., 2004).  Against this setting, large 
increases in the size or variability of precipitation events could also increase the vulnerability of 
the system to channel entrenchment from a catastrophic flood event.  Unfortunately, the climatic 
and geomorphic thresholds for such catastrophic events are not well known.  Occurrence of a 
major incision and widening event could reset the system to conditions that prevailed in the first 
half of the 20th century, before channel recovery processes led to channel narrowing and 
formation of the vegetated riparian corridor we see today. 
 
Future model exercises 
 
The simulation results presented in this report suggest probable trajectories of vegetation change 
under several climate scenarios.  The conclusions, however, could be improved in several ways.  
First of all, the number of replicate runs (four) was likely insufficient to average out the 
influence of run-to-run stochasticity in fire occurrence and seedling recruitment.  Hence, a larger 
number of replicate runs are necessary to generate stable mean projections for vegetation 
composition and structure for comparing the climate scenarios.  Second, given the importance of 
channel migration rates for maintenance of cottonwood/willow patch types in the landscape, 
future runs of the vegetation model should also include the warm very wet scenario (+100% for 
winter precipitation by 2102), which falls within the range of possible precipitation changes 
under the Hadley 2 and Canadian Centre climate model projections (SRAG, 2000).    Third, 
given the importance of potential groundwater decline for the San Pedro basin, vegetation 
simulations should include projected changes in groundwater levels under different climatic and 
development scenarios, as groundwater model results become available.  Fourth, because these 
were transient climate scenarios, the full effects of the climate adjustments were not reached 
until the end of the simulations (by 2102).  The implications of a longer-term, steady state shift 
in climate on vegetation and channel migration could be explored by extending the model runs 
until 2202 under the precipitation and temperature changes reached by 2102.  Finally, in the 
climate scenarios used in this report, precipitation changes were represented by changing the 
magnitude of individual events (increasing or decreasing rainfall on a given day), rather than 
altering the number of rainfall events.  For a given change in total winter precipitation, changes 
in event size and changes in event frequency may have very different ecological and 
hydrological effects, and both types of changes could occur under future climates.  Hence, it may 
be useful to explore the sensitivity of ecological and hydrological response to a range of changes 
in event size and frequency, for a given change in total winter precipitation. 
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Figure 3-10.  Simulated changes in proportional coverage by different patch types 
(summarized by dominant species) on the vegetation transect at Contention, under four 
climate scenarios. 
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Figure 3-11.  Simulated changes in proportional coverage by different patch types 
(summarized by dominant species) on the vegetation transect at Kolbe, under four climate 
scenarios. 
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Figure 3-12.  Simulated changes in proportional coverage by different patch types 
(summarized by dominant species) on the vegetation transect at Palominas UA, under four 
climate scenarios.  
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Figure 3-13.  Proportion of the floodplain covered by patches of cottonwood/willow that 
established on new plots created by channel migration under the four climate scenarios.  
No successful recruitment occurred at Contention under any of the scenarios.  
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Figure 3-14.  Proportion of the floodplain covered by patches of saltcedar that established 
on new plots created by channel migration under the four climate scenarios. 
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SECTION 4 CHANGES IN BIODIVERSITY  
 

4.1 Environmental Protection Agency Vulnerability Framework 
 
Galbraith and Price (2005) developed for U.S. EPA’s Office of Research and Development a 
spreadsheet-based predictive framework intended to be used to evaluate the relative 
vulnerabilities of animal species listed under the Endangered Species Act of 1973  (16 U.S.C. 
15631 et seq.) to climate change and to other current stressors. Animals listed as Threatened or 
Endangered (T&E species) under the Endangered Species Act suffer a significant risk of 
extinction due to the adverse effects of current natural or anthropogenic stressors (e.g., habitat 
destruction, contaminants, etc.). Climate change, either acting alone or by exacerbating the 
effects of these current stressors, may constitute an important new threat for many of these 
species, (Peters, 1992; Tucker and Heath, 1994; Schneider and Root, 2002; Walther et al., 2002).  
 
The Galbraith and Price (2005) framework (“the EPA framework”) has been modified for this 
report to evaluate the comparative vulnerabilities of selected bird species in the SPRNCA. Re-
focusing the EPA framework required that certain of the variables be changed, or variables 
added, so that it more adequately addressed site-specific relationships rather than the larger 
spatial scale and more general issues for which it was developed.  

 

This section of the report briefly describes the EPA framework (further detail can be obtained in 
Galbraith and Price, 2005), the modifications made to it for these analyses, and applies it to three 
selected bird species in the SPRNCA: willow flycatcher (Empidonax traillii), yellow-billed 
cuckoo (Coccyzus erythropthalmus), and Botteri’s sparrow (Aimophila bottertii). These species 
were chosen for two reasons: first, other analyses described in this report indicate that they cover 
the range of likely species’ reactions to climate change, from adversely affected, through 
unlikely to be affected, to likely to benefit. This wide range of potential responses will assist in 
evaluating the validity of the modified framework. Second, the relative vulnerabilities of these 
species are also assessed in this report by two other methods (HSI models together with 
vegetation modeling, and the avian community diversity vulnerability framework). Assessing 
their vulnerabilities by this method provides the ability to cross-reference all of the methods used 
and evaluate their validities, and potential consistencies and inconsistencies. 

 

4.1.1 The EPA framework and its modifications 
 
4.1.1.1 The original framework 
 
The EPA Framework for evaluating risks to a T&E species due to climate change and other 
stressors, comprises four connected modules and a narrative (Figure 4-1). Module 1 categorizes 
the comparative vulnerabilities of T&E species to existing stressors (i.e., not including climate 
change). This “baseline” vulnerability is subsequently combined with the categorization in 
Module 2 (evaluating vulnerability to climate change) into an estimate of overall future 
vulnerability in Module 3. Module 4 combines certainty scores from Modules 1 and 2 into an 
evaluation of the overall degree of certainty that we can assign to the framework predictions.   
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Figure 4-1.  EPA Framework for Evaluating Effects of Existing Stressors and Climate 
Change 
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The narratives 
 
Most categorizations in Modules 1 through 4 of the EPA framework will be based largely on the 
results of literature reviews for each species being evaluated, and on expert judgment. The 
narrative module of the framework reports the relevant results of those reviews and opinions and 
the justifications for the individual categorization scores in the modules. Thus, the primary aim 
of the narratives is to make transparent the thought processes and assumptions that result in the 
scores in Modules 1 through 4. 
 
The narratives have three additional important aims: 
 

1) To identify main sources of uncertainty and those areas where additional data might 
reduce uncertainty. 

 
2) To identify and describe the roles of the main stressors (climate and non-climate) in the 

estimate of vulnerability of the study species. 
 

3) To qualitatively describe potential population responses of the study species to the 
addition of climate change to the already existing stressors, and any resulting change in 
extinction risk. 
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Module 1 – evaluating baseline vulnerability 
 
In this module of the EPA Framework, the probable baseline (i.e., current) vulnerability of the 
study species to extinction or major population reduction are ranked by scoring those elements of 
their ecologies, demographics, and conservation status that influence the likelihood of survival or 
extinction (irrespective of the potential effects of future climate change). This is based on 
determining ordinal rankings for 10 Module 1 variables (Table 4-1). The scoring of these and the 
treatment of uncertainty is described in greater detail below 
 
Each variable is assigned a “best estimate” certainty score, together with an “alternate” (i.e., 
possible, but less likely) score(s). This will allow subjective confidence limits to be applied to 
the overall framework prediction in Module 3. For some species and variables, there may be 
enough confidence underlying the best estimate certainty score that no other score is considered 
necessary.   
 
 

Table 4-1.  Components included in Module 1. 
1) Current population size 6) Likely current stressor 

future trends 
2) Population trend in last 50 years 7) Individual replacement 

time 
3) Current population trend 8) Future vulnerability to 

stochastic events 
4) Range trend in last 50 years 9) Future vulnerability to 

policy/management changes 
5) Current range trend 10) Future vulnerability to 

natural stressors 
 
The component categorizations and the scores used in Module 1 are presented in Table 4-2. 
 
Current population size. The importance of this variable is that, in general, species with small 
populations are likely to be less resilient and more vulnerable to extinction risk than those with 
larger populations.  
 
Past and current population trends. The importance of these variables is that, in general, species 
with reduced and/or currently declining populations are likely to be more vulnerable to 
extinction risk than those with stable or increasing populations. The greater the past population 
reduction and the more rapid the current rate of decline, the more vulnerable the species is likely 
to be. Thus, in assessing a species’ baseline vulnerability to extinction it is important to know to 
what extent its population has been reduced in the past and its current rate of reduction. 
Quantitative data on many species’ populations in North America have only begun to be 
gathered since about 1950. For this reason, the past reduction category focuses on this time 
period. The current rate of population reduction variable focuses on the current 10-year period. 
The past trend categorization scheme used  is similar to and based on that used in the IUCN Red 
List scheme (Mace and Stuart, 1993). The current trend categorization scheme assigns one of 4 
categories: rapid or slow population decline, or stable or increasing populations. 



 86

 
 

Past and current range trends.  As with population trends, species that have suffered range 
contractions in the past, or that are currently suffering such contractions, are likely to be more 
vulnerable to extinction risk than those with stable or increasing ranges. The greater the past 
range contraction and the more rapid the current contraction rate, the more vulnerable the species 
is likely to be.  Thus, in assessing a species’ baseline vulnerability to extinction it is important to 
know to what extent its distribution has changed in the past and its current rate of change. 
Similar to the population trend categories, the past range change category focuses on the time 
period over the last 50 years. The current rate of range change focuses on the current 10-year 
period.  
  
Future trends in the magnitude and/or extent of non-climate stressors that could affect the 
species’ distribution or population status. Species that are, or that may be, affected by non-
climate stressors that are likely to increase in their future intensities, frequencies, or spatial 
extents (e.g., habitat loss due to urban sprawl), are likely to be more vulnerable than those 
affected by stressors that are reducing or stable (e.g., environmental DDE concentrations). In this 
module component the likely future trends in the frequencies and/or intensities of non-climate 
stressors are categorized as likely to increase, remain stable, or decrease. 
 
Minimum individual replacement time. k-selected species (i.e., those with deferred maturity, 
slow reproductive rates, post-natal care, etc.) may generally be more at risk of extinction than r-
selected species (i.e., fast reproducers). k-selected species are best adapted to stable 
environments with low stresses, whereas r-selected organisms are best able to exploit 
unpredictable and stressed environments. A population of a k-selected species that is reduced by 
a stochastic event has less opportunity than an r-selected species to quickly make good its losses 
before the next stochastic event. Approximate minimum individual replacement time (the time 
between the birth of an organism and the earliest date at which it produces independent young) is 
a useful index for k or r selection status.  

 
Vulnerability to stochastic events. Some species, because of their habitat preferences or 
distributions, may be more at risk to stochastic events than others. For example, organisms that 
inhabit areas that are vulnerable to tropical storms, fires, tidal surges, or “red tides” may be more 
vulnerable than organisms that live in more predictable environments.   
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Table 4-2. Module 1 components and scores used in categorizing the “baseline” vulnerabilities (Vb) of T&E species 

Current population size Score Range trend in last 50 years Score Minimum individual replacement time Score 

<100 1 >80% reduction 1 >5 years 1 
100-500 2 >50% reduction 2 2-5 years 2 
500-1,000 3 >20% reduction 3 <2 years 3 
1,000 – 10,000 4 Apparently stable 4 <1 year 4 
10,000 – 50,000 5 Increasing 5 Certainty: high (3) 
>50,000 6 Certainty: high (3)  medium (2) 
Certainty: high (3)  medium (2)  low (1) 
 medium (2)  low (1)  
 Low (1)   Future vulnerability to stochastic events Score 
  Current range trend Score Highly vulnerable 1 
Population trend in last 50 yrs Score Rapid reduction 1 Vulnerable 2 
>80% reduction 1 Slow reduction 2 Not vulnerable 3 
>50% reduction 2 Stable 3 Benefiting 4 
>20% reduction 3 Increasing 4 Certainty: high (3) 
Apparently stable 4 Certainty: high (3)  medium (2) 
Increasing 5  medium (2)  low (1) 
Certainty: high (3)  Low (1)   
 medium (2)   Vulnerability: policy/management change Score 
 Low (1)   Highly vulnerable 1 
    Vulnerable 2
Current population trend Score Future non-climate stressors Score Not vulnerable 3 
Rapid decline 1 Increase 1 Benefiting 4 
Slow decline 2 Stable 2 Certainty: high (3) 
Stable 3 Reduction 3  medium (2)
Increasing 4 Certainty: high (3)  low (1) 
Certainty: high (3)  medium (2)   
 medium (2)  Low (1) Future vulnerability to natural stressors Score 
 Low (1)   Highly vulnerable 1 
    Vulnerable 2
    Not vulnerable 3
    Certainty: high (3) 
     medium (2)
     Low (1)
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Vulnerability to policy/management changes. Because their fates depend to a great extent on 
societal values or policy objectives (either of which may change through time), species that are 
heavily dependent on human intervention or management, or specific policies for their 
continuing survival are likely to be more vulnerable than those that depend less, or not at all, on 
such interventions.  
 
Vulnerability to natural stressors. Some species may be more vulnerable to currently-acting 
natural stressors, such as disease, or invasive species than others are. Seabirds, for example, 
appear to be particularly susceptible to botulism and to predation by introduced predators, while 
rodents are vulnerable to outbreaks of sylvatic plague. A species’ vulnerability to such events 
could affect its ability to persist.   
 
Each of these variables is assigned a numerical score, reflecting their ordinal rankings. These 
individual scores are then combined in Module 1 into one of four baseline vulnerability rankings: 
 

• Highly vulnerable (Vb1) - species that are likely to be at imminent risk of extinction. 
 

• Vulnerable (Vb2)- species that may be close to such an extinction risk and are likely to be 
re-categorized as critically vulnerable if their populations or ranges are diminished 
further. 

 
• Least vulnerable(Vb3) - species that are not in imminent danger of extinction but that 

could be so in the future if their population and range trends continue. 
 
• Not vulnerable (Vb4) - species that have comparatively large and stable (or increasing) 

populations or ranges. 
 
Module 1 - Certainty evaluations 
 
Two methods for evaluating certainty/uncertainty were incorporated into the EPA Framework: 
First, where necessary, each variable in Table 4-2 is assigned a “best estimate” score and an 
“alternate” score. The former is a professional judgment of the most likely case, whereas the 
latter is a less likely, but not an unreasonably unlikely, estimate. In this, an attempt was made to 
capture legitimate uncertainty about the individual scorings. In cases where there is very little 
uncertainty only best estimate scores are given.  Summing each of these scores provides some 
indication of the accuracy or reliability of the total best estimate scores and the extent to which 
they may be in error.  
  
Second, each “best estimate” score in Module 1 is also assigned a numeric certainty evaluation 
[high (scores 3), medium (scores 2), or low (scores 1)], which is used in Module 4 to evaluate the 
overall degree of certainty that can be assigned to the framework predictions. These are ordinal 
rankings, based on expert judgment about the quantity and quality of the available data (or 
required, but missing, data) that support the “best estimate” variable scores. The three scores 
should be viewed as approximately equivalent to probabilities of: high – equal to or greater than 
about 70%; medium – greater than about 30% but less than 70%; or low – less than 30%.   
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Module 2 – evaluating vulnerability to climate change 
 
In this module of the EPA Framework, the likely vulnerability of a species to future climate 
change is assessed and categorized by scoring those elements of its physiology, life history, and 
ecology that will likely be important determinants of its responses. This is based on determining 
ordinal rankings for 10 Module 2 variables (Table 4-3). The scoring of these is described in 
greater detail below as is the treatment of certainty/uncertainty.  
 
The scoring system used in Module 2 allows for the possibility that some species may actually 
benefit from climate change. For example, species that could benefit from an increased 
frequency of climate change-induced stochastic events. 
 
Each variable is assigned a “best estimate” certainty score, together with an “alternate” (i.e., 
possible, but less likely) score. This will allow subjective confidence limits to be applied to the 
overall framework prediction in Module 3. For some species and variables, there may be enough 
certainty underlying the best estimate certainty score that no other score is considered necessary.    
 
 
Table 4-3. Components of species’ potential physiological, behavioral, demographic, and 
ecological sensitivity to climate change included in Module 2.  
1) Physiological vulnerability to temperature 6) Likely extent of habitat loss due to climate 
change change 
2) Physiological vulnerability to precipitation 7) Abilities of habitats to shift at same rate as 
change species 
3) Vulnerability to climate change-induced 8) Habitat availability within new range of 
extreme weather events species 
4) Dispersive capability 9) Dependence on temporal inter-relationships 
5) Degree of habitat specialization 10) Dependence on other species 
 
 
Scoring Module 2 components (Table 4-4) 
 
The species’ likely physiological or behavioral sensitivity to two main aspects of climate change, 
temperature and precipitation. Some species are more likely than others to be directly affected 
by climate change because their physiological tolerances may be narrower, or their behaviors 
may lack the necessary flexibility to adapt (though some species could benefit). For example, 
cold-water fish species, such as some salmonids, may be affected more by increased water 
temperature. These species may more readily avoid affected areas than warm-water fish (e.g., 
cyprinids or ictalurids) that are physiologically or behaviorally tolerant to increased temperatures 
and/or lowered oxygen levels. Thus, it will be critical in evaluating a species’ likely sensitivity to 
climate change to be able to assess its intrinsic limits to physiological adaptation to changing 
temperature or precipitation regimes. Ideally, such evaluations would be based on experimental 
evidence for the species being evaluated, or rigorous observational data from the field. 
Unfortunately, however, such data are scarce for most species, and the ordinal rankings in 
Module 2 will likely be based on inferences about closely-related species, or from current limits 
to the species distribution correlated with climate variables (e.g., Root, 1988), or recent range 
changes. 
The sensitivity categories for this variable of Module 2 are not intended to imply a high degree 
of accuracy or precision, but to delineate broad “response categories” that reflect varying degrees 
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of physiological/behavioral sensitivity. Assigning a species to any category would typically be 
based on expert judgment about the species (or a surrogate). 
 
The species’ likely vulnerability to an increased frequency or magnitude of climate change-
induced extreme weather events. Some species (e.g., forest-nesting birds, or species confined to 
small low-lying islands) may be put at greater risk of extinction or population reduction if 
climate change results in stochastic events, such as lightning-caused fires or hurricanes or storm 
surges, increasing in frequency or magnitude. In general, species that are dependent on habitat 
components that are vulnerable to fire, wind storms, or storm surges may be most vulnerable. 
The vulnerability categories for this variable of Module 2 are not intended to imply a high degree 
of accuracy or precision, but to identify broad “vulnerability profiles” that reflect varying 
degrees of potential sensitivity. Assigning a species to any category would typically be based on 
expert judgment about the species (or a surrogate). 
 
Dispersive characteristics that may ameliorate or exacerbate the effects of climate change.  
Species with high dispersal capabilities (e.g., birds or flying insects) may be less vulnerable to 
climate change than sedentary organisms (e.g., amphibians or reptiles). In this component of 
Module 2, species are ranked according to this characteristic and its likely modifying influence. 
This allocation is based on the species’ potential ability to disperse from the localized effects of 
climate change, where a “low” rank is assigned to species that are unlikely to move more than a 
few or tens of kilometers from their natal area and, hence, may be most vulnerable to the 
localized effects of climate change; a “moderate” ranking refers to species that may be able to 
disperse as much as a few hundreds of kilometers; and a “high” ranking refers to highly mobile 
animals that could, potentially, disperse as much as many hundreds or some thousands of 
kilometers. 
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Table 4-4. Module 2 components and scores used in categorizing the vulnerabilities of T&E species to climate change (Vc) 
Physiological vulnerability to temp. 
increase 

Score Degree of habitat specialization Score Availability of habitat in new range Score 

Likely highly sensitive 1 Highly specialized 1 None 1 
Likely moderately sensitive 2 Moderately specialized 2 Limited extent 2 
Likely insensitive 3 Generalist 3 Large extent 3 
Likely to benefit 4 Certainty: high (3) Certainty: high (3) 
Certainty: high (3)  medium (2)  medium (2) 
 medium (2)  low (1)  low (1) 
 Low (1)    
  Likely future habitat loss due to climate 

change 
Score Dependence on temporal inter-relations Score 

Physiological vulnerability to 
precipitation change 

Score All or most (>50%) 1 Highly dependent 1 

Likely highly sensitive 1 Some (20-50%) trend 2 Moderately dependent 2 
Likely moderately sensitive 2 No change 3 Independent 3 
Likely insensitive 3 Some gain (20-50%) 4 Certainty: high (3) 
Likely to benefit 4 Large gain (>50%) 5  medium (2) 
Certainty: high (3) Certainty: high (3)  low (1) 
 medium (2)  medium (2)   
 Low (1)  Low (1) Dependence on other species Score 
    Highly dependent 1 
Vulnerability to change in frequency 
or degree of extreme weather events 

Score Ability of habitats to shift at same rate as 
species 

Score Moderately dependent 2 

Likely highly sensitive 1 Highly unlikely 1 Independent 3 
Likely moderately sensitive 2 Unlikely 2 Certainty: high (3) 
Likely insensitive 3 Likely 3  medium (2) 
Likely to benefit 4 Certainty: high (3)  low (1) 
Certainty: high (3)  medium (2)   
 medium (2)  Low (1) Dispersive capability Score 
 Low (1)   Low 1 
    Moderate 2 
    High 3
    Certainty: high (3) 
     medium (2)
     Low (1)

 

 

  
  

 



 

The species’ degree of habitat specialization. Species that have a high degree of habitat 
specialization (i.e., that are not flexible in their choice of habitats), may be most vulnerable to 
climate change because their “fates” are not only a function of their own responses to climate 
change, but to those of their critical habitat components. In scoring this Module 2 variable, a 
species is assigned to one of three habitat specialization categories:  
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• Highly specialized - species that are restricted by their behaviors or physiologies to a 

well-defined habitat (e.g., a vegetation community).  
 

• Moderately specialized - species found in a broad category of habitats. Examples might 
include wetland organisms that can tolerate a wide variety of wetlands from bogs to 
marshes, to lakes and rivers (e.g., the bald eagle). 

 
• Generalists – species that are able to exploit a wide variety of habitats.  

 
The likely extent of habitat loss or gain due to climate change. In this variable, expert opinion is 
be used to judge the likely impact of climate change on the spatial extents of the T&E species’ 
main habitats. These classifications will necessarily be speculative and should not be assumed to 
imply a high degree of accuracy or precision. They are intended to be reasonable 
approximations. 
 
The likely ability of critical habitats to shift at same rate as species in response to climate 
change. Some habitats may be able to shift in response to climate change. For example, the 
southern boundary of boreal forest in northern New England may shift north into Canada, and 
the corresponding northern habitat ecotone move further north in Labrador (Neilson and Drapek, 
1998). Also, montane plant communities in the European Alps are shifting upslope due to the 
warming climate (Grabherr et al., 1994). In such cases, animal species dependent on these 
habitats could, potentially, shift with them.  However, the success with which this may occur is 
dependent on synchronicity  (i.e., the habitat being able to shift in approximate synchrony with 
the species). If a species’ physiological tolerances are exceeded and it is forced to shift its range 
into regions where its optimal habitat does not already exist, its future prospects will be affected 
by how quickly its habitat can also shift into that new area. For example, if the species being 
assessed is a songbird that breeds in California coastal redwood forest and it is forced to move 
north into less optimal conifer habitat, it may take so long for its habitat to catch up that the 
species’ existence may be jeopardized.  If, however, the species’ habitat was grassland or shrub, 
the habitat may be able to move in a relatively short time frame.  For this variable, expert 
judgment is used to score the likelihood of the critical habitat being able to shift along with the 
species. 
 
Availability of habitat within the new range. A species that is forced to track its climatic 
envelope and shift its range into areas where its critical habitat already exists, may suffer less 
from climate change than one that is forced to move into areas where no such habitat exists. In 
the latter case, the persistence of the organisms may depend on whether or not its habitat can 
shift in synchrony (see above). 



 

The degree of dependence that the species has on other species or the temporal relationships 
between species.  Species that are highly dependent on another for some critical life history 
requirement (for example the golden-cheeked warbler’s dependence on Ashe juniper, or a 
species that depends for its food supply during an energetic bottleneck on the emergence of a 
specific life-stage of another species) may be more vulnerable to the effects of climate change 
since their likely fates are closely dependent on those of another species. 
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Each of the above 10 variables is assigned numerical scores. These individual scores are then 
combined in Module 2 into an overall evaluation of the species’ potential vulnerability to climate 
change:  

• Highly vulnerable (Vc1) 
• Vulnerable (Vc2) 
• least vulnerable (Vc3) 
• Not vulnerable (Vc4), lowest scoring species may be likely to benefit from climate 

change. 
  
Module 2  - Certainty evaluation 
 
Two methods for evaluating certainty/uncertainty in Module 2 were incorporated into the EPA 
framework. These are identical to the methods developed for Module 1 (described above). 
  
Module 3 – Evaluating overall vulnerability 
 
In this module of the EPA Framework, the “best estimate” scores from modules 1 and 2 are 
combined in a matrix to produce an overall best estimate evaluation and score of the species’ 
vulnerability to climate change and important existing stressors. In doing so, species are 
categorized as either: highly vulnerable (Vo1), vulnerable (Vo2), least vulnerable (Vo3), or 
likely to benefit from climate change (Vo4). It is important to note that these are likely 
approximations of each species’ comparative vulnerability. They are not measures or indices of 
absolute vulnerability. 
 
The Module 3 evaluation matrix is presented in Table 4-5.  
 
Table 4-5. Module 3 - Overall vulnerability best estimate scoring matrix 
 Baseline (Module 1) vulnerability scores 
Climate change (Module 2) 
vulnerability scores 

Vb1 Vb2 Vb3 Vb4 

Vc1 Vo1 Vo1 Vo2 Vo3 
Vc2 Vo1 Vo1 Vo2 Vo3 
Vc3 Vo1 Vo2 Vo3 Vo4 
Vc4 Vo1 Vo2 Vo3 Vo4 
Vc5 Vo2 Vo3 Vo4 Vo4 
 
The “alternate” certainty evaluations are also used in Modules 1 and 2 to develop subjective 
confidence limits on the Module 3 estimate.  



 

Module 4 – Certainty evaluation 
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The approximate level of certainty with which each “best estimate” score in Modules 1, 2, and 3 
is categorized is recorded separately in the modules. These are codified as high (approximate 
probability of 70% or more); medium (approximate probability of between 30 and 70%); or low 
(less than approximately 30%).  These qualitative scores correspond to numeric scores of 3, 2, 
and 1, respectively.  For the most part, these categorizations will be the product of expert 
judgment, rather than a strictly quantitative appraisal. 
 
In module 4, the best estimate certainty scores assigned to each of the variables in Modules 1 and 
2 are combined into an index of the certainty associated with the overall vulnerability score in 
Module 3. The levels of certainty are High, Medium, and Low. It is important to note that these 
categorizations are indices of the certainty associated with the overall “best estimate” score. 

 
4.1.1.2 The Modifications to the EPA Framework for Use in the SPRNCA  
 
The main modifications to Module 1 (Table 4-6) that were necessary for this research are largely 
a function of differing geographical scales of analysis. The original EPA Framework was 
intended to be applied to the North American ranges and population sizes of species, whereas the 
SPRNCA-modified version is intended to be applicable to, at the most, regional ranges and 
populations. This required that variables 1 through 5 be converted to express regional or 
SPRNCA-specific relationships (e.g., regional population trends, current population size in the 
SPRNCA, responses to gains or losses in particular plant communities). While it is true that 
national characteristics and relationships may ultimately be expressed in regional or local 
population fates, quantifying those translations between the larger and smaller scales is not 
possible. Regional or local parameters allow us to better evaluate the fates of species within the 
SPRNCA. 
 
Four modifications were made to Module 2 to reflect conditions in the SPRNCA (Table 4-7): 
 

• A variable that categorizes the species ability to persist in both wetland and mesic and 
xeric habitats. This variable was included because the vegetation modeling indicated a 
change from hydrophytic or mesic vegetation to more xeric communities 

 
• A variable that reflects the likely increase predicted in the vegetation modeling in 

invasive plant species (e.g., saltcedar) in the SPRNCA under climate change 
 

• A variable that categorizes dependencies of species on riparian gallery forest (one the 
main vegetation changes predicted in the vegetation modeling) 

 
• A variable that categorizes dependencies of standing or flowing water (another of the 

main changes likely under climate change). 
 
Modules 3 and 4 remain unchanged. 
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Table 4-6. Module 1 - Categorizing the "baseline" vulnerability (Vb) of species in the SPRNCA   
Current population size in SPRNCA  Score Likely future non-climate stressor trends Score 
 <50    1  increase  1
 50-100    2  stable  2
 >100    3  reduction  3
         
Certainty  high (3)    Certainty:  high (3)    
  medium (2)     medium (2)    
  Low (1)      low (1) 
Regional population trend in last 50 years Score Minimum individual replacement time  Score 
 >50% reduction   1  > 5 years    1 
 >20% reduction   2  2-5 years  2
 Apparently stable   3  <2 years    3 
 Increasing    4  <1 year  4
         
Certainty:  high (3)    Certainty:  high (3)    
  medium (2)      medium (2)    
  Low (1)      low (1) 
Current regional population trend  Score Likely future vulnerability to    
 rapid decline   1 stochastic events    Score
 Slow decline   2    
 Stable    3  vulnerable  1
 Increasing    4  not vulnerable 2
       benefiting  3
Certainty:  high (3)       
  medium (2)    Certainty:  high (3)    
  Low (1)      medium (2)    
Regional range trend in last 50 years  Score   low (1)    
 >50% reduction   1 Likely future vulnerability to   
 >20%reduction   2 policy or management changes  Score 
 Apparently stable   3  Highly vulnerable 1
  Increasing   4  vulnerable  2
       not vulnerable 3
Certainty:  high (3)       
  medium (2)    Certainty:  high (3)    
  low (1)      medium (2)    
Current regional range trend  Score   low (1)    
 rapid reduction   1 Likely future vulnerability to   
 Slow reduction   2 natural stressors    Score
 Stable    3  Highly vulnerable 1
 Increasing    4  vulnerable  2
        not vulnerable   3 
Certainty:  high (3)       
  medium (2)    Certainty:  high (3)    
  low (1)      medium (2)    
        low (1) 
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Table 4-7. Module 2 - Categorizing the vulnerability of SPRNCA species to climate change (Vc)   
Physiological vulnerability to temperature increase Score Dependence on temporal inter-relations 
 Likely highly sensitive   1  highly dependent  1 
 Likely moderately sensitive   2  moderately dependent 2 
 Likely insensitive    3  Independent  3
 likely to benefit    4 Certainty:  high (3)   
Certainty:  high (3)       medium (2)   
  medium (2)       low (1)   
  low (1)     Dependence on other species Score 
Physiological vulnerability to precipitation change Score  highly dependent  1 
 Likely highly sensitive   1  moderately dependent 2 
 Likely moderately sensitive   2  independent  3 
 Likely insensitive    3 Certainty:  high (3)   
 Likely to benefit       medium (2)   
Certainty:  high (3)       low (1)   
  medium (2)     Ability to utilize mesic or xeric habitats Score 
  low (1)      Not able   1 
Vulnerability to change in frequency/degree     Able   2 
Of extreme weather events    Score Certainty:  high (3)   
 Likely highly sensitive   1   medium (2)   
 Likely moderately sensitive   2   low (1)   
 Likely insensitive    3 Ability to utilize non-native vegetation Score 
 likely to benefit      Not able   1 
Certainty:  high (3)      Able   2 
  medium (2)     Certainty:  high (3)   
  low (1)       medium (2)   
Recolonization capability    Score   low (1)   
 Low     1 Dependence on gallery forest Score 
 Moderate     2  Highly dependent  1
 High     3  Somewhat dependent 2
Certainty:  high (3)      Independent  3 
  medium (2)     Certainty:  high (3)   
  low (1)       medium (2)   
Degree of habitat specialization   Score   low (1)   
 Highly specialized    1 Dependence on wetland, or standing 
 Moderately specialized   2 or flowing water    
 Generalist     3  Highly dependent  1
Certainty:  high (3)      Somewhat dependent 2 
  medium (2)      Independent  3 
  low (1)     Certainty:  high (3)   
Likely extent of habitat change    Score   medium (2)   
due to climate change    1   low (1)   
 All or most (>50%)    2      
 some (20-50%)    3      
 No change    4      
 some gain (20-50%)    5      
 large gain (>50%)    6      
Certainty:  high (3)          
  medium (2)          
  low (1)          

 

 
 

 



 

 
4.1.2 Application of the modified EPA Framework to SPRNCA birds. 
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The modified EPA Framework was applied to three species of birds that inhabit the SPRNCA: 
the willow flycatcher, yellow-billed cuckoo, and Botteri’s sparrow. Other analyses described in 
this report indicate that these species cover the range of likely species’ reactions to climate 
change, from adversely affected, through unlikely to be affected, to likely to benefit. This wide 
range of potential responses assists in evaluating the validity of the modified framework. Also, 
the relative vulnerabilities of these species are further assessed in this report by two other 
methods (HSI models together with vegetation modeling, and the avian community diversity 
vulnerability framework). Assessing their vulnerabilities by this method provides the ability to 
cross-reference all of the methods used and evaluate their validities, and potential consistencies 
and inconsistencies. 

 
4.1.2.1 Willow Flycatcher 
 
This section of the report documents the application of the modified EPA Vulnerability 
Framework to the population of the southwestern willow flycatcher, Empidonax traillii extimus, 
that is breeding or that may eventually breed in the SPRNCA. The results are shown in 
Attachment 2. The rationales for the scores shown in Attachment 2 are described below. 
 
Willow flycatcher – general 
 
This species is a summer visitor to North America and to southern Arizona. It spends the winter 
in Central and South America, is insectivorous, and first breeding occurs in the first or second 
summer after leaving the nest (Sedgwick, 2000). 
 
Willow flycatcher - habitat relationships 
 
Throughout most of its North American breeding range the willow flycatcher is confined to 
brushy thickets associated with standing or slow-moving water (Sedgwick, 2000). The 
southwestern race of the willow flycatcher (the form that breeds in Californian, Arizona, and 
Nevada) is largely restricted as a breeding species to riparian shrubby thickets in an otherwise 
arid or semi-desert landscape (Sogge and Marshall, 2000; U.S. Fish and Wildlife Service, 1997; 
U.S. Fish and Wildlife Service, 2001; Arizona Game and Fish Department unpublished data;). In 
Arizona, the species is almost entirely confined as a breeding species to riparian shrub habitats 
and forests with well-developed shrub understories, particularly those dominated by willows 
(Salix spp.) and by salt cedar (Tamarix chinensis) (Sogge and Marshall, 2000; U.S. Fish and 
Wildlife Service, 1997; U.S. Fish and Wildlife Service, 2001; Sedgwick, 2000). It shows a strong 
preference throughout its range for denser, lusher shrub canopies, particularly at nest site height 
(typically 3-5 meters), and avoids sparser cover.  
 
The species does not seem to need a tree canopy (i.e., older or mature willows and cottonwoods 
greater than 10m in height) at its nesting sites. Many nesting sites are shrub-dominated, with few 
or no trees present. At other sites, birds do nest in riparian forest, but only where there is a lush 
shrub understory. Thus, it appears that it is the shrub habitat layer that is most important to the 



 

nesting birds. In Arizona, the two breeding sites with the largest populations, Roosevelt Lake and 
the Gila/San Pedro River confluence, are largely shrub dominated with only scattered tree 
canopies. Between them, these two sites held over 70% of the total Arizona breeding population 
in 2000 (Paradzick and Woodward, in press). 
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While, historically, southwestern willow flycatchers were largely confined to salix-dominated 
habitats, they, apparently, are able to inhabit and successfully breed in habitats with high 
proportions, or even dominated by, invasive shrubs (especially saltcedar). At many areas in the 
two main breeding sites in Arizona (Lake Roosevelt and the Gila/San Pedro River confluence) 
saltcedar is an important co-dominant (with willow), or is dominant (Paradzick and Woodward, 
in press). Nesting success does not appear to be impaired by nesting in saltcedar-dominated 
habitats: in Arizona between 1993 and 1999, percent nest success (the percentage of nests that 
fledged one or more young) was 54% in saltcedar-dominated habitats and 39% in native spp.-
dominated habitats (U.S. Fish and Wildlife Service, 2001).        
 
Being a riparian obligate species, southwestern willow flycatchers are found only in areas close 
to standing or slowly-moving water. However, within such sites, there is some evidence that 
flycatchers prefer areas closer to water as nest sites.  Marshall (2000) states that territories are 
seldom more than a “few dozen meters” from water or saturated soil, and often nests are placed 
over water (Whitfield and Enos, 1996; Sferra et al., 1997). The highest densities of nesting 
willow flycatchers at the lower San Pedro and Gila study sites have consistently been in areas 
immediately adjacent (i.e., within 10 m) to the river channel or where the habitat is flooded 
either by beaver activity or irrigation (Paradzick and Woodward pers comm, Galbraith pers obs.). 
During the summer drought of 2002, such areas were among the few in which flycatchers 
persisted in their breeding attempts and that were successful in raising young. In such areas, the 
soil moisture content typically ranges from moist to permanently or intermittently saturated. 
 
As a riparian species, southwestern willow flycatchers typically inhabit shaded humid areas in an 
otherwise arid matrix. However, it is unknown whether this is a direct preference for such 
conditions or a consequence of requiring riparian shrub habitat (which is generally shaded and 
humid).  The main Arizona breeding sites for southwestern willow flycatcher are at Roosevelt 
lake and the Gila/San Pedro River confluence, which are 3000 feet lower in elevation than the 
SPRNCA and where average maximum June/July temperatures are about 10oF higher than on the 
SPRNCA, and where rainfall is generally 6-10 inches less [data obtained from the Internet 
(http://www.wrdc.dri.edu/cgi-bin/cliRECtM.pl?azwink) from weather stations at Fort Huachuca, 
Maricopa, Winkelman, Sacaton, and Florence]. Thus, if climate change were to result in hotter 
and more arid conditions prevailing on the SPRNCA, this might not necessarily adversely affect 
its suitability as a habitat for flycatchers.  
 
Based on the above general comments and habitat relationships, the following variable scores 
were assigned in Modules 1 and 2: 



 

Module 1. 
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Willow flycatcher - population and range trends 
 
The breeding distribution of the southwestern willow flycatcher once included most of the 
riparian river reaches in the southwestern states (California, Arizona, Utah, New Mexico, 
Colorado, Nevada, and Texas). However, the status and distribution of the species has been 
greatly altered during the late 19th and 20th centuries by human land use patterns. Widespread 
destruction of riparian habitat by agriculture, mining, dams, water withdrawals, and urbanization 
has led to the eradication of many subpopulations and a radical reduction in range and numbers. 
Throughout its breeding range there are now likely to be fewer than 850 occupied territories, 
with about 341 at 91 sites in Arizona, 224 at 65 sites in California, 263 at 32 sites in New 
Mexico, and 37 at 5 sites in Colorado (the remainder are in Utah and Nevada) (Sogge et al., 
2001). In response to these low numbers and to continuing anthropogenic threats to the 
subspecies’ habitats, U.S. Fish and Wildlife Service listed the subspecies under the Endangered 
Species Act as “endangered” in 1995. 
 
Southwestern willow flycatchers have bred or have been reported occupying territories in the 
SPRNCA: at Charleston in 1977 and Hereford in 1989 (Krueper, 1997); at Gray Hawk ranch in 
1994 and two territories in the “upper San Pedro” in 1996, and one in 1997 (Paradzick and 
Woodward, in review). They may be considered intermittent and rare breeders in the area. 
 
Based on the above information, category scores of 1 have been assigned to the “Current 
population size” variable, 2 (with an alternate score of 1) to the “Regional population trend in the 
last 50 years” variable, 2 (with an alternate of 3) to the “regional range trend in the last 50 years” 
variable, and 2 (with an alternate of 3) the “Current regional range trend variable”. 
 
Minimum individual replacement time – this is most likely to occur in the first summer after the 
bird has left the nest, but could also occur in the following year.  
 
Likely future non-climate stressor trends – A score of 2 has been applied to this variable (with an 
alternate of 3) because the most important current and past stressors on the population viability 
of willow flycatchers in the desert southwest has been agriculture, particularly grazing of riparian 
areas. Many of the willow flycatcher breeding subpopulations that remain in the southwest are 
on land protected from grazing. Also the status of Endangered under the Endangered Species 
Act, confers a degree of protection on the species’ habitat that did not exist in the past. 
 
Using the same reasoning, a score of 2 (with an alternate of 1) has been applied to the Likely 
future vulnerability to policy/management change variable. This is because the remaining few 
breeding populations in the southwest are largely dependent on the regulatory status of the 
species, the creation of reserves, and federal and state limitations imposed on land-uses. 
 
Likely future vulnerabilities to stochastic events and natural stressors. Since the willow 
flycatcher inhabits vegetation communities that are to a great extent successional (scrub, rather 
than forest), it has been assumed that and increased occurrence of stochastic events (the most 



 

prevalent in the desert southwest being fire) that result in the replacement of forest by earlier 
successional stages would actually benefit the species.  
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Module 2. 
 
Recolonization capability – because it is a highly mobile species and breeds (albeit in small 
numbers) throughout the southwest, the recolonization ability of this species is scored as “high”. 
 
Degree of habitat specialization – while being confined to riparian scrub habitat, the willow 
flycatcher can inhabit a variety of scrub types from willow, to Baccharis scrub, to developing 
gallery forest, to saltcedar. It can also be found breeding in Arizona along the scrubby margins of 
riparian canopy forest, and within forests with well developed scrub understories. It is, 
accordingly, scored only “moderately specialized” in its degree of habitat specialization. For 
these reasons it also scores low in the dependence on gallery forest variable. Also, because most 
willow Flycatchers breeding in southern Arizona are found close to flowing or standing water or 
areas of saturated soils, the species is scored “somewhat dependent” for the Dependence on 
wetland or standing or flowing water variable.  
 
Likely extent of habitat change due to climate change – one of the major predictions of the 
vegetation modeling described in this report is that, because of changing water table, the 
tendency in the SPRNCA is for gallery forest to be replaced by scrub habitats, including 
saltcedar. Accordingly it is assumed that the extent of potential breeding habitat for willow 
flycatchers will increase by 20-50%, and, possibly, even more than that. 
 
Ability to utilize mesic or xeric habitats and non-native species – while the willow flycatcher is 
confined as a breeding species to scrub associated with riparian areas, it is able to exist in the 
most mesic of such habitats – salt cedar. For this reason it is scored “able” to utlize mesic (but 
not xeric) habitats and is scored as “able” to utilize plant communities dominated by the most 
likely non-native species (saltcedar).   
 
Physiological vulnerability to temperature and precipitation change – since willow flycatchers 
exist (or previously existed) over such a large geographical extent and within so many differing 
climatic regimes, it is not expected that changes in temperature or precipitation would have 
marked direct physiological effects. Thus they are scored as being likely insensitive in these 
variables. 
 
Vulnerability to extreme weather events – It is unlikely that localized extreme weather events 
would have any direct impact on willow flycatchers. Indeed they may benefit indirectly through 
the creation of earlier successional stages in vegetation communities (i.e., scrub) in areas where 
forest has been reduced by (e.g.,) fire, drought, or wind storms. 
 
Dependence on temporal inter-relations or other species – there is no evidence that willow 
flycatchers are particularly dependent on either of these relationships and it scores “independent” 
as the best estimate for each.   



 

Willow flycatcher - results 
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This species is categorized as “Least Vulnerable” in Module 1. It fails to achieve the status of 
currently “Not Vulnerable” largely because of its vulnerability to policy or management change, 
and to its rapid rates of historic and current regional population and range trends.  
 
In Module 2, willow flycatcher is categorized as “May Benefit” from the effects of climate 
change. This is largely due to the species’ nesting habitat being essentially successional, its 
independence from gallery forest, and its ability to breed successfully in mesic and non-native 
plant communities (particularly saltcedar). 
 
The scores from Modules 1 and 2 combine in Module 3 into an overall vulnerability score of 
“Not Vulnerable”. This is the result of the species being likely to benefit from climate change, 
though currently vulnerable to a limited extent. Because a great deal is known about this 
relatively well-studied species, its certainty score in Module 4 is High.  
 
4.1.2.2 Yellow-billed Cuckoo 
 
This section of the report documents the application of the modified EPA Vulnerability 
Framework to the population of the western race of the yellow-billed cuckoo, Coccyzus 
americanus, that breeds in the SPRNCA. The results are shown in Attachment 2. The rationales 
for the scores shown in Attachment 2 are described below. 
 
Yellow-billed cuckoo - general 
 
The yellow-billed cuckoo is a summer visitor to North America, wintering in Central and 
South America (Kaufman, 1996; Hughes, 1999). Prior to the beginning of the twentieth century, 
the breeding range of western yellow-billed cuckoos extended throughout western North 
America from southern Arizona and New Mexico north to British Columbia. However, 
widespread destruction of riparian habitat by agriculture, mining, dams, water withdrawals, and 
urbanization has led, since then, to a radical reduction in its range and numbers. Currently, the 
species no longer breeds in British Columbia, Washington, Idaho, or Oregon. It has been reduced 
drastically in numbers in more southern western states; for example in the Central Valley of 
California where thousands of pairs once bred there now are only a few tens of pairs (Halterman, 
1991). In Arizona, yellow-billed cuckoos were relatively widespread 50 years ago (Phillips et al., 
1964). However, they now breed regularly only in isolated populations along the Gila, San 
Pedro, Bill Williams, and Colorado Rivers. It is likely that, at most, 600 pairs now breed in 
Arizona, with 50-100 of these in the SPRNCA (Laymon and Halterman, 1987; Krueper, 1997). 
The rapid population decreases and range reductions of western yellow-billed cuckoos have 
recently prompted efforts (thus far unsuccessful) to have the race listed under the Endangered 
Species Act (e.g., CBD, 1998). 
 
Yellow-billed cuckoo – habitat relationships 
 
In the southwestern states, including Arizona, the yellow-billed cuckoo is confined as a breeding 
species to riparian forests, particularly those dominated by cottonwoods and willows (Hughes, 



 

1999). Forests with a relatively lush, woody understory (either of willow or cottonwood 
saplings) are preferred (Gaines and Laymon, 1984). This type of habitat is generally found most 
extensively in functioning riparian systems where scour of vegetation due to floods and 
recolonization occurs. In areas where flow is controlled to prevent floods or where grazing has 
reduced shrub cover, such dense layered habitat is less prevalent. The species also avoids areas 
dominated by invasive species such as salt cedar. Thus the western yellow-billed cuckoo could 
be considered an indicator organism for functioning, healthy western riparian systems. 
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The western yellow-billed cuckoo generally builds its nest in shrubby vegetation, particularly 
denser patches of willows, between 1 and 6 metres above the ground (Hughes, 1999). While the 
birds nest in willows, much of the feeding by the adults occurs in the cottonwood canopy 
(Laymon, 1980). Thus, the species utilizes vertically layered habitats.  
 
The configuration of riparian forest patches is an important factor contributing to their suitability 
for yellow-billed cuckoos. Gaines and Laymon 1984) and Laymon and Halterman (1989) found 
that larger and wider patches provided better habitat. Small and narrow patches were either 
marginal or not used by cuckoos.  
 
Being a riparian species, western yellow-billed cuckoos typically inhabit shaded humid areas in 
an otherwise arid matrix. However, it is unknown whether this is a direct preference for such 
conditions or a consequence of requiring riparian forest habitat (which is generally shaded and 
humid).  In addition to nesting on the SPRNCA where the average maximum June/July 
temperature is 90oF and annual rainfall is 15.6 inches, the species also nests 3000 feet lower in 
elevation on the Gila River where average maximum June/July temperatures reach 102-107oF 
and rainfall is generally less than 12 inches [data obtained from the Internet 
(http://www.wrdc.dri.edu/cgi-bin/cliRECtM.pl?azwink) from weather stations at Fort Huachuca, 
Maricopa, Winkelman, Sacaton, and Florence]. Thus, while yellow-billed cuckoos nest in 
comparatively cool, moist habitat in the SPRNCA, they also nest in hotter, drier areas further 
downriver on the Gila. This suggests that the availability of riparian forest is the most important 
factor, of which the micro-climatic conditions may be a consequence. It should also be noted that 
at one time the species nested as far north as British Columbia and as far south as Mexico, 
indicating, a degree of flexibility in its climatic requirements.   
 
 
Based on the above general comments and habitat relationships, the following variable scores 
were assigned in Modules 1 and 2: 
 
Module 1. 
 
Yellow-billed cuckoo - population and range trends 
 
The breeding distribution of the yellow-billed cuckoo once included most of the riparian river 
reaches in the western states (from California and Arizona in the south to Oregon and 
Washington in the north, to Colorado, New Mexico and Texas in the east. However, the status 
and distribution of the species has been greatly altered during the late 19th and 20th centuries by 
human land use patterns. Widespread destruction of riparian habitat by agriculture, mining, 



 

dams, water withdrawals, and urbanization has led to the eradication of many subpopulations and 
a radical reduction in range and numbers. Only about 600 pairs now breed in Arizona, with about 
50-100 in the SPRNCA (Krueper, 1997). 
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Based on these range and population changes, category scores of 2 (with an alternate score of 1) 
have been assigned to the “Current population size” variable, 2 (with an alternate score of 1) to 
the “Regional population trend in the last 50 years” variable, 2 (with an alternate of 1) to the 
“regional range trend in the last 50 years” variable, and 2 (with an alternate of 3) the “Current 
regional range trend variable”. 
 
Minimum individual replacement time – this is most likely to occur in the first summer after the 
bird has left the nest, but could also occur in the following year (Hughes, 1999).  
 
Likely future non-climate stressor trends – A score of 2 has been applied to this variable (with an 
alternate of 1) because the most important current and past stressors on the population viability 
of yellow-billed cuckoos in the desert southwest has been agriculture, particularly grazing of 
riparian areas. Many of the yellow-billed cuckoo breeding subpopulations that remain in the 
southwest are on land protected from grazing.  
 
A score of 2 (with an alternate of 3) has been applied to the Likely future vulnerability to 
policy/management change variable. This is because the remaining few breeding populations in 
the southwest are largely dependent on the regulatory status of the species, the creation of 
reserves, and federal and state limitations imposed on land-uses. 
 
Likely future vulnerabilities to stochastic events and natural stressors.  The yellow-billed cuckoo 
inhabits mature riparian gallery forest. It has been assumed that and increased occurrence of 
stochastic events (the most prevalent in the desert southwest being fire) would result in the 
replacement of forest by earlier successional stages and that this would reduce the availability of 
habitat for the species. Also, insect attack, disease and drought could also reduce the habitat 
available for this species. Thus the species has been scored vulnerable in both of these variables.  
      
Module 2. 
 
Recolonization capability – because it is a highly mobile species and breeds (albeit in small 
numbers) throughout the southwest, the recolonization ability of this species is scored as “high”. 
 
Degree of habitat specialization – since it is confined in the southwestern states to mature 
riparian gallery forest the species has been scored as Highly Specialized. Consequently it also 
scores high in the dependence on gallery forest variable. Also, because most yellow-billed 
cuckoos breeding in southern Arizona are in riparian areas and, therefore, found close to flowing 
or standing water or areas of saturated soils, the species is scored “somewhat dependent” for the 
Dependence on wetland or standing or flowing water variable.  
 
Likely extent of habitat change due to climate change – one of the major predictions of the 
vegetation modeling described in this report is that, because of changing water table, the 
tendency in the SPRNCA will be for gallery forest to be replaced by scrub habitats, including 



 

saltcedar under climate change. Accordingly it is assumed that the extent of potential breeding 
habitat for yellow-billed cuckoos will decrease 50% or more, with an alternate of a 20-50% 
reduction. 
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Ability to utilize mesic or xeric habitats and non-native species – The yellow-billed cuckoo is 
confined as a breeding species to riparian gallery forest dominated by cottonwoods or wilows 
and it does not inhabit scrub habitats whether dominated by native or invasive species. For these 
reasons it is scored “not able” to utlize mesic or xeric habitats. and “not able” to utilize plant 
communities dominated by the most likely non-native species (saltcedar).   
 
Physiological vulnerability to temperature and precipitation change – since yellow-billed 
cuckoos in the southwest inhabit mature, moist and shady gallery forest, it is assumed that there 
is a possibility that they may be directly sensitive temperature and humidity. Thus, they are 
scored as being “likely moderately sensitive” to temperature and precipitation change. 
  
Vulnerability to extreme weather events – Since an increase in the frequency of extreme weather 
events (e.g., gales or droughts) could result in the destruction of gallery forest, yellow-billed 
cuckoos are scored as “likely moderately sensitive” in this variable. 
 
Dependence on temporal inter-relations or other species – yellow-billed cuckoos are highly 
adapted to feed on caterpillars and may shift their distributions from year to year to track 
changing densities of their prey. This high level of dependence is reflected in the score of 
“highly dependent”. Also since the timing of the emergence and growth of the caterpillars is 
likely to affect the breeding success of the cuckoo, they also score “highly dependent” in the 
dependence of temporal inter-relations variable.  
 
Yellow-billed cuckoo - results 
 
This species is categorized as “Vulnerable” in Module 1, with a low alternate score of “Highly 
Vulnerable”. In Module 2 it scores “Vulnerable” with an alternate score of “Highly Vulnerable”. 
These scores combine in Module 3 into an overall categorization of “Highly Vulnerable” to the 
potential effects of climate change, with an alternate categorization of “Vulnerable”. The 
relatively high vulnerability to climate change for this species, in comparison to willow 
flycatcher, is a reflection of its specialized habitat requirements and its apparent inability to 
utilize mesic or xeric vegetation communities 
 
Because this is a comparatively well-studied species, the certainty evaluation in Module 4 is 
“High”. 
  
4.1.2.3 Botteri’s Sparrow 
 
This section of the report documents the application of the modified EPA Vulnerability 
Framework to the population of Botteri’s sparrow, Aimophila botterii, breeding in the SPRNCA. 
The results are shown in Attachment 2. The rationales for the scores shown in Attachment 2 are 
described below. 



 

Botteri’s sparrow - general 
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Currently the Botteri’s sparrow is limited as a breeding species in North America to two distinct 
and non-contiguous areas: southeastern Arizona and southwestern New Mexico, and coastal 
south Texas. There is evidence that its historical breeding distribution may have been more 
extensive (though confined to the arid southwest and Texas) but contracted due to habitat 
fragmentation and loss through overgrazing by livestock (Webb and Bock, 1996).  The wintering 
range of the Arizona subpopulation (A. b. arizonae) is not known but is probably in central and 
southern Mexico. 
  
Within the SPRNCA, the species is a common summer resident and breeder from Charleston 
south to Palominas (Kreuper, 1997). First arrivals in the spring are in late April and the birds 
usually leave the area in Sep-Oct (Kreuper, 1997, Webb and Bock, 1996). Its breeding 
distribution in the SPRNCA and southeastern Arizona, in general, is confined to areas of tall 
native grasslands, primarily giant sacaton stands in relatively flat outwash areas (Jack Whetstone, 
BLM, pers. comm.). It differs from the closely related Cassin’s sparrow (Aimophila cassinii) in 
that the latter prefers less tall and less dense grassland stands and can tolerate greater densities of 
shrubs such as mesquite (Dunning et al., 1999). 
  
The species’ timing of breeding is largely determined by the advent of the summer rains in 
southeastern Arizona, which typically occurs from July to August. This timing allows the birds 
to exploit the seasonal flush of invertebrate biomass, particularly Orthopterans (Webb and Bock, 
1996).    
 
Botteri’s sparrow – habitat relationships 
 
Botteri’s sparrow is confined as a breeding bird in southern Arizona to stands of grasslands, 
particularly to giant sacaton stands. Densities are highest in those sacaton stands that are tall and 
dense with a high representation of senescent plants (Webb and Bock, 1996). They generally 
avoid areas of high shrub density or grasslands that are dominated by non-native species. Thus, 
overgrazing of native grasslands, and their reduced density or replacement by invasive species 
reduces their attractiveness to Botteri’s sparrows. This may have been responsible for the rage 
fragmentation and habitat loss that occurred in the past in the southwest. When overgrazed or 
disturbed areas have been reseeded with native species of grasses, Botteri’s sparrows may 
recolonize (Webb and Bock, 1996). 
 
The grassland stands most favored by Botteri’s sparrows are to a great extent limited by 
topography, occurring only on relatively flat and poorly drained outwash areas, or on riparian 
flats. Better drained, steeper grassslands tend to be dominated by less lush growths of other grass 
species. 
 
Based on the above general comments and habitat relationships, the following variable scores 
were assigned in Modules 1 and 2: 



 

Module 1. 
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Botteri’s sparrow - population and range trends 
 
The breeding distribution of the Boterri’s sparrow in the desert southwest of the U.S. was, in the 
past less fragmented than it is now. However, it is doubtful if this species suffered the same 
degree of habitat destruction as willow flycatchers or yellow-billed cuckoos, species that demand 
habitats most valued and modified by agriculture. Within the SPRNCA Botteri’s sparrows are 
relatively common, occurring wherever there are stands of giant sacaton (pers obs). Based on 
this, category scores of 3 have been assigned to the “Current population size” variable, the 
“Regional population trend in the last 50 years” variable, the “regional range trend in the last 50 
years” variable, and the “Current regional range trend variable”. 
 
Minimum individual replacement time – this is most likely to occur in the first summer after the 
bird has left the nest, but could also occur in the following year. Thus, minimum replacement 
time has been scored as 4 (within the first year of life), with an alternate score of 3.  
 
Likely future non-climate stressor trends – A score of 3 has been applied to this variable because 
the most important current and past stressor on Botteri’s sparrow in the desert southwest has 
been agriculture. At present, agriculture primarily threatens riparain forested and scrub habitats. 
Conversion of such habitats to grass-dominated communities could benefit this species. 
 
Using the same reasoning, a score of 3 has been applied to the Likely future vulnerability to 
policy/management change variable. 
 
Likely future vulnerabilities to stochastic events and natural stressors. Since the Botteri’s 
sparrow inhabits grasslands, it has been assumed that and increased occurrence of stochastic 
events (the most prevalent in the desert southwest being fire) that result in the replacement of 
forest by scrub and grassland communities would actually benefit the species. A score of 3 has 
been applied to this variable. 
      
Module 2. 
 
Recolonization capability – because it is a highly mobile species and breeds in suitable habitat 
throughout southern Arizona, the recolonization ability of this species is scored as “high”. 
 
Degree of habitat specialization – since it is confined to a particular type of grassland (sacaton) 
and apparently does not tolerate non-native vegetation, the species is scored “highly specialized”. 
Also, since it is an arid land species it is scored “independent” for the Dependence on wetland or 
standing or flowing water variable.  
 
Likely extent of habitat change due to climate change – one of the major predictions of the 
vegetation modeling described in this report is that, because of changing water table or increased 
risk of fire, the tendency in the SPRNCA will be for gallery forest to be replaced by scrub 
habitats and grasslands. Accordingly it is assumed that the extent of potential breeding habitat 
for Botteri’s sparrows will increase by >50%. 



 

 
Ability to utilize mesic or xeric habitats and non-native species – the Botteri’s sparrow is 
confined as a breeding species to mesic or xeric grasslands. For this reason it is scored “able” to 
utlize mesic and xeric habitats, but is scored as “not able” to utilize plant communities dominated 
by non-native species (see above).   
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Physiological vulnerability to temperature and precipitation change – Botteri’s sparrows breed 
in Mexican grasslands far to the south of the SPRNCA, where they are likely to be exposed to 
higher temperatures than prevail in southern Arizona. For this reason, they are scored as likely 
“insensitive” to direct temperature change effects. It is also unlikely that they are sensitive to 
direct effects from precipitation change. 
 
Vulnerability to extreme weather events – It is unlikely that localized extreme weather events 
would have any direct impact on Botteri’s sparrows. Indeed they may benefit indirectly through 
the creation of grass-dominated vegetation communities in areas where forest has been 
fragmented by fire, drought, or wind storms. Thus, the best estimate score for this variable is 3 
(with an alternate of 4). 
 
Dependence on temporal inter-relations or other species – Botteri’s sparrow breeding phenology 
is determined by the timing of the summer monsoon in southern Arizona. It cannot be predicted 
how climate change might affect this timing. Thus it is conservatively assumed that the sparrow 
is “moderately dependent” on temporal inter-relations. However, except for its association with 
sacaton-dominated grasslands, Botteri’s sparrows are not known to be dependent on other 
species, and therefore scores “independent”.   
 
Botteri’s sparrow - results 
 
This species is categorized as “Not Vulnerable” in Module 1. This is becasue of its current 
population status and its dependence on habitats that are not as vulnerable to current stressors 
than riparian wooded habitats.  
 
In Module 2, Botteri’s sparrow is categorized as “May Benefit” (Vc4) from the effects of climate 
change. This is largely due to the species’ nesting habitat being essentially successional, and its 
independence from gallery forest. 
 
The scores from Modules 1 and 2 combine in Module 3 into an overall vulnerability score of 
“Not Vulnerable” (Vo4). This is the result of the species being likely to benefit from climate 
change, and the comparatively healthy state of its local and regional populations. Because the 
species is relatively well-studied, its certainty score in Module 4 is High.  
 
4.1.3 Summary 
 
This application of the EPA Framework produces results that can be used to compare the relative 
vulnerabilities of three bird species characteristic of the SPRNCA and riparian areas in the 
southwest in general. Scoring the 22 variables in Modules 1 and 2 of the EPA Framework results 
in the following vulnerability ranking (most vulnerable to least vulnerable): yellow-billed 



 

cuckoo>willow flycatcher>Botteri’s sparrow. This ranking is a reflection of differences in the 
habitat demands of the three species, past and current population ranges and trends, and likely 
effects of future climate change on the availability of their preferred habitats. The yellow-billed 
cuckoo is scored as the most vulnerable species because it is tied tightly to a specific habitat type 
(gallery forest), moreover, this is the habitat that vegetation modeling has shown to be most 
vulnerable to the climate change scenarios. Also, the yellow-billed cuckoo does not, apparently, 
tolerate invasive forest and/or scrub types. It can, therefore be viewed as a specialist which, 
unfortunately, specializes in a set of conditions highly vulnerable to climate change. 
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The willow flycatcher and Botteri’s sparrow are scored as less vulnerable than the yellow-billed 
cuckoo. This is largely because of two factors: their preference for successional (non-forest) 
habitats, and, in the case of the willow flycatcher, its ability to exploit habitats dominated by 
non-native vegetation. Given the habitat changes predicted in the SPRNCA from the vegetation 
modeling described in this report, it is possible that willow flycatchers, and likely that Botteri’s 
sparrows  may actually benefit from future climate change. 
 
It should be noted that the results described above are model predictions, and like all model 
predictions, are surrounded with some degree of uncertainty. Therefore the species-specifc 
results and relative rankings should be considered as incorporating some degree of hesitancy. 
Only time will tell how accurate they may be.    
 

4.2 SPRNCA Vulnerability Framework 
 
The riparian vegetation communities of the San Pedro River in southern Arizona support highly 
diverse animal populations. For example, over 100 species of birds breed there and an additional 
250 use the area during migration or in winter (Krueper, 1997). This biodiversity has resulted in 
the riparian corridor of the San Pedro River being designated a National Conservation Area. To 
varying extents, riparian plants are hydrophytic and depend on root access to surface water flow 
or to groundwater. In the San Pedro, for example, there is a marked zonation in the species 
composition of vegetation communities dictated by root length and depth to the alluvial 
groundwater aquifer (Stromberg et al., 1996). Any stressor that reduces the plants’ access to 
water could make the continued existence of such riparian communities less viable and result in 
their replacement by drought-tolerant species such as saltcedar or mesquite, Prosopis spp.  
 
Within the San Pedro Riparian National Conservation Area (SPRNCA) agricultural and urban 
water withdrawals from the groundwater aquifers may be resulting in lowered water tables 
(Goode and Maddock, 2000; Vionnet and  Maddock, 1992), with consequent adverse impacts on 
the riparian gallery forests, and invasion by drought-tolerant species such as saltcedar, Tamarix 
spp., (Stromberg, 1998; Stromberg et al., 1996). These stressors could eventually result in 
changes to the structure and composition of the San Pedro riparian forests and scrub, with 
consequent impairments of their ability to support wildlife. Climate change is another potentially 
important stressor in the SPRNCA. Climate change, through changes in precipitation, drying, 
and evapotranspiration, could result in the depth to the water table being increased with 
subsequent adverse impacts to the riparian vegetation communities.   



 

One of the main aims of the research being conducted as part of this EPA-funded project is to 
evaluate the potential effects of groundwater withdrawals and climate change on the SPRNCA 
vegetation communities and the wildlife that they support. The main goal of this element of the 
overall San Pedro research project is to assess, at least qualitatively, the potential impacts of 
climate change and ground water withdrawals on the biodiversity supported by the SPRNCA. 
Attempting to evaluate these effects on all of the taxa that comprise this biodiversity would be 
problematic due to uncertainties regarding the habitat ecologies of some of the less well-studied 
taxa (e.g., nocturnal mammals, fish, or invertebrates), and limitations in our knowledge about 
their exact status within the SPRNCA. In contrast, we do have adequate information about one 
important taxon that uses the SPRNCA – birds. The status and habitat relationships of the 350 or 
more bird species that occur in the SPRNCA are comparatively well-known.  
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The main goal of this element of the San Pedro research is to develop and apply a predictive 
model that will project the effects of changes in the riparian vegetation communities (caused by 
groundwater withdrawals and climate change) on the avian component of biodiversity in the 
SPRNCA. The results of this modeling exercise can then be compared with two other modeling 
procedures developed for evaluating the vulnerabilities of SPRNCA birds, the combined HSI and 
vegetation models (Section 4-3 of this report), and the modified EPA vulnerability framework 
(Section 4-1). 
 
4.2.1 Overall Methodological Approach 
 
Vegetation modeling has shown (Section 3 of this report) that some of the most fundamental 
potential impacts of changing hydrology and climate change on vegetation communities in the 
SPRNCA include the fragmentation of the existing riparian and wetland communities, and their 
replacement by more mesic or xeric communities (i.e., communities more typical of the desert 
matrix within which the SPRNCA is set). The overall approach of this phase of the studies has 
been to develop a predictive framework, based on the habitat preferences of avian species that 
inhabit the SPRNCA, that will categorize their relative vulnerabilities to the vegetation changes 
identified above and project potential impacts to their population status within the study area. 
 
We have chosen to focus on the 87 species of birds that have been classified by Kreuper (1997) 
as being either “abundant”, “common”, or “fairly common” within the SPRNCA (Table 4-8).  
“Uncommon’’, “rare”, “casual”, or “accidental” species have not been evaluated. Because of 
their relatively abundant status, the species that we have evaluated will comprise the majority of 
the birds using the SPRNCA at any particular time, and will provide a more reliable indication of 
impacts to diversity.  
 
4.2.2 Framework Variables 
 
Based on the predicted changes in vegetation communities and the known habitat relationships 
of the 87 bird species, four variables that are most likely to predict future population changes 
were identified. For each of these variables a scoring system was developed. The scores for any 
species are indices of its likely vulnerability to the projected habitat changes. 



 

Variable 1. Degree of dependence on dominance by riparian species in vegetation 
community. This variable characterizes the extent to which the species being evaluated is 
restricted in the SPRNCA to stands of riparian vegetation for one or more of three limiting life-
history requirements: foraging habitat, cover, and/or nest sites. The latter includes other 
reproductive requirements, such as song or display sites, in addition to nest sites, themselves.  
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In the SPRNCA riparian stands would include vegetation communities dominated by 
hydrophytic and, to a lesser extent, mesic species. Dominance in this context means that these 
species are the major determinants of the overall structure and composition of the community. It 
is not intended to imply that individuals of non-hydrophytic species cannot exist in such 
communities. Thus, willow scrub (a shrub community largely composed of hydrophytic willow 
species) is a riparian vegetation community, whereas mesquite scrub (largely composed of the 
xeric mesquite) is not. In the SPRNCA, riparian vegetation communities are typically dominated 
by  Fremont cottonwood, Gooding’s willow, and/or baccharis (Stromberg et al., 1996).  



 

Table 4-8. Bird species evaluated in the analyses. Relative abundance categories: a = abundant, c =  common, fc = fairly common. . 
Seasonal occurrence categories: yr = year-round resident, sr = summer resident, wr = winter resident, m = migrant 
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SPECIES  ABUNDANCE SEASONALITY  SPECIES  ABUNDANCE SEASONALITY 
Great blue heron Fc  Yr   Cactus wren Fc  yr 
Turkey vulture C  sr, m   Bewick's wren C  yr 
Northern harrier C  Wr   Ruby-crowned kinglet C  m 
Sharp-shinned hawk Fc  wr, m   Northern mockingbird Fc  yr 
Cooper's hawk Fc  Yr   Curve-billed thrasher C  ty 
Gray hawk C  Sr   Loggerhead shrike Fc  yr 
Red-tailed hawk C  Yr   European starling Fc  yr 
American kestrel C  Yr   Bell's vireo C  sr 
Scaled quail C  Yr   Warbling vireo C  m 
Gambel's quail C  Yr   Orange-crowned warbler C  m 
Virginia rail C  Wr   Lucy's warbler C  sr 
Sora rail  Fc  Wr   Yellow warbler C  m 
Spotted sandpiper Fc  M   Yellow-rumped warbler C  m 
Wilson's snipe Fc  wr, m   MacGillivray's warbler Fc  m 
White-winged dove C  Sr   Common yellowthroat A  sr 
Mourning dove C  Yr   Wilson's warbler C  m 
Common ground dove Fc  Yr   Yellow-breasted chat C  sr 
Yellow-billed cuckoo C  Sr   Summer tanager C  sr 
Greater roadrunner Fc  Yr   Western tanager C  m 
Western screech owl C  Yr   Black-headed grosbeak C  m 
Great Horned owl C  Yr   Blue grosbeak C  sr 
Lesser nighthawk C  Sr   Green-tailed towhee C  m 
Black-chinned hummingbird C  Sr   Canyon towhee C  yr 
Belted kingfisher Fc  Wr   Abert's towhee Fc  yr 
Gila woodpecker Fc  Yr   Botteri's sparrow C  sr 
Ladder-backed woodpecker C  Yr   Cassin's sparrow C  sr 
Northern flicker Fc  Yr   Chipping sparrow C  wr 
Western wood pewee C  Sr   Brewer's sparrow C  wr, m 
Dusky flycatcher Fc  M   Vesper sparrow C  wr, m 
Gray flycatcher C  M   Lark sparrow C  wr 
Pacific-slope flycatcher Fc  M   Black-throated sparrow C  yr 
Black phoebe C  Sr   Lark bunting Fc  wr 

            



 

Table 4-8 continued 
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Say's phoebe Fc  Yr   Savannah sparrow C  wr, m 
Vermilion flycatcher C  Sr   Song sparrow C  yr 
Ash-throated flycatcher C  Sr   Lincoln's sparrow C  wr 
Cassin's kingbird C  Sr   White-crowned sparrow A  wr, m 
Western kingbird C  Sr   Red-winged blackbird A  wr, m 
Tree swallow C  M   Yellow-headed blackbird C  wr 
Violet-green swallow Fc  M   Brewer's blackbird C  wr, m 
Northern rough-winged 
swallow C  Sr   Brown-headed cowbird A  yr 
Cliff swallow C  Sr   Hooded oriole C  sr, m 
Chihuahuan raven C  Yr   Bullock's oriole C  sr 
Verdin  Fc  Yr   Scott's oriole C  sr 
       Lesser goldfinch C  yr 



 

Five numerical scores of dependency were developed. These are based on the degree to which 
the species being evaluated are known to be typically restricted to riparian habitat for either or all 
of the three life-history requirements in the SPRNCA:  
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Score Habitat Utilization 
5 Typically found only in riparian habitat 
 
4 Typically found mainly in riparian habitat, but may also occur 

infrequently in more xeric habitats 
 
3 May typically occur in either riparian or more xeric habitats 
 
2 More typical of xeric habitats but may also occur in riparian 
 
1 Largely restricted to xeric habitats 

 
Variable 2. Degree of dependence on extensive and non-fragmented stands of riparian 
forest   
 
This variable characterizes the extent to which the species being evaluated is restricted by its 
habitat preferences to extensive and non-fragmented stands of riparian forest vegetation for one 
or more of three limiting life-history requirements: foraging habitat, cover, and/or nest sites. The 
latter includes other reproductive requirements, such as song or display sites, in addition to nest 
sites, themselves. 
 
The categorization of non-fragmented forest applies to individual stands dominated by either 
Fremont cottonwood or Goodding’s willow that extend over at least several acres, rather than 
isolated and smaller fragments.  
 
Three numerical scores of dependency were developed. These are based on the degree to which 
the species being evaluated are known to be typically restricted to expensive and non-fragmented 
stands of riparian forest for either or all of the three life-history requirements in the SPRNCA:  
 
 

Score Habitat Utilization 
3 Typically found only in such stands 
 
2 Typically found mainly in such stands, but may also occur infrequently in 

less extensive habitat 
 
1 May typically occur in either extensive and non-fragmented or restricted 

and fragmented stands 

  
 

  
 

 

 



 

Variable 3. Degree of dependence on wetland habitat 
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This variable characterizes the extent to which the species being evaluated is restricted by its 
habitat preferences to wetland habitats for one or more of three limiting life-history 
requirements: foraging habitat, cover, and/or nest sites. The latter includes other reproductive 
requirements, such as song or display sites, in addition to nest sites, themselves.  
  
In the SPRNCA, wetland habitats comprise communities dominated by hydrophitic floating and 
emergent plant species such as sedges, rushes, grasses, bullrushes, and equisetum species 
(Stromberg et al., 1996). These communities are typically found surrounding cienagas, at beaver 
dams, or intermittently flooded channels.  
 
Five numerical scores of dependency were developed. These are based on the degree to which 
the species being evaluated are known to be typically restricted to wetland habitat for either or all 
of the three life-history requirements in the SPRNCA:  
 

Score Habitat Utilization 
5 Typically found only in wetland habitat 
 
4 Typically found mainly in wetland habitat, but may also occur 

infrequently in more xeric habitats 
 
3 May typically occur in either wetland or more xeric habitats 
 
2 More typical of xeric habitats but may also occur in wetlands 
 
1 Largely restricted to xeric habitats 

 
 
Variable 4. Degree of dependence on running or standing water 
 
This variable characterizes the extent to which the species being evaluated is restricted by its 
habitat preferences to areas that include permanent or largely permanent areas of running or 
standing water. Species that are dependent on such habitats are usually so because of their diets 
(at least partly reliant on fish, aquatic invertebrates, or aquatic vegetation).   
 
Five numerical scores of dependency were developed. These are based on the degree to which 
the species being evaluated are known to be typically restricted to areas with running or standing 
water:  
 

Score  Habitat Utilization 
5  Typically associated only with aquatic habitats 
 
4 Typically associated mainly with aquatic habitats, but not exclusively so 
 
3  May be associated with either aquatic or non-aquatic habitats 
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2 More typical of xeric, non-aquatic habitats  
 
1  Largely restricted to xeric habitats 

 
 
4.2.3 Results of Framework Analyses 
 
The framework scores for the 87 bird species are shown in Table 4-9. Each of the framework 
scores were based on information contained in the scientific literature, particularly the individual 
species accounts in the “Birds of North America series (BNA, various dates) and Kaufman 
(1996). Table 4-10 groups the results of the total scores in Table 2 into four vulnerability 
categories: Highly Vulnerable: Vulnerable; Less Vulnerable; and Least Vulnerable.  26% of the 
87 species can be categorized as either Highly Vulnerable or Vulnerable. These are the species 
most likely to be adversely affected by the projected vegetation changes. The 25% of species in 
the Less Vulnerable categories can be viewed as species that are relatively insensitive to the 
projected vegetation changes since they are not closely tied to the existence of riparian or 
wetland vegetation communities, rather than more mesic or xeric community types, and might 
not be greatly adversely affected under a shift from continuous riparian forests and wetlands to 
(for example) increased cover of ash or mesquite woodlands. More than half of the 43 species in 
the category: Least Vulnerable are adapted to the desert or arid grassland environments of 
southern Arizona. Such species might be expected to benefit from the conversion of riparian 
forest and wetland habitats within The SPRNCA to more mesic or xeric environments. 
 
 
4.2.4 Conclusions 
 
This analysis has shown that approximately 26% of the most abundant bird species currently 
inhabiting the SPRNCA are likely to be vulnerable to and adversely affected by the changes to 
the vegetation communities projected by the vegetation analyses in Section 3 of this report. An 
additional 25% may be relatively unaffected and 43% may benefit. Although some species are 
likely to benefit from the projected changes, in terms of overall biodiversity the results of this 
analysis do not provide grounds for optimism: the species that are projected to be adversely 
affected are largely of high conservation value in that they are typical of a declining and reduced 
habitat (riparian forest and scrub), are already limited in their ranges and distributions, and many 
of them are identified in state and federal statutes and “watchlists” as being of particular 
conservation importance (willow flycatcher, yellow-billed cuckoo, grey hawk, etc.). Further 
losses of these species in the “benchmark” riparian area of the SPRNCA will be a relatively large 
adverse impact to the overall status and condition of these populations. Also, while it is true that 
some species that are typical of xeric habitats may spread into the SPRNCA from further south 
as the climate and vegetation changes, the potential for such additions to redress the losses of 
biodiversity due to riparian species being lost is limited. Most of the northern Mexican desert or 
arid grassland species that could inhabit a more desert-like SPRNCA already exist there in the 
desert matrix on the San Pedro floodplain and would not be new additions to the regional 
avifauna. 



 

While this analysis cannot be directly extended to other non-avian taxa, it does, nevertheless, 
raise concerns. Just as continuing aridification of the SPRNCA has been projected to result in 
losses of avian diversity, it is likely that this pattern will be repeated in other taxa including 
mammals and invertebrates (many of whom are also likely to depend on riparian or wetland 
habitats). The result will be a net loss of diversity in this nationally important center of 
biodiversity. 
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Table 4-9. Species vulnerability scores.          
             
   Dependence   Dependence on Dependence on  Total  

on  
SPECIES 

 

 

 

 

 

 dominance 
of riparian 
veg. 

Dependence on  

riparian forest 

wetland  

habitat  

 standing water 

or perennial river flow 

 Score 

 
Great blue heron  2  1  5  5   13
Turkey vulture  1  1  1  1   4
Northern harrier  1  1  1  1   4
Sharp-shinned hawk  3  2  1  1   7
Cooper's hawk  3  2  1  1   7
Gray hawk  5  3  5  2   15
Red-tailed hawk  3  2  1  1   7
American kestrel  2  1  1  1   5
Scaled quail  1  1  1  1   4
Gambel's quail  1  1  1  1   4
Virginia rail  1  1  5  4   11
Sora rail   1  1  5  4   11
Spotted sandpiper  3  1  4  4   12
Wilson's snipe  1  1  5  4   11
White-winged dove  1  1  1  1   4
Mourning dove  1  1  1  1   4
Common ground dove 1  1  1  1   4
Yellow-billed cuckoo  5  3  3  2   13
Greater roadrunner  1  1  1  1   4
Western screech owl  4  1  1  1   7
Great Horned owl  4  3  1  1   9
Lesser nighthawk  1  1  1  1   4
Black-chinned hummingbird 1  1  1  1   4
Belted kingfisher  3  1  5  5   14
Gila woodpecker  2  2  1  1   6
Ladder-backed woodpecker 4  2  1  1   8
Northern flicker  4  2  1  1   8
Western wood pewee 5  3  1  1   10
Dusky flycatcher  3  1  1  1   6
Gray flycatcher  1  1  1  1   4
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Table 4-9 continued 
Pacific-slope flycatcher 
Black phoebe 
Say's phoebe 
Vermilion flycatcher 
Ash-throated flycatcher 
Cassin's kingbird 
Western kingbird 
Tree swallow 

 
 
 

 
 
 

3
4
1
1
1
1
1
3

 
 
 
 
 
 
 
 

2
1
1
1
1
1
1
1

 
 
 
 
 
 
 
 

1 
4 
1 
1 
1 
1 
1 
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 1
4

 1
 1
 1
 1
 1
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 7
13

 4
 4
 4
 4
 4
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Violet-green swallow 
Northern rough-winged swallow 
Cliff swallow 

 

 

1
1
1

 
 
 

1
1
1

 
 
 

1 
2 
3 

 
 3

3
 4

 
 
 

 
 6

7
 9

Chihuahuan raven  1  1  1  1   4
Verdin   1  1  1  1   4
Cactus wren  1  1  1  1   4
Bewick's wren  1  1  1  1   4
Ruby-crowned kinglet 
Northern mockingbird 
Curve-billed thrasher 

 
 

2
1
1

 
 
 

3
1
1

 
 
 

1 
1 
1 

 1
 1
 1

 
 
 

 7
 4
 4

Loggerhead shrike 
European starling 
Bell's vireo 

 
 
 

1
1
3

 
 
 

1
1
1

 
 
 

1 
1 
2 

 1
 1
 2

 
 
 

 4
 4
 8

Warbling vireo 
Orange-crowned warbler 
Lucy's warbler 
Yellow warbler 

 

 
 

4
1
1
5

 
 
 
 

2
2
1
2

 
 
 
 

3 
1 
1 
4 

 

 

1
 1
 1

3

 
 
 
 

 

 

10
 5
 4

14
Yellow-rumped warbler 
MacGillivray's warbler 
Common yellowthroat 
Wilson's warbler  

2
1
5
5

 
 
 
 

2
1
2
2

 
 
 
 

1 
1 
4 
3 

 
 

 1
 1

3
3

 
 
 
 

 
 

 6
 4

14
13

Yellow-breasted chat  3  2  4  2   11
Summer tanager 
Western tanager 
Black-headed grosbeak 
Blue grosbeak 
Green-tailed towhee 

 
 

 
 

5
1
3
3
1

 
 
 
 
 

3
1
2
2
1

 
 
 
 
 

1 
1 
1 
1 
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 1
 1
 1
 1
 1

 
 
 
 
 

 10
 4
 7
 7
 4
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Table 4-9 continued 
Canyon towhee 
Abert's towhee 

 
 

1
1

 
 

1
1

 
 

1 
1 

 1
 1

 
 

 4
 4

Botteri's sparrow 
Cassin's sparrow 
Chipping sparrow 
Brewer's sparrow 
Vesper sparrow 
Lark sparrow 
Black-throated sparrow 
Lark bunting 
Savannah sparrow 
Song sparrow 
Lincoln's sparrow 
White-crowned sparrow 
Red-winged blackbird 
Yellow-headed blackbird 

 
 
 
 
 
 

 
 
 
 

 

1
1
1
1
1
1
1
1
1
4
4
3
3
3

 
 
 
 
 
 
 
 
 
 
 
 
 
 

1
1
1
1
1
1
1
1
1
1
1
1
1
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1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
4 
1 
3 
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 1
 1
 1
 1
 1
 1
 1
 1
 1
 1

1
 1
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 4
 4
 4
 4
 4
 4
 4
 4
 4
 9

10
 6

10
10

Brewer's blackbird  3  1  3  3   10
Brown-headed cowbird 2  1  2  2   7
Hooded oriole  3  3  3  1   10
Bullock's oriole  3  2  2  1   8
Scott's oriole  1  1  1  1   4
Lesser goldfinch  1  1  1  1   4



 

Table 4-10. Vulnerability categories. Species in bold are desert or arid grassland species in southern Arizona.  
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14-18   10-13   6-9    <6  
Highly Vulnerable  Vulnerable  Less Vulnerable   Least Vulnerable 
Gray hawk  Great blue heron  Sharp-shinned hawk   Turkey vulture 
Belted kingfisher  Virginia rail  Cooper's hawk   Northern harrier 
Common yellowthroat Sora rail   Red-tailed hawk   Scaled quail 
Yellow warbler  Spotted sandpiper  Western screech owl   Gambel's quail 
   Wilson's snipe  Great Horned owl   American kestrel 
4 (5%)   Yellow-billed cuckoo  Gila woodpecker   White-winged dove 
   Western wood pewee Ladder-backed woodpecker  Mourning dove 
   Black phoebe  Northern flicker   Common ground dove 
   Tree swallow  Pacific-slope flycatcher  Greater roadrunner 
   Warbling vireo  Dusky flycatcher   Lesser nighthawk 
   Wilson's warbler  Violet-green swallow   Black-chinned hummingbird 
   Yellow-breasted chat  Northern rough-winged swallow  Gray flycatcher 
   Summer tanager  Cliff swallow   Say's phoebe 
   Lincoln's sparrow  Ruby-crowned kinglet  Vermilion flycatcher 
   Red-headed blackbird Bell's vireo   Ash-throated flycatcher 
   Yellow-headed blackbird Yellow-rumped warbler  Cassin's kingbird 
   Brewer's blackbird  Black-headed grosbeak  Western kingbird 
   Hooded oriole  Blue grosbeak   Chihuahuan raven 
      Song sparrow   Verdin  
   18 (21%)   White-crowned sparrow  Cactus wren 
      Brown-headed cowbird  Bewick's wren 
      Bullock's oriole   Northern mockingbird 
          Curve-billed thrasher 
      22 (25%)    Loggerhead shrike 
          Lucy's warbler 
          MacGillivray's warbler 
          Orange-crowned warbler 
          Western tanager 
          Green-tailed towhee 
          Canyon towhee 
          Abert's towhee 



 

4.3 Vegetation modeling and Habitat Suitability Index Models 
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In addition to evaluating avian vulnerability to future climate change using the EPA and 
Vulnerability frameworks, as described in Sections 4.1 and 4.2, respectively, the potential 
vulnerabilities of five species (willow flycatcher, yellow-billed cuckoo, Botteri’s sparrow, and 
Wilson’s and yellow warblers) were also investigated by combining the vegetation change model 
described in Section 3 of this report with Habitat Suitability Index (HSI) models specifically 
dveloped for this purpose. These models are described in detail in Attachment 3 to this report. 
 
HSI models evaluate the likely impacts of any actual or potential changes in habitat quality on 
carrying capacity (defined here as the habitat’s capacity to support organisms) for either a single 
species, a guild of species, or biodiversity in general. HSI models achieve this by: 
 

1. Identifying the critical habitat variables that affect the carrying capacity of habitat. 
 

2. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 

 
3. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

4. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  

 
Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), evaluating the potential effects of climate change and aquifer 
depletion on biota (Galbraith et al., in press),  and estimating the exposure to contaminants of 
wildlife species.  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities.  
 
U.S. Fish and Wildlife Service has developed approximately 160 HSI models. These include 85 
terrestrial species (62 birds, 17 mammals, and 6 reptiles and amphibians). The remainder 
comprise marine and freshwater organisms. Most of the models have specific geographic, 
habitat, and seasonal areas of applicability. For example, the model for American woodcock, 
Scolopax minor, applies only to the species’ wintering range in the southeastern states (Cade, 
1985). In addition to the single-species HSI models, U.S. Fish and Wildlife has also developed a 
few models that quantify the carrying capacity of habitat for groups of species, for example 
habitat guild models (Short, 1983), or for wildlife diversity in general (Short, 1984). 



 

No previously developed HSI model existed for any of the five species listed above. 
Correspondingly, they were developed for the species in their breeding range and migration 
habitats in southern Arizona and it might not be applicable, without modification, elsewhere in 
its breeding range. 
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In the analyses below, we used the HSI models to identify the important habitat variables for 
each of the five species. We then proceeded in two ways: 
 

1. We used the general conclusions regarding how the vegetation communities in the 
SPRNCA might change in the future under four climate change scenarios (no change, 
warmer, warmer and drier, warmer and wetter) to arrive at qualitative assessments of how 
the individual variables might alter under these vegetation changes for each of the study 
species. This is referred to hereafter as the Qualitative Analysis

 
2. We also used the vegetation model to simulate quantitative changes in each of the HSI 

variables for each of the study species. This then allowed us to project changes in the 
overall HSI score for each species under each of the four climate change scenarios.  This 
is referred to hereafter as the Quantitative Analysis

 
 
The results of each of these analytical approaches are reported in Sections 4.3.1 and 4.3.2, 
respectively. 

. 

. 

 
4.3.1 The qualitative analysis 
 
Table 4-11 summarizes the main changes projected by the Vegetation modeling in Section 3 of 
this report. The overall conclusion is that for all of the futures scenarios, except one – warmer 
and wetter, the future vegetation conditions will be characterized by reductions in the 
representation of cottonwood/willow gallery forest and cienaga wetlands, with increased cover 
by invasive saltcedar and mesic and/or xeric shrublands, as the desert matrix in which the 
SPRNCA exists gradually invades the areas currently under riparian forest. The rate and extent 
to which these changes will take place is dependent on the scenario, with the lowest extents of 
replacement occurring under the no change and warmer scenarios. The replacement extent is 
likely to be most rapid and widespread under the warmer and drier scenario since this will have 
the greatest detrimental effect on surface flow and depth to groundwater (see Section 3).   
 
Table 4-11. Summary of projected changes to main vegetation communities under climate 
change scenarios 
 Cottonwood/willow 

forest 
Cienaga 
wetlands 

Saltcedar 
Scrub 

Mesic/xeric 
grass/shrubland 

No change Reduction reduction increase Increase 
Warmer Reduction reduction increase Increase 
Warmer and 
drier 

Reduction reduction increase Increase 

Warmer and 
wetter 

no change no change no change no change 



 

 
The warmer and very wet scenario was not included in this analysis because the results projected 
for the vegetation community approximately mirrored those of the warm and wet scenario and 
also because the warmer and very wet scenario could be considered an extreme projection, and 
less likely to occur than the warmer, warmer and drier and warmer and wetter scenarios. 
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Ranked projections of how we expect the main vegetation change projections to affect the HSI 
variables for each of the five study species are presented in Tables 4-12 through 4-16. Figure 4-2 
presents a comparison of how the vegetation changes projected under the no change, warmer, 
and warmer and drier scenarios will affect the total HSI score for each species. The warmer and 
wetter scenario is not included in Figure 4-2 because, as can be seen in Tables 4-12 through 4-16 
it did not result in major changes in the habitat quality. 
 
 
Table 4-12. Qualitative assessment of effects of climate change scenarios on willow 
flycatcher HSI scores (+2 = markedly increase; +1 = increase; 0 = no change or 
uncertain; -1 = reduce; -2 = markedly reduce)  
 No 

change
Warmer Warmer and 

drier 
Warmer 
and wetter 

Isolation and extent of 
riparian shrub patches 

+1 +1 +1 0 

Width of riparian patches +1 +1 +1 0 
% shrub canopy cover +1 +1 +1 0 
Shrub foliage density +1 +1 +1 0 
Shrub canopy height +1 +1 +1 0 
Tree canopy cover +1 +1 +2 0 
Distance to water 0 0/-1 -1 0 
Soil waterlogging 0 0/-1 -1 0 
Total score change +6 +6-+4 +5 0 
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Table 4-13. Qualitative assessment of effects of climate change scenarios on yellow-billed 
cuckoo HSI scores (+2 = markedly increase; +1 = increase; 0 = no change or uncertain; -1 = 
reduce; -2 = markedly reduce) 
 No change Warmer Warmer and Warmer and 

drier wetter 
Linear continuity -1 -1 -2 0 
of riparian forest 
Width of riparian -1 -1 -2 0 
forest patches 
Percent shrub +1 +1 +1 0 
canopy 
Shrub canopy +1 +1 +1 0 
height 
Tree canopy height -1 -1 -2 0 
Cottonwood/willow -1 -1 -2 0 
dominance in tree 
canopy 
Cottonwood/willow -1 -1 -2 0 
dominance in 
shrubs 
Saltcedar 0 -1 -2 0 
dominance 
Total score change -3 -4 -10 0 
 
 
 
Table 4-14. Qualitative assessment of effects of climate change scenarios on Botteri’s 
sparrow HSI scores (+2 = markedly increase; +1 = increase; 0 = no change or uncertain; -1 
= reduce; -2 = markedly reduce) 
 No change Warmer Warmer and Warmer and 

drier wetter 
% grass cover +1 +1 +2 0 
Sacaton dominance +1 +1 +2 0 
Sacaton height 0 0 0 0 
Sacaton density 0 0 0 0 
Sacaton senescence 0 0 0 0 
% forbs/native 0 0 0 0 
grasses 
Total score change +2 +2 +4 0 



 

 
Table 4-15. Qualitative assessment of effects of climate change scenarios on Wilson’s 
warbler sparrow HSI scores (+2 = markedly increase; +1 = increase; 0 = no change or 
uncertain; -1 = reduce; -2 = markedly reduce) 
 No change Warmer Warmer and Warmer 

drier and wetter 
Riparian forest patch size -1 -1 -2 0 
shrub canopy cover 0 0 -1 0 
% cottonwood/willow in -1 -1 -2 0 
shrub canopy 
Shrub canopy height 0 0 0 0 
% saltcedar dominance -1 -1 -2 0 
Total score change -3 -3 -7 0 
 
 
 
Table 4-16. Qualitative assessment of effects of climate change scenarios on yellow warbler 
sparrow HSI scores (+2 = markedly increase; +1 = increase; 0 = no change or uncertain; -1 
= reduce; -2 = markedly reduce) 
 No change Warmer Warmer and Warmer and 

drier wetter 
Riparian forest patch size -1 -1 -2 0 
Tree canopy cover -1 -1 -2 0 
Shrub canopy cover 0 0 -1 0 
Cottonwood/willow -1 -1 -2 0 
dominance in tree canopy 
Cottonwood/willow -1 -1 -2 0 
dominance in shrub canopy 
Shrub canopy height 0 0 0 0 
Mesic or xeric vegetation -1 -1 -2 0 
dominance 
Total score change -5 -5 -11 0 
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Figure 4-2. Projected relative changes in total HSI scores for five bird species 
under three future climate scenarios.  
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The results reported in Tables 4-12 through 4-16 and Figure 4-2 show that different species have 
different vulnerabilities to climate change. Those species that are most dependent on the 
continuation of the existing hydric riparian forest and wetland habitats (yellow-billed cuckoo, 
Wilson’s and yellow warblers) have the greatest vulnerability to climate change-induced effects. 
This matches the results obtained in the two previous methods of analysis reported in this section 
of the report. In contrast, Botteri’s sparrow is relatively invulnerable to the climate change 
scenarios investigated. Given its habitat preferences, it may well benefit as xeric desert-like 
habitats replace the riparian gallery forest.  Willow flycatcher may also benefit from the climate 
change-induced vegetation shifts as mesic shrubs replace the gallery forest in the SPRNCA.  
 
 
4.3.2 The quantitative analysis 
 
In this section we use the vegetation model described in Section 3 and the bird HSI models 
described above and in Attachment 3 to project changes in the HSI values for three species 
(yellow-billed cuckoo, willow flycatcher, and Botteri’s sparrow) at three sites in the SPRNCA: 
Kolbe, Palominas, and Contention (see Section 3 for the rationales for selecting these three study 
sites).  Using the vegetation model and the variables from the three HSI models we ran the 
former to project changes in the latter until 2102 and under three climate change scenarios: no 



 

change, warmer, warmer and drier, and warmer and wetter. It should be noted that this analysis is 
continuing and the results presented below should be considered interim. Future runs of the 
model will include two more HSI species (yellow and Wilson’s warblers) and additional model 
simulations. Nevertheless, we believe that the results reported below are important in that they 
provide at least a strong indication of how the results are emerging. This section of the report 
will be revised as additional results become available. 
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Methods – merging the vegetation and HSI models  
 
Some of the variables from the HSI models could not be included in the vegetation model 
without some modification. These changes are listed below: 
 
Willow Flycatcher 
 
V1 – Area and Degree of Isolation of Riparian Shrub Patch 
 
Since the vegetation model results were expressed as lateral transects at the study sites it was 
notr possible to estimate patch length. Thus we estimated patch area using the patch width out 
put from the model and by assuming that the patch length was a fixed 100 meters. 
 
V4 –  Shrub foliage density at 3-5 m 
 
The vegetation model continuous results were converted to the rankings used in the HSI models 
by assuming the following relationships: 
>80% = Very Dense 
>60% = Dense 
>20% = Moderately Dense 
<20% = Sparse 
 
V5 – Average shrub canopy height within 20 m 
 
The vegetation models output was converted by dividing shrub cover up into different height 
layers (0-1, 1-2,….6-9.9 meters), the midpoint of the layer that had the greatest cover was 
assigned as the average shrub canopy height. 
 
V8 – Degree of soil waterlogging 
 
The depth to groundwater output of the vegetation model was converted to variables compatible 
with the HSI model by assuming the following relationships:  
<0.25 m – saturated 
0.25-0.5 m – wet 
0.5-1.0 m – generally damp 
>1 m – completely dry 



 

Yellow-billed Cuckoo 
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V1 – Linear Continuity of Habitat 
 
This variable could not be estimated using the vegetation model. It was, therefore, excluded from 
the analysis. 
 
V4 – Average shrub canopy height within 50 m 
 
The vegetation models output was converted by dividing shrub cover up into different height 
layers (0-1, 1-2,….6-9.9 meters), the midpoint of the layer that had the greatest cover was 
assigned as the average shrub canopy height. 
 
V8 – % Dominance of salt cedar and mesquite in shrub canopy 
 

Calculated in the vegetation model as the total amount of cover for mesquite + saltcedar in the 
shrub + tree layers (although both were typically < 10 m tall). 

 
Botteri’s Sparrow 
 
V1 – Major Community Type 
 
This was calculated in the vegetation model by assigning suitability metrics based on patch type, 
with sacaton grassland the best (1), forbland next (0.6), mixed open habitats next (0.2), 
shrublands next (0.05), and woodlands and forests assigned a score of 0. 
 
V2 – Sacaton Dominance 
 

Calculated as the modeled % cover of live sacaton in the patch. 

 

V3 – Mean Height of Sacaton 
 

This variable could not be estimated using the vegetation model and was, therefore, excluded 
from the analysis. 

 
V4 – Density of Sacaton 
 

Estimated in the vegetation model by summing the the total live cover and dead cover of 
herbaceous plants (not just sacaton), using the following cutoffs: 

>80% cover = very dense 

>=50% cover = dense 

<50% cover = sparse 



 

 

While some of the output from the vegetation model could not be included in the HSI models 
without some modification of the HSI variables, and while a small number of HSI variables had 
to be excluded because they could not be accommodated in the vegetation model, we believe that 
the results reported below are not substantially affected. 
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Results  

 
In general, the projected changes in HSI scores for each of the three study species follow the 
trends identified in the EPA and San Pedro Vulnerability frameworks. That is that the species 
that is most dependent on the cottonwood/willow gallery forest, yellow-billed cuckoo, shows the 
most marked projected decreases in HSI scores (Figures 4-3 through 4-5). This is most apparent 
in the only one of the study sites (Palominas) that currently supports relatively high quality 
cuckoo habitat (Figure 4-5). In contrast, and as projected by both the EPA and the San Pedro 
Vulnerability Frameworks, Botteri’s sparrow habitat may increase in quality over the next 
century, especially at Kolbe and Palominas (Figures 4-9 through 4-11). The results for willow 
flycatcher (Figures 4-6 through 4-8) are intermediate in that no clear increasing or decreasing 
trends are evident. This is consistent with the results of the two framework analyses where this 
species, due to its independence from forested habitats but reliance on scrub habitats, could 
potentially benefit from the future scenarios. 
 
It is interesting to note that even without incorporating climate change into future conditions (the 
no change scenario) marked changes in habitat quality are projected for the yellow-billed cuckoo 
and the Botteri’s sparrow. This is because under the no change scenario, the existing 
cottonwood/willow forest will senesce and begin to contract about the middle of this century. 
This will result in a decrease in habitat for the cuckoo, but an increase in Botteri’s sparrow 
habitat as the forest is replaced with grasslands and shrublands.  
 
The other interesting point to note is the high degree of variability within species and scenarios. 
Much of this is due to the stochasticity introduced into the future projections by fire. Thus, while 
climate change will be a driver of future change in the habitat availability and quality for the 
three study species, it is likely that fire (either mediated through a changing climate or 
independently) and natural successional processes may be equally important in determining the 
future vegetative and wildlife habitat landscapes of the area. 
 
The results reported thus far should be considered preliminary. Future runs of the vegetation and 
HSI models will include additional bird species (yellow and Wilson’s warbler), increased model 
simulations, and simulations intended to explore the relative importance of the drivers 
(particularly climate change and fire) in determining future ecosystem conditions. Also, it was 
our original intent to include groundwater hydrology variables in our vegetation modeling. This 
has not yet proven possible due to unforseen difficulties (see Attachment 4). However, it is our 
intent to include such variables in future runs.     
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Figure 4-3. Yellow-billed Cuckoo HSI Scores 
at Kolbe
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Figure 4-4. Yellow-billed Cuckoo HSI scores 
at  Contention
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Figure 4-5. Yellow-billed Cuckoo HSI Scores 
at Palominas
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Figure 4-6. Willow Flycatcher HSI Scores at 
Kolbe
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Figure 4-7. Willow Flycatcher HSI Scores at 
Contention
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Figure 4-8. Willow Flycatcher HSI Scores at 
Palominas
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Figure 4-9. Botteri's sparrow at Kolbe
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Figure 4-10. Botteri's sparrow at Contention
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Figure 4-11. Botteri's sparrow at  Palominas 
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4.4 Avian Bioenergetics as a Potentially Limiting Factor 
Because of its location, the San Pedro is a corridor oasis within a harsh desert environment.  The 
riparian zone along the river acts as one of the main “funnels” through which many Neotropical 
songbirds migrating along the Pacific flyway.  This river valley is an important stopover site for 
the migrating birds to replenish their energy stores on their travel between their North American 
breeding grounds and their Central or South American wintering grounds.   
 
A stopover site is defined as “…an area with the combination of resources (like food, cover, 
water) and environmental conditions (temperature, precipitation, presence and absence of 
predators and competitors) that promotes occupancy by individuals of a given species (or 
population) and allows those individuals to survive …” (Morrison et al., 1992) during their 
journey.  The importance of this habitat has unfortunately not been central to many conservation 
efforts, and thus many important stopover sites or “migrant traps”, have been unduly degraded.  
Additionally, the ecology at stopover sites has largely gone unstudied until rather recently. 
 
Migration is a highly risky endeavor.  Besides the expense and risk of the travel itself, each 
migrant must contend with finding appropriate habitat, even when there are unfavorable winds 
and weather.  Usually they must find the stopover habitat at night, because almost all Neotropical 
migrants begin migration after sunset and stop before dawn, and often times before midnight.  
Indeed, the peak migration time for these songbirds is around 10:00 at night (Moore et al. 1995).  
Actually, at dawn migrants often will shift to a better, close-by habitat that has the ability to 
better meet their energetic needs (Moore et al. 1995). 
 
Critical to successful migration is a stopover area where migrants can rest and replenish depleted 
stores of fat (Moore et al. 1995).  Enough resources, in the form of insect prey, are needed to 
provide nutrients and energy for their existence and to allow fat to be stored for the next leg of 
the migratory journey.  If the resources are not available in high enough abundance, then the 
margin of safety is lessened for the migrants at the stopover location and on the next leg of their 
journey.  Hence, their physical condition could be damaged if they encounter bad weather, 
unexpected predators, lack of food at the next stopover site, or competitors who have more 
energy to out compete them for a necessary resource.  They might not have the reserves to 
endure these maladies unscathed.  Compromising their physical condition could manifest itself, 
for example, by loosing territorial battles or by not attracting as dominate a mate as possible.  
Indeed, in the extreme case individuals could die.  Hence, having the resources available at 
stopover sites to replenish depleted fat stores is critical to the overall fitness of the migrants.  
Even arriving late at the next stopover site could mean that resources there are depleted, which 
could mean that time spent searching for food would be increased.  Thus, fat stores could again 
take longer to replenish, making arrival at the breeding grounds that much later, or they may not 
be able to be completely replenished and thereby continue to decrease the fitness of the migrants.  
This, in turn, could decrease the population abundance of migrant species. 
 
The problem at hand is the concern that humans may be causing a drop in the water table, which 
in turn could easily result in the destruction of the riparian gallery forest (Arias 2000).  There are 
three goals that need to be addressed for my portion of the San Pedro Project:   



 

To assess the importance of the San Pedro National Conservation Area (SPRNCA), which 
includes the riparian habitat along the river from around the Mexican border north to near David 
City, as a stopover site for Neotropical migrant birds, many of which are already showing signs 
of population declines (Terborgh 1989), 
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To determine approximately the amount of nutrients (e.g., insects) needed to replenish the stored 
fat required to fuel the existence of the migrants while visiting the SPRNCA and the next leg of 
their migratory trips, and  
 
To attempt to determine the minimum amount of habitat needed to provide the necessary number 
of insects to sustain a healthy population of migrants while visiting and when ready to impart on 
the next stage of their migratory journey.   
 
4.4.1 Migratory Bird Use of the SPRNCA 
   
To attain the first goal data are needed that indicate the species, along with their abundances, use 
of the San Pedro River Valley as a stopover site for migration.  Data on the presences and 
relative abundances of birds using the SPRNCA, many of them migrants, were found and 
obtained.  Only three years of these data (1999-2001) were found to be available.  These 
included two different types of banding data.  First are the data from the banding project taking 
place in the SPRNCA itself.  These data began being collected in 1998, but were not consistently 
computerized until 1999.  Therefore, we currently have data for 1999, 2000 and part of 2001.  
The second type of banding data is for the same three-year period from the USGS Bird Banding 
Lab (BBL) in Maryland.  These data were collected from the US-Mexico border at 31.33o to the 
area around Escalante, Arizona, which is at 31.83o N Latitude and at the northern edge of the 
SPRNCA.  Longitudinally the area brackets the river from 110O W Longitude, which is about 2.5 
miles east of Tombstone, Arizona, to the west gate of Fort Huachuca, which is at 110.33O W 
Longitude. 
 
These two sets of data provide information on 105 species, of which 12 are hummingbirds 
caught for a special project looking at their movements along the San Pedro River Valley.  Given 
that most banding efforts use mesh sizes that are too big to effectively catch hummingbirds 
(Pardieck and Waide 1992), having these data are quite remarkable and valuable.  A search of 
the literature found lists of riparian species for the San Pedro Valley or the neighboring Rio 
Grande Valley.  The following studies investigated birds along the San Pedro River system: 
Skagen and co-authors (1998) recorded a total of 186 species and Krueper and co-authors (2003) 
provided a list of 61 species that are either showing declining or increasing populations.  Hanson 
(2001) provides the checklist of the 370 species that use the SPRNCA—ranging from Canada 
Geese to Rufous Hummingbirds.   
 
In this checklist the summer and winter residence along with the spring/fall migrants are 
denoted.  Wang and Finch (2002) recorded 197 species in the Rio Grande Valley.  Table 4-17 
lists all of these species along with their sources.  All three of these studies (not the checklist in 
Hanson’s publication) used censusing and mist netting as means of identifying the species in the 
riparian forests.  Consequently, these species lists contain species that are rarely captured in mist 
nets due to mesh size of the nets used (Pardieck and Waide 1992), the habits of the birds (e.g., 
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aerial feeders, such as swallows, are rarely caught in mist nets), or both (e.g., large ground or 
aerial birds, such as Greater Roadrunner and Red-tailed Hawk).  Table 4-17 provides abundance 
values for those species with data obtained from SPRNCA and BBL data.  Abundance values are 
not available from the other studies.  The checklist that Hanson (2001) provides does include a 
categorization of common, uncommon and rare for the various species.  Even after extensive 
searching these are the only data that we could obtain.  Therefore, the data available for this 
analysis are unfortunately quite sparse. 
 
The number of birds reported in the SPRNCA and BBL data sets provide approximately the 
same representation of the underlying population.  This can be seen in Figure 4-12, which plots 
the SPRNCA data on the X-axis and the BBL data on the Y-axis.  The correlation coefficient 
between the two data sets is 0.74 with a p<0.001.  This is true even when the hummingbird data 
are included.  The slope of the association is less than 1.0, which is expected, given that the 
SPRNCA data are much sparser than the BBL data.  
 

 
 
Figure 4-12:  Relationship between the SPRNCA and BBL data.  The correlation coefficient 
between the two data sets is 0.74 with a p value of <0.001. 
 
The number of species for a given numbers of individuals is shown in Figure 4-13a & b.  Due to 
the large size of the number of individuals we actually plotted the values of the log to the base 10 
of these numbers.  Figure 4-13a is for the SPRNCA data and 4-13b is for the BBL data.  The 
shapes of both curves are the same, as expected.   
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Figure 4-13.  Phase plane of Log (total number of individuals) by species for SPRNCA (A.) and 
BBL (B.) data. 
 
Figure 4-14a and b break down the data in Figure 4-13 by species and by year.  The actual names 
of the species have been left off for clarity, but can be found on the legend of the Y-axis of 
figures 4-15 and 4-16.  Both figures provide a histogram of the number of individuals per species 
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of birds by year, with Figure 4-15 plotting SPRNCA data and Figure 4-16 the BBL data.  The 
total number of records for the species is also provided. 

 

 
Figure 4-14.  A break down by year of the number of individuals in each species in either the 
SPRNCA (A.) or BBL (B.) data set.  These data are broken out with the species names in Figure 
4-15 for SPRNCA data and Figure 4-16 for BBL data. 
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Figure 4-15.  The first of 5 plots showing the number of individuals per year for each species 
recorded in the BBL data set.  The species names are given in their standard four-letter code.  
The number after the code is the total number of species. 
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Figure 4-15 continued. 
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Figure 4-15 continued. 
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Figure 4-15 continued. 
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Figure 4-15 continued. 
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Figure 4-16.  The first of 4 plots showing the number of individuals per year for each species 
recorded in the SPRNCA data set.  The species names are given in their standard four-letter 
code.  The number after the code is the total number of species. 
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Figure 4-16 continued. 
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Figure 4-16 continued. 
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Figure 4-16 continued. 
 
There is a debate in the literature about whether or not banding data can be used to estimate 
relative abundances of species communities.  Scientists at Point Reyes Bird Observatory have 
shown that these data are a fairly good representation, but Remsen and Good (1996) wrote a 
theoretical article that showed, via a model, how the following aspects of species affects whether 
or not individuals are captured in a mist net.  These factors include:  
 
The height above the ground at which the bird flies.  If it flies very low to the ground (below 
~0.5m) or above about 3.5 m, then mist nets typically placed at heights from 0.5m to 3.0m, will 
not effectively capture species. 



 

Territoriality.  Birds that are territorial and thus have a restricted area within which they fly will 
be captured much less frequently than individuals not holding territories.  This affect can be seen 
in the fact that by using mist netting information, species that forage along a trap line and thus 
fly around a lot and do not hold territories (e.g., manikins) are captured disproportionately more 
often then are territorial species. 
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Mean flight distance.  Species with longer mean flight distances, even just 0.5m longer than 
another, have a higher probability of being captured than those with shorter mean flight 
distances. 
 
Flight frequency.  Species that move around on wing more often than not are more apt to be 
captured. 
 
Catchability.  MacArthur and MacArthur (1974) labeled this as “net avoidance.”  This is a 
“catchall” category that includes situations such as species that are able for whatever reason to 
avoid mist nets.  This could be due to keen eyesight and maneuverability that allow them to fly 
and avoid the nets.  This could also be due to the wrong size of mesh being used to catch species 
of particular sizes.  For example, species 16-25 g are easily caught in nets with mesh sizes of 30 
to 36 mm, while birds >50g usually are not. 
 
Be that as it may, it appears that at least at a fairly crude level, these mist-net data from both 
SPRNCA and BBL do provide the relative abundance distribution of the underlying population.  
We will return to this issue of whether or not these data presented in figures 4 and 5 are indeed 
representative of the relative abundance of the underlying population. 
 
Using this combination of data we identified the principle migratory species and their relative 
abundance in the area.  These species are listed in Table 1.  We use these species in the next 
section to calculate the nutrient (i.e. insect biomass) requirements of migratory re-fueling. 
 
It has been estimated that one to four million migrants pass through the SPRNCA annually 
(Hanson 2003).   These include birds of prey, ducks, shorebirds, hummingbirds and songbirds.  
The majority of migrants, however, are Neotropical migratory songbirds of approximately 60 
species.  We concentrate our analyses on these species due to their prevalence and the 
importance of riparian-area-dependent insects to fueling their migratory journeys after crossing 
the Mexican desert.   
 
To estimate the approximate number of individuals migrating through SPRNCA annually we 
used the following calculation.  From Table 4-17 we know that there are 36 permanent resident 
species in the SPRNCA and 24 summer residents.  For this exercise we assume that most of 
these species set up breeding territories and that the territories are on average around 150m2 in 
size.  The SPRNCA is approximately 2.35x107 m2.  That means that there could be about 
1.57x105 territories within the boundaries of the SPRNCA. 
 
From the checklist in Hanson (2001) we know the relative abundances of the species broken 
down into three categories: common, uncommon and rare.  Common means that in the 
appropriate habitat a “moderate to large number” of birds occur annually, making them rather 
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easy to see.  Uncommon means that again in proper habitats “small to moderate numbers” of 
birds occur annually, making them more difficult to find.  Rare means that the birds occur 
“singly or in very small numbers annually or semiannually,” or that these species “breed 
extremely locally or in very small numbers.”  We excluded those species that are extremely rare 
– irregular sightings of individuals every few years – and irruptive species.  While of charismatic 
importance to bird-watching, these species do not depend on the SPRNCA for their migratory 
sustenance.  For our analysis we defined common as three times as abundant as the rare species 
and uncommon as two times as abundant. 
 
In the summer undoubtedly all of the area within the boundaries of SPRNCA are not suitable for 
birds to set up their territories.  As a conservative estimate, we assume that only 75% of the 
habitat is suitable for territories that are 150 m2.  This could mean that there are areas that are 
uninhabitable, that there are areas that are not highly productive, or both, and thus require 
territories that are larger than 150 m2.  Hence, on average we assume the number of territories 
are 0.75x1.57x105=1.18x105.  From Table 1 we see that there are a total of 46 common species 
breeding in the SPRNCA, 10 uncommon ones and 4 rare birds.  Taking into account that we 
assume that the common species (C) are three times the rare (R) ones and uncommon species (U) 
are 2 times, we obtain the following equation: 
46 (3R) + 10(2R) + 4R = 1.18x105 
Therefore, R = ~750 individuals per species 
        C = ~2,300, and U = ~1,500. 
 
We can validate our estimate by looking at the wintering species.  Again from Table 4-17 we see 
that there are a total of 39 common species, 23 uncommon ones and 11 are rare, giving a total of 
73 species.  These numbers are the combination of the values for the permanent residents (28, 6, 
2, respectively) and the winter residents (11, 17, 9, respectively).  Owing to the season, we 
assume a priori that 90% of the possible territories can be filled, on average.  It is an average, 
because many of the species do not hold territories in the winter and instead forage in mixed 
species flocks.  But the area covered by the flock can be estimated to be roughly equivalent to 
the number of territories of the number of species in the flock (e.g., 5 territories for a 5-species 
flock).  Therefore, there is room for 1.41x105 territories (or individuals).  This results in the 
following equation: 
39(3R) + 23(2R) + R = 1.41x105. 
Therefore, R = ~810, which is close to 750! 
                  C = ~2,440, which is close to 2,300, and  
                  U = ~1,620, which is close to 1,500.   
 
To determine how many individuals migrates annually through SPRNCA we first need to know 
roughly how much room is left once the permanent residence are taken into account.  The 
number of individual permanent residents is  
28(2,350) + 6(1,550) + 2(775) = 7.67x104.  
This leaves room for 1.57x105 – 7.67x104 = 8.04x104 individuals, if we assume that an 
individual needs about the same amount of habitat that would be encompassed in a territory. 
 
During peak migration time we can assume that 100% of the habitat is filled.  While we do not 
have direct information on the migration time periods for these species’ in the SPRNCA, we can 
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gain insight from research in surrounding areas.  Wang and Finch (1997) assessed population 
trends of migrants along the middle Rio Grande watershed from 1980-1994.  The Rio Grande 
and its associated riparian areas (similar to those of the SPRNCA) funnel migratory birds from a 
broad range of southern wintering habitat to a large geographic range of breeding grounds to the 
north.  Thus, this southwestern “bottleneck” of riparian stopovers is critical to bird populations 
across North America and can be used to gauge broad population trends.   
 
The migration window on the Rio Grande is from around the week of April 10 to around the 
week of June 11 (Wang and Finch 1998).  If we assume that the individuals exhibit a normal 
distribution with the peak migration time, thus, being the week of May 9, then weeks 1 and 2 
would each have 5% of the individuals pass through, week 3 10%, week 4 20%, week 5 40%, 
week 6 20%, week 7 10% and weeks 8 and 9 5% each.  But week 5 the habitat is saturated with 
8.04x104 individuals. 
 
We know from Wang and Finch (1998) that migrants stay an average of around 2.3 days at a 
stopover site.  Consequently, each week can be seen as having 3 distinct waves of migrants.  The 
total number of spring migrants can then be calculated in the following manner: 
Week 5:  3(8.04x104) = 2.41x105,  
Weeks 4 and 6:  2(0.5(3(8.04x104) = 2.41x105, 
Weeks 3 and 7:  2(0.25(3(8.04x104) = 1.21x105, 
Weeks 1, 2, 8 and 9:  4(0.125(3(8.04x104) = 1.21x105. 
This results in finding that approximately 7.25x105 individuals use the SPRNCA as a stopover 
site on their migration from the wintering ground to their breeding sites.  So we can say about 
0.75x106. 
 
The fall migration period is from the week of August 7 to the week of October 5, again 9 weeks 
long (Wang and Finch 1998).  Given the same assumptions as those in the spring, the number of 
individuals migrating through in the autumn is 0.75x106.  Therefore, annually the best guess as to 
how many individuals use the SPRNCA as a stopover site on migration either to or from their 
breeding sites is ~1.5x106, and we should probably say that the actual number will be +0.5x106.  
Therefore, the answer to the first goal of this project is that the SPRNCA is vastly important to 
between 1x106 and 2x106 individual migrants annually. 
 
Research indicates that the quality, though not necessarily the spatial extent, of local riparian 
habitat is important for species abundance.  An assessment of the use of migratory corridors and 
oases along the San Pedro River concluded that all riparian patches in southeastern Arizona were 
important as stopover sites for migrants, regardless of size or connection to other patches 
(Skagen et al. 1998).  Another study determined that local increases in habitat quality can create 
local increases in the abundance of birds despite declining regional trends (Krueper et al. 2003).  
While this particular research emphasized breeding habitat, the conclusions might be equally 
relevant to migratory habitat.   
 
The fuel deposition rate at a stopover site is a critical factor in the determining the speed and 
success of migration (Schaub and Jenni 2000).  We also note the importance of water to the 
migrants as recent studies have shown that dehydration can also be a significant limiting factor 
for migrants (Leberg et al. 1996).  Consequently, good quality habitat for foraging and shelter 
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benefits birds both locally and beyond if that habitat is located on a migratory route.  In the next 
section, we demonstrate the importance of the San Pedro riparian areas as migrant stopover sites 
and insect-fuel sources, extending the previous findings on their importance for breeding (i.e. 
Krueper et al. 2003). 
 
The conclusions of these regional studies are supported by the widespread recognition of the 
importance of stopover habitat to migrants (e.g., Terborgh 1989; Weber et al. 1999).  Riparian 
areas, as potentially high quality stopover sites, are important to migratory birds in the desert 
Southwest.  Several bird species, including Yellow Warblers, Wilson’s Warblers, and Yellow-
rumped Warblers, are found in the SPRNCA at migration densities far exceeding those of their 
breeding populations (Skagen et al. 1998).  This indicates that the San Pedro watershed is 
serving birds that breed far beyond its boundaries.  Furthermore, the significance of the San 
Pedro River is amplified by the scarcity of habitat that it provides: the majority of riparian areas 
throughout the Southwestern US have been converted to other uses or diminished in quality due 
to particular land management practices, e.g. cattle grazing, draw-down of water from irrigation 
(Steintz et al. 2003).  As the last free-flowing river in the region, we conclude that the San Pedro 
is likely to be one of most important riparian stopover sites in the region for the 1-2x106 
migrating individuals comprised of several dozen species of migratory birds. 
 
 
4.4.2 Determing Avian Energetic Needs 
   
To determine approximately the amount of nutrients (e.g., insects) needed to replenish the stored 
fat required to fuel the existence of the migrants while visiting the SPRNCA and the next leg of 
their migratory trips, we assume the value of 1.5 million individuals using the SPRNCA annually 
as a stopover site.  Willow Flycatchers at a stopover site on the Middle Rio Grande gained an 
average of 1.6%/day in body mass (Yong and Finch 1997).  Indeed, migratory birds are capable 
of extraordinary insect consumption and fuel deposition rates during migratory periods; several 
studies estimate that net daily mass gains of greater than 10% lean body mass are not only 
possible, but commonplace (Bairlein 1990; Kvist and Ake 2003).  The daily rates, however, are 
subject to allometric constraints (Klaassen 1996).   Taking this into consideration, we sorted 
species into three categories according to their mass and energetic requirements.  Group 1 
includes the hummingbirds; group 2 includes species with a mass of 10-25g; and group 3 
includes species with a mass of 25-40g.  We assigned each group a mean daily insect mass 
consumption based upon the literature. 
 
Bird energy requirements.  The energy requirements of hummingbirds are high relative to their 
body weight.  While nectar is a major component of their diet, insects are also a critical food 
source to supply protein (Ehrlich et al. 1988).  Daily energy estimates are approximately 6 
kcal/day (Nagy 1987).  To be conservative, we assume that 50% of this is met by carbohydrates 
from nectar.  Therefore, we use 3 kcal as the daily migratory energy requirement from insects.  
The second category of migrants (10-25g) includes mostly warblers and sparrows.  Several 
studies examine the energy requirements of captive and free-living sparrows and warblers (e.g., 
Bairlein 1998; Graber and Graber 1983; Nagy 1987; Schaub and Jenni 2000).  For birds of this 
size range, they estimate that maximum gross daily energy consumption, in the context of 
migratory re-fueling, is 15-19 kcal/day.  This corresponds to ingesting 1.2-1.7 times their own 



 

 154

weight in insects per day (Graber and Graber 1983).  We use the conservative estimate of 15 
kcal/day for group two.  Group three, including thrushes and orioles, have considerably higher 
energy requirements.  Two independent studies of birds in the 25-40g range found maximum 
energy intake of 25-29 kcal/day (Bairlein 1990; Klaassen et al. 1997).  We use the conservative 
estimate of 25 kcal/day. 
 
We recognize that there is considerable debate on the composition of migratory fuel stores, i.e. 
fat versus protein (e.g., Lindstrom and Piersma 1993; McWilliams and Karasov 2001).  Despite 
the lesser energy density of protein compared to fat, there is strong evidence that protein is an 
important component of migratory fueling (e.g., Klaassen 1996).  Our calculations are agnostic 
to this issue.  We only use gross energy intake for birds, and the gross caloric content of insects, 
and do not decompose the fat and protein components.   
 
Insect energy content.  From research by Graber and Graber (1983), we use the estimate of insect 
nutrition as 5 kcal/g dry insect.  From their field data, an insect larva weighs on average 0.1g 
(wet mass).  Insect larvae are 80% water, which means that an insect is 0.02g dry content or 100 
calories (0.1 kcal).  For group one, the hummingbirds, this produces a crude estimate of 3g of 
insects consumed per bird-day.  For group two, the sparrows and warblers, approximately 15 g of 
insects are consumed per bird-day.  For group three, approximately 25 g of insects are consumed 
per bird-day. 
 
The values above are for daily energy intake for an individual.  Stopover length, however, varies.  
The length of stopover varies by location, species, individual bird, and year; this is a subject of 
much theoretical discussion and debate (e.g., Kaiser 1999; Kuenzi et al. 1991; Schaub and Jenni 
2001).  Empirical studies of songbirds have suggested ranges of 1-7 days as the norm, with 
outliers to two weeks.  The estimates from Morris (1996) and Kuenzi (1991), both of whom 
worked on North American spring migration, fit well with the empirical finding of the length of 
stopover along the Rio Grande was around 2.3 days (Yong et al 1998).  For the following 
estimate we use this latter finding for all species.  As a result, for each individual bird, we 
multiply the daily insect consumption by 2.3 to represent the total insects consumed while 
migrating through the SPRNCA. 
 
Total insect consumption.  We calculate the estimated total insect biomass consumed during 
migration as follows.  The abundance category for each species in each size group (1, 2 or 3) is 
obtained from the second column of Table 1.  For group 1 there is 1 common species, 3 
uncommon ones and 2 rare species.  These same values for those species in group 2 (mostly 
sparrow and warblers) are 40, 28 and 21, respectively, and for group 3 (blackbirds and orioles) 
they are 24, 5, and 6, respectively.  Using the values estimated above for the number of 
individuals in each abundance category (i.e., common 2,350; uncommon 1,550; and rare 775) we 
can calculate that there are a total of 8,550 hummingbirds per day needing food, 155,000 
sparrow- and warbler-sized individuals needing food each day during migration time, and finally, 
68,800 larger birds per day will be in search of food.  Combining these numbers with the number 
of grams each individual needs to eat and converting from dry mass back to wet mass leaves us 
with an estimate of 20,400 kg/day of insect mass needed to feed the migrants stopping over in 
the SPRNCA.  Remembering the caveats and assumptions discussed above, these numbers then 
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convert into 204 billion 0.1 g insect larvae being eaten a day throughout SPRNCA during the 
week of peak migration. 
 
 
4.4.3 Determining habitat requirements based on bioenergetics 
 
To attempt to determine the minimum amount of habitat needed to provide the necessary number 
of insects to sustain a healthy population of migrants while visiting and when ready to impart on 
the next stage of their migratory journey, we assume that at least 20,400 kg of insects are needed 
each day during the peak migration week  The actual insect densities in the SPRNCA are 
unknown.  Graber and Graber (1983) determined that an insect larval biomass of 0.70 g/m3 was 
necessary for warblers to maintain a positive energy balance.  Using this estimate, if 20,400 
kg/day of insects are needed during migration, then approximately 29 million m3 of SPRNCA 
habitat for insects is required.  In order to translate this cubic measurement of insect density into 
a geographic area, it is necessary to estimate the “depth” of insect habitat.  In the largest trees, 
there might be 10 m of foliage habitat, but the smaller trees might have only 5 m of foliage 
habitat.  The range of insect habitat, assuming an “insect habitat depth” of 5-10 m is 
approximately 13-27 million m2 or 1300 - 2700 ha.  From Steinitz et al. (2003), there are 
currently about 3100 ha of cottonwood-willow forest (prime riparian habitat) in the SPRNCA.  
This is a remarkably good fit to the estimate of insect biomass required to support the current 
numbers of migratory birds.  If mesquite, mixed broadleaf and tamarisk are also included, then 
the current total is 8100 ha of riparian habitat (Skagen et al. 1998).  This estimate, however, 
includes area of much lower insect density.  In order to more accurately apply the calculations of 
insect consumption by migratory birds, empirical estimates of insect density in different habitats 
in the SPRNCA would be valuable. 
 



 

 
Table 4-16: Doves, hummingbirds, woodpeckers, cuckoos and songbirds that use the SPRNCA, 
excluding those species that are irregular visitors.  Listed are data from Hanson (2001), the BBL 
data set, the SPRNCA data set, Krueper et al. (2003), Skagen et al. 1998, and Wang and Finch 
(2002).  The columns for the Hanson entry are abundance category (C—common, U—
uncommon, R—rare), when the SPCNA is used by the species (P—permanent resident, S—
summer resident, W—winter resident, T—transient), and if the species is a migrant.  Under the 
Krueper column the N indicates the species abundance is increasing and the D indicates it is 
decreasing.  Under the Wang and Finch column the M indicates the species is known from mist 
netted individuals, the P means the species was recorded on a point count and the B means that 
both occurred.  
 

SPRNC Wang & 
Species Hanson BBL  A Krueper Skagen Finch 
Common Ground-Dove      47 58 N     
Inca Dove      4         
Mourning Dove C P M 2   N 1   
White-winged Dove C S M 5 4       
Broad-billed Hummingbird R T M 29       B 
Violet-crowned Hummingbird R T M 3       B 
Black-chinned Hummingbird C S M 1868 12     B 
Anna's Hummingbird U P   1355         
Calliope Hummingbird R T M 7   N 3 B 
Broad-tailed Hummingbird U T M 437         
Rufous Hummingbird U T M 482   N 3 M 
Allen's Hummingbird      47         
Berylline Hummingbird      2         
Blue-throated Hummingbird      10         
Magnificent Hummingbird      150         
Acorn Woodpecker R T M           
Gila Woodpecker C P   3   N 2 B 
Red-naped Sapsucker U W M     N 2 B 
Ladder-backed Woodpecker C P   11       B 
Yellow-billed Cuckoo      14   N   B 
Northern Flicker U P   3   N 3   
Northern Beardless-Tyrannulet U S M           
Buff-bellied Flycatcher      6         
Olive-sided Flycatcher R T M       3 B 
Greater Wood-Peewee R T M           
Western Wood-Peewee C S M 9 9     B 
Cordillerian Flycatcher      2         
Western Flycatcher      25 18       
Southwestern Willow 
Flycatcher      2 2       
Willow Flycatcher R T M 7   D   B 
Hammond's Flycatcher U W M 16   N   B 
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Dusky Flycatcher U W M 19       B 
Gray Flycatcher U W M 5 6 N     
Pacific-slope Flycatcher C T M 2       P 
Black Phoebe C P   20       B 
Eastern Phoebe R W M       1   
Say's Phoebe C P M           
Vermillion Flycatcher C S M 33         
Dusky-capped Flycatcher U S M           
Ash-throated Flycatcher C S M 27       B 
Brown-crested Flycatcher C S M 5   N 3 B 
Cassin's Kingbird C S M     N 2 B 
Tropical Kingbird      88         
Western Kingbird C S M 9 2 N 3 B 
Mexican Jay      2         
Bridled Titmouse U W M 11 13 D 1 B 
Verdin C P   2 2 D   M 
Bushtit C P   10 3       
White-breasted Nuthatch C P   15 9 D   B 
Brown Creeper U W M           
Cactus Wren C P       N 3 P 
Rock Wren C P       N   M 
Canyon Wren U P         4 P 
Bewick's Wren C P   80 84       
House Wren U W M 6     4 B 
Winter Wren R W M     N 2 B 
Marsh Wren U W M     D   M 
Ruby-crowned Kinglet C W M 15         
Blue-gray Gnatcatcher U T M         B 
Black-tailed Gnatcatcher U T M     N     
Western Bluebird U W M     D     
Mountain Bluebird U W M           
Swainson's Thrush R T M 7 6 D 1   
Hermit Thrush U W M 12 5 N 1   
Northern Mockingbird C P   2         
Sage Thrasher R W M         B 
Bendire's Thrasher R P M         M 
Curve-billed Thrasher C P   9 5       
Crissal Thrasher C P           B 
American Pipit U W M       4 B 
Cedar Waxwing U  W M         B 
Phainopepla U P M 13       B 
Loggerhead Shrike C P M           
European Starling C P       N 3 P 
Bell's Vireo C S M 16 10 N 1 B 
Gray Vireo R T M     D     
Solitary Vireo C T M         B 
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Hutton's Vireo U T M           
Warbling Vireo C T M 9   N   B 
Orange-crowned Warbler C T M 8 8 N 1 B 
Nashville Warbler U T M 3       B 
Virginia's Warbler R T M         B 
Lucy's Warbler C S M 51     5 B 
Yellow Warbler C S M 80 76 N 2 B 
Yellow-rumped Warbler C W M 10 10   2 B 
Black-throated Gray Warbler U T M 3       P 
Townsend's Warbler U T M     N 3 B 
Hermit Warbler R T M         B 
Black-and-white Warbler R T M         B 
American Redstart R T M         P 
Northern Waterthrush R T M     N 2 B 
MacGillivaray's Warbler U T M 112       B 
Common Yellowthroat C S M 353 413 N     
Wilson's Warbler C T M 208 195 D 1   
Painted Redstart R T M     D 2 B 
Yellow-breasted Chat C S M 96 87 D   B 
Summer Tanager C S M 43 28     B 
Western Tanager C T M 2       B 
Northern Cardinal U P M 3 4     B 
Pyrrhuloxia C P M 20       B 
Black-headed Grosbeak C T M 23       M 
Blue Grosbeak C S M 59       P 
Lazuli Bunting C T M 64   N   P 
Indigo Bunting R S M       4 B 
Varied Bunting R S M 6       M 
Painted Bunting R T M         B 
Green-tailed Towhee C W M 110   N   B 
Spotted Towhee      6       B 
Canyon Towhee C P   23       B 
Abert's Towhee C P   84     2 B 
Botteri's Sparrow C S M 704 5       
Cassin's Sparrow C S M         P 
Rufous-crowned Sparrow U P   12       M 
Chipping Sparrow C W M 27 30     B 
Brewer's Sparrow C W M 157       B 
Black-chinned Sparrow R T M           
Vesper Sparrow C W M 16       B 
Clay-colored Sparrow      4       B 
Lark Sparrow U W M 3   N 2 B 
Black-throated Sparrow C P   23 41 N 3 B 
Lark Bunting  U W M 27 33     B 
Savannah Sparrow U W M 9 9     M 
Baird's Sparrow R W M         B 

15 8



 

Grasshopper Sparrow R W M           
Song Sparrow C P   90   D   B 
Lincoln's Sparrow C W M 441 662 N 2 P 
Swamp Sparrow R W           B 
White-throated Sparrow R W   2         
White-crowned Sparrow C W M 2 2     B 
Gray-headed Junco      2       B 
Oregon Junco      7         
Chestnut-collared Longspur R W M         B 
Red-winged Blackbird C P M 19 17     P 
Eastern Meadowlark C P   9   D 3 B 
Western Meadowlark C W M 4       B 
Yellow-headed Blackbird C W M         B 
Brewer's Blackbird C W M     N   B 
Great-tailed Grackle C P       N 1 B 
Bronzed Cowbird R P M 46     4 B 
Brown-headed Cowbird C P  M 156       B 
Hooded Oriole U S M 4 5 N 2 B 
Bullock's Oriole C S M 5 3     B 
Scott's Oriole U S M 3     5 B 
House Finch C P M 31 20     M 
Pine Siskin U W M 3 2 N 3 B 
Lesser Goldfinch C P M 145 136 N 3 B 
American Goldfinch R  W M 3 3     B 
House Sparrow C P M 7     2 B 
GWCS ?      546         
MWCS ?       330         
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4.5 Bioclimatic Modeling of Avian Range Changes 
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The biogeographic distribution of animals has long been thought to be limited by climate 

(Andrewartha and Birch 1954; Ricklefs 1979; Krebs 1985).  Still, very few studies have 
examined large-scale distributions of North American birds and their association with climate.  
Paradoxically, much of the work examining climate as a limiting factor took place near the 
beginning of the twentieth century.  As the century progressed, studies focused more on habitat 
and species interactions, usually in a small area.  Even with the advent of consistently run 
continentwide bird surveys and inexpensive computers, few quantitative studies examining 
associations between climate and avian distributions have been performed. 

 
Much of the work examining associations between climate and distribution has been 

qualitative rather than quantitative.  In a study of the niche relationships of the California 
Thrasher (Toxostoma redivivum), Grinnell (1917) found that this species’ range was limited to 
the Upper Sonoran life zone.  Within this climate-delimited area, he found a direct 
correspondence between rainfall and the occurrence of three thrasher subspecies.  Similarly, Bent 
(1946) observed that the range of the Black-billed Magpie (Pica pica) closely matched the 
distribution of the Cold Type Steppe Dry Climate of Russell (1931).  More recently, Johnson 
(1978) examined bird species distribution within the Intermountain Region of the western United 
States.  This area contains several mountain ranges separated by large expanses of desert. Within 
the mountain ranges, Johnson found that the northwestern distribution of Grace's Warbler 
(Dendroica graciae) appeared to be limited by environmental conditions.  Other species he 
found to be associated with environmental variables included: Downy Woodpecker (Picoides 
pubescens) and Ladder-backed Woodpecker (P. scalaris) separated by temperature and moisture; 
and Mountain Bluebird (Sialia currucoides) and Western Bluebird (S. mexicana) separated by 
average spring and summer temperatures. 

 
One of the earliest quantitative studies on the relationship between climate and bird 

distributions was an examination of the role of the environment in limiting the eastern 
distribution of House Wren (Troglodytes aedon aedon).  Kendeigh  (1934) found the distribution 
of this species represented an interplay among environmental conditions, behavioral adaptations, 
and the species' anatomy and physiology.  Environmental factors were found to be associated 
with both the northern limit (average minimum daily temperature) and southern limit (average 
maximum daily temperature) of the distribution. 

   
More recent work includes a series of smaller-scale studies examining the relationship 

between changes in avian density and climate (Cody 1985).  While not strictly a study of 
distributional limits, correlations between climate and the densities of some grassland species 
were found.  These included a positive correlation between Eastern Meadowlark density and 
spring rainfall at a tallgrass prairie site in Kansas; and correlations between five climate variables 
and densities of Clay-colored Sparrow, Savannah Sparrow, Western Meadowlark, Grasshopper 
Sparrow, Bobolink, and Baird's Sparrow at a mixed-grass prairie site in North Dakota (scientific 
names for these species can be found in Table 1).  Finally, a study in western North Dakota 
found that densities of six of eight common species declined during a drought period in 1988 
(George et. al. 1992). 



 

The most complete examination, to date, of the association between North American 
continentwide bird distributions and environmental factors was undertaken by Root (1988a, 
1988b).  Data collected on the Christmas Bird Count were used to create relative abundance 
maps of bird species wintering in North America (Root 1988b).  These maps were then 
compared with maps of six environmental factors.  The northern range limits for more than 60% 
of the species were found to be associated with climate (average minimum January temperature).  
Climate (mean annual precipitation) was also associated with the eastern range boundaries of 
39.7% of the species, and the western range boundaries of 36% of the species (Root 1988a).   
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Of the 51 passerine species found to have their northern range limit associated with 

temperature, published information on winter physiology was available for 14 (Root 1988c).  
Based on this published information, Root was able to calculated the basal metabolic rate of 
these species at their northern distributional edge (northern basal metabolic rate - NBMR).  This 
value consistently came out to be approximately 2.5 times the basal metabolic rate (BMR) of the 
species.  Estimating the BMR for the remaining species based on their body mass, Root found 
the NBMR to be approximately 2.6 times the BMR.  This research demonstrates a strong link 
between physiology and the early winter northern distributional limits of some passerine birds. 
Changes in climate will bring about changes in species' distributions.  To project the extent of 
these distributional changes, it is first necessary to understand the association between climate 
and species' current distributions.  Of the studies mentioned above, only Root's could be used to 
develop quantitative estimates of potential change.  However, there are a number of techniques 
that can be used to associate a species’ range with climate.  Collectively, these are frequently 
referred to as biogeographical or bioclimatic analyses.  Two of the more prevalent techniques 
used are climate-envelope studies, often used to analyze plant distributions, and generalized 
linear statistical models such as logistic regression analyses.  There have been a number of 
studies using these techniques to look at bird distributions but the most comprehensive of them 
have been performed by Price (1995, 2000a-f, 2001, in press, Price and Glick 2002, Price and 
Root 2001,2000). 
 

The BBS has been run throughout North America since 1967.  For this study, models 
were developed using data from routes run between 1985 and 1989.  The short, five-year, time 
period was chosen in order to minimize potential effects from large-scale habitat changes and 
from the more pronounced climatic changes that occurred the 1990s (IPCC 2001).  These years 
were chosen because they encompassed a drought year (1988), a relatively wet year (1987), and 
three fairly 'normal' climatic years (1985, 1986, 1989) for a range of climatic variability. 

 
Data sources - 
 
Bird Data  

 
The BBS is an annual survey, performed by skilled volunteers, to estimate population 

trends of many of the species occurring in summer in the United States and Canada.  It does not 
detect breeding birds per se, but most species detected along a route are probably breeding in the 
area.  Begun in 1965, the BBS currently consists of approximately 3000 routes. 



 

BBS survey routes’ starting point and direction were placed, at random, along roadways, 
within each one-degree block of latitude and longitude.  The number of routes per block varies 
from one in areas of the West to 16 in areas of the East.  Once a route has been planned, efforts 
are taken to minimize changes in the survey route and to find volunteers to run that route every 
year.  Some BBS routes have been run consistently for over 20 years while others have been run 
only once.   

16 2

 
Each survey route is composed of a series of 50 point counts, spaced evenly 800m (0.5 

miles) apart, largely along the 40 km (24.5 mile) length of a secondary road.  The duration of 
each point-count is3 minutes with observers driving between points.  At each point, all species 
seen within 400 m (0.25 mile), and heard at any distance from the observer are recorded 
(Robbins et al 1986).  Surveys begin 0.5 hour before sunrise and are run once per year during the 
height of the breeding season.  Thus, the survey is run in different months depending upon 
latitude.  In the southern United States, many of the surveys are run in late May.  In the northern 
United States, routes are not run until mid- to late June, with some routes in parts of Canada and 
Alaska not run until early July. There are a number of problems typically associated with the 
BBS.  These include differential detectability between species, roadside bias in detectability and 
bird use, differences in capabilities among volunteers running routes, and influences from 
weather and extraneous noise.  To minimize problems, the surveys are run according to strict 
guidelines.  Any bias these issues introduce remains largely consistent among years.  An 
overview of some of the possible problems and biases associated with the BBS can be found in 
Ralph and Scott (1981) and Sauer and Droege (1990). 

 
Once the BBS data were obtained from the U.S. Fish and Wildlife Service they were 

checked for errors.  First, the data were used to create a list of the species seen in each of the 
states and provinces.  These lists were compared against the Distributional Checklist of North 
American Birds (DeSante and Pyle 1986).  Discrepancies were reported to the BBS office, where 
they were checked against original data sheets.  Those determined to be errors were corrected 
whenever possible or the data were deleted from the database.  Second, the data were checked 
for errors in route coordinates.  The BBS office provided latitudes and longitudes of the starting 
point for each route.  These coordinates were checked to see if they lay within the boundaries of 
the appropriate state or province.  Errors were checked against the original route maps and the 
necessary corrections were made. 

 
To determine if the BBS routes for the years 1985-1989 sampled points within the 

published range of each species, relative abundance maps were created following the techniques 
of Price et al (1995) summarized below.  These maps were visually compared with the relative 
abundance maps in the “Summer Atlas of North American Birds” (Price et al 1995) and with 
range maps in the “Field Guide to the Birds of North America” (National Geographic Society 
1987).  The maps in Price et al (1995) are similar to those used in this study except the data there 
encompassed a longer time period, more data points were used in map development, and some 
post-processing corrections were made to the edges of some species’ ranges. The distribution 
maps in field guides are the result of intensive research and consultation with experts on the 
avifauna of each region.  By their very nature the mapped distributions tend to be more spatially 
uniform than the actual distributions.  They also tend to depict a somewhat broader range for 
most species than occurs in most years.  These maps often include areas where the species are 
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only present sporadically.   Nevertheless, maps created from the BBS data often agree closely 
with those published elsewhere.  All species in this study appear to be adequately sampled 
(geographically) by the BBS.  That is, BBS routes where the species was detected were scattered 
throughout the range of the species. For some species, portions of the range, especially portions 
in Mexico or the Arctic, were not included in the study as there were no BBS data available for 
those areas. 

 
Climate Data 
 

United States climate data were derived from the TD-3200 Summary of the Day 
Cooperative Observer Network database of the National Climate Data Center.  This database was 
obtained from Climatedata, distributed by EarthInfo, Inc., Boulder, CO.  The Cooperative 
Observer Network is composed of thousands of observers who collect weather data and submit 
them daily to the National Climate Data Center.  Most stations collect data on at least minimum 
and maximum temperatures and precipitation.  Some stations collect additional information such 
as snow depth, humidity, and pan evaporation.  The Climatedata database consists of all of the 
collected weather data, as well as summary information for each weather station (e.g., latitude, 
longitude, and elevation).  Data were extracted from this database for each of the study years, 
composited into monthly averages and converted to metric units.   

 

Geographic coordinates for each weather station were then checked against a second, 
updated data base, obtained from the National Climate Data Center.  In a few cases, 
discrepancies in latitude, longitude, or elevation were found.  These data were checked against 
published records.  In cases where coordinate concordance could not be obtained, the station’s 
data were deleted from the database.  The final database contained latitude, longitude, and 
monthly weather data for stations throughout the United States for the years 1985-1989. 

 
Monthly summarized weather data for Canada were obtained from Canadian Climate 

Centre, Environment Canada, for 1985-1989.  These data were provided in metric units, with 
geographic coordinates and elevation.  No secondary source was available to use in checking the 
geographic coordinates of these weather stations. 

 
The combination of the two databases resulted in an average of 12,000 - 15,000 monthly 

data points for each weather variable.  The difference in the number of data points varied by time 
of year, year, and variable.  More data were typically available for summer because of data 
reported from seasonal fire lookout stations.  Similarly, there were slightly more weather stations 
reporting precipitation data than temperature data because of seasonal fire lookout stations and 
agricultural reporting stations.  Finally, there was a decline in the number of weather stations 
between 1985 and 1989.   

 
Locations of weather stations were plotted and compared with the distribution of BBS 

routes.  The distribution of the weather stations was similar to that of the BBS routes, with 
several weather stations located near each BBS route.  Like the BBS, there were more stations in 
the East and fewer stations in the West, northern Ontario, and Quebec.  In all years, the number 
of weather stations exceeded the number of BBS routes.  



 

  
Weather data were also examined for gross errors (e.g., elevations of greater than 20,000 

m in Nebraska, monthly precipitation values of greater than 2,000 cm) and obvious errors were 
deleted.  The possibility of additional errors (outliers) in the data also existed.  Outliers were 
identified by examining plots of each weather variables.  As it was not possible to identify which 
outliers might represent correct data, all outliers were removed from the data base. 
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Not all stations collected data on all weather variables.  Only data on temperature and 

precipitation were regularly collected at most stations over a broad geographic area.  For that 
reason, variables used in this study were derived solely from temperature and precipitation.  

 
Data Interpolation  
 

Neither weather stations nor BBS routes were uniformly distributed in time or space.  
Some weather stations were in operation only during certain seasons, others had been moved 
between years, had stopped collecting data for some of the variables, or had missing data for a 
given variable in a given month.  The weather station closest to a given BBS route varied 
depending upon month, year, or variable of interest.  It would have been possible to restrict 
weather stations used in this study to those that did not move and had consistent coverage for all 
weather parameters.  This would have meant that the distance between some BBS route and the 
closest weather station sometimes would exceed 80 km (50 miles).  In parts of the West, this 
would have led to problems due to elevational gradients.  For example, one BBS route begins 
near Pagosa Springs, CO (elevation about 2280 m [7500 feet]).  The closest weather station with 
consistent data was located at Wolf Creek Pass (above timberline, elevation approximately 3300 
m [10,850 feet]).  Thus, weather at the station would have been substantially different from 
weather along the route.  For these reasons, spatial interpolation was used to estimate the values 
of the climate parameters for all BBS route locations.    

 
Spatial interpolation takes advantage of the autocorrelated nature of these data.  It 

estimates the value of points on a regularly spaced grid based on the values from known data 
points.  In a study of rainfall patterns in south Florida, kriging was found to be one of the best 
spatial interpolation techniques (Abtew et al 1993).  Kriging is a geostatistical technique 
developed to predict the average grade of gold ore in a mining block, based on data from nearby 
mining blocks (Cressie 1990).  It is one of the better spatial interpolation techniques in that it is 
linear, an unbiased estimator (predictor) of the value at a point, and it minimizes error variance 
(Isaaks and Srivastava 1989; Cressie 1989).  Kriging provides a weighted linear average for a 
given point to be estimated, based on the spatial relationship and covariation of the surrounding 
data.   
 

Kriging begins with known, usually irregularly spaced, data points.  A decision is then 
made as to the proper grid spacing to use.  This grid is composed of the regularly spaced points 
to be estimated.  If the grid is too coarse, information will be lost and the estimated values will 
have a greater variance.  If the grid is too fine the estimated points present more information than 
the data can support.  The ideal grid size is the one producing the smallest residual values, 
calculated by: 
 Zres = Zdat - Zgrid 
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Where: Zres is the residual; Zdat is the actual data value at a known point (equivalent to z(xi) 
above); and Zgrid is the estimated value at the grid node closest to that point (equivalent to Z*(X0) 
above).  

 
Surfer (Golden Software, Inc.) was used for kriging all climate variables and species' 

distributions in this study.  Surfer uses an assumed linear variogram in the calculation of the 
weights of the kriging model.  This model has been found to provide accurate estimates except in 
cases where severe anisotropy, caused by directional data, is present (T. Bresnahan, Golden 
Software, oral commun.).  For example, in a species restricted to a straight, narrow riparian 
corridor the positive values would have direction relative to the negative values.  While data with 
some direction can be modeled with this approach, the more severe the direction the poorer the 
estimates become.   

 
The grid used for all of the interpolation in this study had a spacing of 50 km (31 miles), 

or slightly longer than the length of a BBS route.  The 10 nearest known points were used in the 
estimation of the value at each grid node.  For each grid node, the known values were weighted 
such that those closer, and with a similar covariance, provided more weight than those farther 
away.  Even though the same 10 values might have been used for more than one grid node, the 
weighting factors, and thus the estimate for the node, differed.  The more observations there were 
near the point to be estimated, the better the overall estimation.   

 
Using the parameters above, kriging was used to create a climate surface grid for 

minimum temperature, maximum temperature, and precipitation for each month in each year of 
the study (a total of 180 grids).  The latitude and longitude of the start point of each BBS route 
then were used to extract the estimated value for each of the variables for each of the BBS 
routes.  This was done by locating the grid node whose coordinates were closest to the 
coordinates of the BBS route.  These values then were used to produce a database of average 
monthly climate values for the period 1985-1989 for each BBS route. 

 
Deriving Climate Variables 

 
Climate variables used in this study were derived from monthly temperature and 

precipitation variables.  The monthly values were first combined to produce seasonal 
temperature (average) and precipitation (total) variables.  The seasons were as follows:  

Summer  - June, July, August 
Fall    - September, October, November 
Winter  - December, January, February 
Spring  - March, April, May. 

The final database, used in all analyses, contained the seasonal variables, as well as variables for 
climatic extremes, range, and various combinations of temperature and precipitation. 

 
Climate variables selected for this study were chosen with the understanding that climate 

would be acting as a surrogate for many possible limiting factors.  While some climatic variables 
might act directly (e.g., on physiology), others (especially those in fall and winter) would be act 
indirectly (e.g., on food resources or habitat).  The variables selected covered a range of average 
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and extreme conditions and were selected after a review of similar biogeographic studies (Austin 
et al 1990; Busby 1986; Lindenmayer et al 1991; Nix 1986; Walker and Cocks 1991). 

 
Developing and Validating Models 

 
Breeding Bird Survey routes run during 1985-1989 were split into two groups, training 

and validation.  The training group, used in model development, consisted of all routes run every 
year (1173 routes).  The validation (or test) group consisted of all routes run at least once (1077 
routes) and provided an independent group to use in testing the models.  Once the models had 
been developed, they were used to predict the values in the validation group.  Cross-
classification was used to test the goodness-of-fit between the values predicted by the model and 
the observed values of the validation group.  

  
Logistic Regression Models 

 
A model should provide the simplest, best fitting, and most biologically meaningful 

description of the relationship between the response variable and the explanatory variables 
(Hosmer and Lemeshow 1989).  Regression analyses have often been used to model 
relationships between species and their environment.  In any given area a species is either present 
or absent.  The binary nature of the response variable suggests logistic regression as an 
appropriate statistical modeling technique.  Several studies examining the relationship between a 
species’ distribution and environmental variables have used multiple logistic regression models 
(e.g., Pereira and Itami 1991; Austin et al 1990; Brennan et al 1986; Dawson et al 1993; Robbins 
et al 1989).  Logistic regression is an appropriate technique to use when the response variable is 
binary (Hosmer and Lemeshow 1989). 
   

Organisms frequently respond to their environment in a nonlinear fashion (Johnson 
1981).  Additionally, measured environmental variables often have a skewed or kurtotic 
distribution (Brennan et al 1986).  Even in cases where the response variable is linear, it is 
possible the relationships among explanatory variables may be nonlinear (Johnson 1981).  For 
these reasons, Johnson (1981, U.S. geological Survey, oral commun.) suggested nonlinear 
relationships be considered in developing environmental models.  

 
Quadratic regression is a commonly used alternative to linear regression in wildlife 

studies (Johnson 1981; Marzluff 1986).  Quadratic regression includes the squares of explanatory 
variables in the modeling procedure.  This produces a curvilinear relationship possibly capturing 
some of the nonlinearity.  In this study, the eighteen climate variable, as well as their squares, 
were used as explanatory variables.  The quadratic terms in the equations are identified with an S 
before the variable name. 

 
PROC LOGISTIC (SAS Institute 1992) was used to develop logistic models relating 

species' distributions to climate.  The response variable was the species' presence or absence on a 
given BBS route.  All routes recording the species at least once during any of the five-years were 
scored 1 (present) otherwise they were scored 0 (absent). Explanatory variables were the 18 
climate variables and their quadratics.   



 

Choosing the “best” logistic regression model was done by assessing the new model’s fit 
against the existing model’s fit by examining how much the addition, or deletion, of a variable 
changed the model.  A number of tests can be used to assess a model’s significance.  These 
include the -2 Log Likelihood test, Akaike Information Criteria, Schwartz Criterion, Wald test, 
and Score test (Hosmer and Lemeshow 1989).  Each test differs in its assumptions and 
computational efficiency.  Of these, the Score test (ST) is one of the most computationally 
efficient and was the one used here.  The model with the best fit was the one with the highest ST. 
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Once a model had been selected, its initial predictive ability was tested by examining the 

rank correlation between predicted probabilities and observed responses (Norusis 1988).  A 
positive relationship between predicted and observed exists if most pairs are concordant.  This 
study used the Goodman-Kruskall Gamma index as a measure of association based on the 
probability of predicting one value given the other.  The closer the value is to one, the closer the 
relationship between the ranks of predicted probabilities and observed responses (Agresti 1990).  
 
 Model Validation 
 

The logistic regression model, coupled with the climate data for a given BBS route, 
provided the probability of a species' presence or absence on a given route.  To validate the 
models, probabilities first had to be converted into binary variables.  The cut-off point used to 
convert logistic regression probabilities to binary variables is often arbitrarily set at 0.5.  If this 
cut-off point is set too high or too low then the mis-classification rate will be high.  For this 
study, the optimal cut-off point was found to be 0.4 (e.g., 40% probability of occurrence).  This 
was determined by comparing the results from cross-classification studies done with cut-off 
points of 0.2, 0.4, 0.5, and 0.6. All routes with a 0.4 or greater probability of a species' 
occurrence were classified as 1 (present).  All other routes were classified as 0 (absent). 

 
Cross-classification uses a 2 X 2 classification table and the chi-square statistic to 

measure the goodness-of-fit of models.  The statistical null hypothesis is that the predicted values 
are independent of the observed values.  If the null hypothesis is rejected, the model is 
considered to provide a good fit.  The cross-classification rates for most of the logistic regression 
models were statistically significant (most with p < 0.00001).  In addition to the chi-square 
statistic, the classification rate (percentage of correct classification) was also calculated for each 
model.   

 
These analyses were performed on both the training and validation data sets.  Gamma 

index values for the validation set were compared with those of the training set.  Classification 
rates for the validation set were also compared with the training set.  This validation step 
demonstrated that most of the logistic regression models were adequate in predicting the 
presence or absence of a species based on these climate variables.  
 
Graphical Analyses  
 

Logistic regression provided an equation predicting the probability of a species occurring 
on a given BBS route, given the climate on that route.  Validation tests provided an indication of 
how well the models fit the validation data sets.  No model correctly classified all routes.  On 
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some routes, a species was predicted to occur where it was not known to occur (error of 
commission).  On other routes, the species occurred yet was predicted to be absent (error of 
omission). 

 

Logistic regression models do not depict any spatial element of the distribution.  There are 
many possible explanations if an area was incorrectly classified as containing (or not containing) 
a species.  For example, if the mis-classification fell within a species’ published range, but the 
species had not been detected on that route, the possibilities include: 1) the species occurred in 
the area but was not detected on the route; 2) the climate was suitable for the species but the 
habitat was not; 3) the microclimate in that area was not suitable for the species; or 4) the climate 
and the habitat were suitable but the species was absent from the area for other reasons.  If the 
mis-classification fell outside of the published range of the species (commission error) the 
possibilities include: 1) the species was present in that area but had not been detected by the 
survey; 2) the climate was suitable, but some other requirement was lacking; or 3) the model is 
inadequate (this includes differences due to variation among subspecies).   

 

Maps were created to assess the spatial component of the models.  These maps were then 
compared with published sources and the original relative abundance map of the species.  This 
process involved creating several different types of maps, each containing different patterns of 
shading.  These map types included: 1) relative abundance maps where the shades correspond to 
the relative abundance of the species in the area, and 2) logistic regression maps where the 
shades represent the probability of a species occurring in the area, based on the modeled species’ 
distribution).  

 
Developing Maps of Avian Relative Abundance Patterns 
 

A number of decisions must be made in order to create a map from a regularly spaced 
grid.  The first has to do with the contour interval.  On a topographic map, the contour interval is 
regularly spaced (e.g., every 10 meters).  The abundance of biological organisms often is not 
regularly distributed; most sites will have few individuals and a few sites will have many 
individuals.  For that reason, a regularly spaced scale is not appropriate.  For this study the scale 
used in the avian relative abundance maps has the following levels: < 5; 5 - 20; 20 - 50; and > 50 
individuals per route, per year. 

 

A second decision has to do with defining the edge of a species' distribution.  It is 
difficult to determine the actual edge of any species' distribution.  From day to day, and 
especially from year to year, the edge of the distribution may differ.  While zero might be a 
logical choice, this would potentially lead to the inclusion of areas where the species is rarely 
seen.  This could include areas that have been over-interpolated (e.g., areas where the species has 
never been detected but where the interpolation algorithm estimates the species to be present in 
low numbers).  For maps in this study, the edge of the distribution was set at 0.5 birds per route 
per year (i.e.., about one individual of that species seen on that route every other year). 



 

The relative abundance maps created for this study were then visually compared with 
those in Price et al (1995) and other sources (National Geographic Society 1987; Peterson 1980, 
1990).  Particular attention was paid to the position of the range edge and the homogeneity of the 
distribution, providing a measure of how well BBS routes used in this study sampled the species 
within its range.  The relative abundance maps also were used in comparisons with the graphical 
representations of the logistic regression models. 
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Logistic Regression Maps 

 
The logistic regression model, linked with the climate values for each route, generated a 

probability of a species' occurrence on that route.  These probabilities were then used, with the 
methods described above, to generate a map showing the probabilities of occurrence for most of 
the species in this study.  Like the validation process, 0.4 was typically used as the cut-off for a 
species being present or absent.  All shaded areas on the map represent the predicted distribution 
of the species.  The scale used on most maps has the following levels: 40% - 60%, 60% - 80%, 
and > 80% probability of occurrence.  For some species (e.g., Sprague’s Pipit) the scale was 
lowered to 20% in the map depicting the projected species’ range.  This was done to show that 
the climate for the species does have a small probability of suitability for the species. 

 
Logistic regression map often comes close to matching both the relative abundance map 

and maps in published sources.  These models could be considered as representing the qualitative 
climate realized niche (sensu the qualitative environmental realized niche of Austin et al [1990]).   

 
The geographic scale on all of these maps is relatively coarse, representing estimated 

values for blocks with a dimension of 50 km x 50 km (31 miles x 31 miles).  This should be 
interpreted as meaning the species is likely to be found, along a road, in the proper habitat; or the 
climate will have this average value; or the average probability of occurrence has this value; 
somewhere within this block.  Therefore, any 'point' on the maps should actually be considered 
to have a spatial resolution of a 50 km x 50 km block. 
 
General Circulation Model Output 

 
Equilibrium atmospheric general circulation models (GCM) make specific predictions as 

to the magnitude of changes to temperature and precipitation likely, often under a scenario of 
doubled carbon dioxide (2 X CO2) (Smith and Tirpak 1990).  Although the models themselves 
are relatively coarse, the differences between output from the current conditions model and the 2 
X CO2 model can be spatially interpolated in a manner similar to that described above. 

 
In order to estimate changes in bird distributions, a model must first be able to adequately 

predict the current distribution.  Similarly, in order to estimate climate change, a GCM must first 
be able to adequately predict current climate.  For this study, the choice of GCM output was 
restricted by several factors.  First, it had to be readily available.  Second, it had to include the 
variables used in the original bird-climate models.  Finally, due to computational limitations, it 
needed to represent a climatic endpoint rather than the entire climatic transition state.  After 
consultation with the National Center for Atmospheric Research (D. Joseph, National Center for 
Atmospheric Research, Boulder, Colorado, oral commun.), the condensed North American 
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subset of the Canadian Climate Centre Second-Generation General Circulation Model (hereafter 
referred to as CCC) was chosen. 

 
The CCC is an equilibrium model, predicting the climate for a given set of conditions 

(e.g., a doubling of carbon dioxide), but not for the transition between the current climate and 
those conditions.  The North American subset of this model consists of several different climate 
variables computed for each of 570 grid nodes (approximately 3.75° apart) between 20° - 90° N 
latitude, and 150° - 40° W longitude.  The variables included average daily precipitation, 
maximum daily temperature, and minimum daily temperature condensed into monthly means 
(Boer et al 1992).  Model output provided average climate values based on 10 years of simulated 
climate under current conditions, and 10 years of simulated climate under 2 X CO2 conditions.  

 
A complete review of the details of the CCC can be found in McFarlane et al (1992).  Of 

importance to this study is how reliably the model simulates the current climate.  In general, 
simulated winter (December - February) precipitation matches observed values within the 
geographic boundaries of this study.  However, simulated summer precipitation in parts of the 
west was greater (approx. 4-6 mm day-1) than observed values.  Simulated temperatures in parts 
of the west were approximately 5° C cooler than observed temperatures.  These deficiencies 
were primarily found in areas with high orographic relief (McFarlane et al 1992).  They do not 
have a major impact on this study as few BBS routes are found in regions with rapid changes in 
elevation.  

 
Output from CCC, run under conditions of doubled carbon dioxide, deals only with the 

equilibrium state once a doubled level has been reached.  The complete results of the Canadian 
Climate Centre's greenhouse gas climate change experiment can be found in Boer et al (1992).  
The CCC predicts a mean annual increase in temperature of 4.4° C over land areas, with an 
increase in precipitation of 0.9%.  Overall temperature increases are predicted to be greater in 
winter than summer, and summer precipitation is predicted to decrease by 0.5%.  These are 
global averages.  Changes within the study area range from 1° to 9° C increases in average 
winter temperature, and from 2° to 6° C increases in average summer temperature.  The model 
predicts increases, decreases, and shifts in precipitation patterns.  Within the study area, changes 
in total precipitation range from 45 mm drier to greater than 100 mm wetter in winter, with large 
areas showing no change.  In summer, most areas are predicted to be drier, with changes ranging 
from 85 mm drier to more than 40 mm wetter. 

     
Modeling Projected Impacts of Climate Change 

 
CCC output represents the average of all of the area surrounding a given grid point, not 

data for the point itself (Canadian Climate Centre 1990).  Examining changes in the climate at 
each BBS route required several steps.  First, the differences between the current climate model 
output and 2 X CO2 model outputs (anomalies) were calculated for each grid node for each 
variable.  This difference represented the average change in climate in that area due to a doubling 
of atmospheric carbon dioxide.  Second, kriging was used to interpolate this difference onto the 
same size grid used for all baseline climate variables.  Third, the values for each BBS route were 
extracted from these grids.  Finally, these differences were applied to the original BBS-climate 
database to create a new doubled carbon dioxide BBS-climate database.               



 

 
These new data were then used, with the models developed above, to project changes in 

the climatic ranges of each species associated with a doubling of carbon dioxide.  This included 
developing graphical representations coupling the logistic regression model with doubled carbon 
dioxide output (logistic regression coupled model) for each of the species.  These graphical 
representations were then used to investigate the potential vulnerability of each species to 
climate change.  A species' vulnerability was assessed by examining the extent of distributional 
change within the geographic boundaries of the study.  Besides showing predicted changes in 
climatic ranges of a species' distribution, the maps also indicated areas where the species is 
currently found that might also contain the species under this doubled carbon dioxide scenario.  
These areas are important in that they might represent refugia for these species.  As such they 
merit increased conservation attention. 
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Results 

 
The methods described above were used to provide information on nearly 200 species.  

This information includes a discussion of any potential limitations in the sample.  Statistical 
information on the logistic regression model is then provided, including the equation and its 
accompanying Score test (ST) statistics, goodness of fit statistics, and a comparison of 
concordance for training and test data sets.  An assessment of the graphical representation of the 
logistic regression model under current climate conditions (map B in the figures, see attachment 
7) follows.  This map depicts the species’ distribution based on climate variables alone, where 
different shades represent probabilities of occurrence.  This map is then compared with the 
relative abundance map and published sources.  Finally, an estimate of the vulnerability of the 
species to the climate change predicted by the CCC is provided.  This is done by examining the 
graphical representation (map C in the figures, see attachment 7) of the logistic regression model 
coupled with the climate output from the CCC.  This graphical representation is compared with 
the other maps and the results are summarized.  Shaded regions in these maps also represent the 
probability of the species occurrence in that area. 

. 
Climate and Distribution 

 
Associations between climate and species distributions can be related to direct effects, 

indirect effects, or a combination of the two.  A direct effect would occur when the distribution 
was limited by physiology, biology, or behavior of a species.  This includes physiological limits 
of adults, newly hatched, or juvenile birds, or limits on nest placement (relative to 
climate/microclimate) or incubation requirements for the species.  Possible indirect effects 
include climate acting upon habitat (species composition, structure, vigor, or physiognomy of 
species in the plant community), or on food resources of the species (seed set, onset of flowering, 
insect development or activity rates).  Some of the associations found in this study involved 
winter climate variables.  As many of the study species are migratory, or partially migratory, 
these associations must represent indirect effects.  Most of the associations, however, were 
related to spring or summer variables.  These could represent either direct or indirect effects.  
Given Root's (1988c) research linking physiology with winter distributions (of some species), 
and some recent work possibly linking macroclimate with microclimate/habitat (see below), 
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physiology likely plays a role as a factor limiting the biogeographic distributions of at least some 
of the species considered in this study. 

 
Summer bird ranges are often assumed to be tightly linked to particular habitats.  This is 

only partially true.  While certain species are usually only found in specific habitats (e.g., 
Kirtland’s Warbler breeding in jack pines), others are more flexible in their habitat use. Species 
found in a particular habitat type throughout their summer range may not be found in apparently 
equivalent habitat north or south of their current distribution.  Birds are also limited in their 
distributions by their physiology and food availability. The link between physiology and the 
winter distributions of many species is well known (Kendeigh 1934, Root 1988a, 1988b) and 
recent research shows that physiology plays a role in limiting summer distributions as well 
(Dawson 1992, T. Martin, pers. comm.).  Often, the choice of a specific habitat may be to 
provide a microclimate suitable for a species’ physiology.  While habitat selection, food 
availability, and competition may all play a role in influencing local distributions of a given bird 
species, looking at a species’ overall distribution often yields different results.  Building on 
earlier work that found that many winter bird distributions were associated with climate (Root 
1988a, 1988b), this study examined the association between summer bird distributions and 
climate and how these distributions may change with climate change. 

 
A great deal of research has examined the role of habitat in defining bird distributions 

(e.g., work summarized in Cody 1985).  Some species are closely linked with specific tree 
species or local habitat types.  For example, Kirtland's Warbler (Dendroica kirtlandii) is found 
only in a relatively narrow band of jack pine (Pinus banksiana) forest in central and northern 
Michigan (Botkin et al 1991).  With few exceptions, much of the work on habitat and bird 
distributions has been performed over relatively small scales.  No habitat data are collected along 
BBS routes.  The only consistent source of habitat data for routes is remote sensing satellites.  
Several studies, currently in progress, are attempting to use remote sensing data to categorize 
habitat along BBS routes.  When complete, these studies may provide a coarse overview of 
habitat types along some BBS routes.  Until these data become readily available, it is not 
possible to directly relate bird distributions to habitat over the continentwide scale of the BBS. 

 
There are a number of difficulties involved in trying to understand the factors limiting a 

species' distribution.  Teasing out all of the relationships would require a multi-year/multi-scale 
study examining the year-round climate (both macroclimate and microclimate); amount of soil 
moisture; floristic composition and structure; phenology of growth, flowering, and seed set; 
number of seeds and/or flowers produced; identity and enumeration of invertebrate prey; and  
presence and interactions with other vertebrate species (avian and otherwise).  A study of this 
magnitude has yet to be attempted.  Instead, a typical study examines avian presence or density 
with, at most, the number and species of major plants, and possibly a measure of the vertical and 
horizontal structure of those plants.  Without taking into account any of the abiotic, or some of 
the other biotic, factors, it is impossible to make absolute statements as to the factors limiting the 
distribution of a species. 
 

Distributional models and distributional maps have been developed for almost all North 
American passerine birds.  What these maps actually show are areas projected to have the proper 
climate for the species, or climatic range, under conditions derived from the CCC model.  While 



 

 173

the results of the models cannot be used to look at the fine points of how a given species’ 
distribution might change, they can provide an impression of the possible direction and potential 
magnitude of the change in the suitable climate for the species.  The following list of potential 
changes to the avifauna of the SPRNCA was prepared by comparing the maps of projected 
summer bird climatic ranges with the information found in The Birds of Arizona (Monson and 
Phillips 1964).  Until such times as models are completed for species breeding in Mexico, a 
conservative biogeographic rule of thumb of a northward shift of approximately 100 km for 
every 1° C temperature increase was used to provide an estimate of which species breeding in 
Mexico might colonize Arizona.  For this study, species whose ranges extended to approximately 
200 km of the border, according to the maps in The Birds of Sonora (Russell and Monson 1998) 
and whose habitats (as described in the book) appear to currently exist in Arizona, were 
included.  It does not take into account habitat conversion in Mexico that might make it more 
difficult for species to colonize northward.  The maps in The Birds of Sonora were also used to 
modify projections of which species might be extirpated from the SPRNCA as opposed to 
strictly going off of the data in the maps (see attachment 7). 
 

Ultimately, the greatest impact on wildlife and vegetation may not come from climate 
change itself, but rather from the rate of change.  Given enough time, many species would likely 
be able to adapt to climatic shifts, as they have done in the past.  However, the current projected 
rate of warming is thought to be greater than has occurred at any time in the last 10,000 years 
(IPCC 1996).  This rate of change could ultimately lead to many changes in the SPRNCA’s 
Nongame avifauna.  

 
Species whose future climatic ranges might exclude the SPRNCA, Arizona (i.e., 

possibly extirpated as summer residents) -  Lazuli Bunting, Indigo Bunting, Say’s Phoebe, 
Ash-throated Flycatcher, Horned Lark, Purple Martin, House Wren, Yellow Warbler, Common 
Yellowthroat, Summer Tanager, Northern Cardinal, Grasshopper Sparrow, Song Sparrow, 
Eastern Meadowlark, Western Meadowlark and Yellow-headed Blackbird.   

 
Species whose future climatic summer ranges might include the SPRNCA, Arizona - 

Elegant Quail, Nutting’s Flycatcher, Cave Swallow, Sinaloa Martin, Sinaloa Wren, Blue 
Mockingbird,  Painted Bunting, Rusty Sparrow and Black-vented Oriole. 

 
Scale Issues - Macroclimate Versus Microclimate 

 
This (and similar) studies have all examined associations between macroclimate and the 

continentwide distribution of birds based on data averaged over 50 km x 50 km blocks.  A BBS 
route is 40 km (24.5 miles) long and typically runs through many different habitat types.  Thus, 
the number of birds detected per BBS route is an average collected from all of the habitats the 
route traverses.  The climate variables used in this study represent the average climate for the 
entire block.  Thus, a single climate applies to all habitats in the block.  Even though the models 
are based on the macroclimate of the species, there is evidence that some of the general 
relationships are also valid in much smaller areas. 

 
Lanyon (1956) examined the sympatric distribution of Eastern and Western Meadowlarks 

in the north central United States.  The zone of overlap between these species increased from 
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1900 to 1950, largely due to Western Meadowlark spreading east.  In areas where distributions 
overlap, Lanyon found Eastern Meadowlarks occurring in more mesic lowlands and Western 
Meadowlarks in more xeric uplands.  This relationship held throughout the zone of overlap, 
whether it was in Kansas, Missouri, or Wisconsin.  As both species were detected in a variety of 
plant associations, habitat alone could not be responsible for the differences noted.  Lanyon 
examined the role of climate and discovered a strong correlation between average spring 
precipitation and the species' preferred habitats.  This finding is in concordance with results from 
previously developed climate-envelope models (Price 1995) - Eastern Meadowlarks were found 
in areas with an average total spring precipitation of 87 mm; Western Meadowlarks in areas with 
an average total spring precipitation of 52 mm.   

 
Wiens (1969) studied habitat use among seven species of grassland birds in a 32.4 ha  

plot in Fitchburg Township, Wisconsin, and noted a relationship between increasing habitat 
density (both vegetation and litter density) and species use of the habitat.  Wiens ranked the 
habitats from lower density (drier) to higher density (wetter).  The species use of these habitats 
were as follows: Western Meadowlark - Vesper Sparrow - Savannah Sparrow, Grasshopper 
Sparrow, Eastern Meadowlark - Bobolink - Henslow's Sparrow.  The range of differences 
between these species was small, and considerable overlap occurred.  Nevertheless, this ranking 
is very similar to the climate envelope results presented in Price (1995).  When overall average 
summer precipitation values (averaged across the range of the species where it occurred) are 
ranked, the resulting species list is as follows: Western Meadowlark - Vesper Sparrow - 
Savannah Sparrow - [Bobolink] - Grasshopper Sparrow - [Henslow's Sparrow] - Eastern 
Meadowlark.  In comparison to Wiens' ranking, only Bobolink and Henslow's Sparrow are out of 
position, and the BBS data for Henslow's Sparrow are probably too sparse to accurately rank the 
species. 

 
These findings suggest there may be a general relationship between microclimate/habitat 

use and overall macroclimate as determined in this study.  This relationship appears to hold for 
non-grassland species as well.  Ongoing research has found a general agreement between local 
microclimate/habitat use and macroclimate models for Orange-crowned (Vermivora celata) and 
Virginia's Warbler (V. virginiae) (T. Martin, U.S. Geological Survey, Missoula, Montana, oral 
commun.; J. Price, unpub. data); and Blue-winged (V. pinus) and Golden-winged Warbler (V. 
chrysoptera) (Confer and Knapp 1981; J. Price, unpub. data).  In both of these cases the 
microclimate used by the species (open, slightly more xeric habitats used by one species versus 
closed, slightly more mesic habitats used by the other), corresponded with differences in average 
summer precipitation found between the species pairs.  These examples are drawn from species 
found on many of the same BBS routes; the overall differences in their distributions 
corresponding to microclimate/habitat differences found where the two overlap in the same field 
or study area.  Few studies have quantitatively measured the localized or microclimate where 
species are found relative to their overall distribution.  Hopefully, these early results will 
encourage other researchers to measure microclimate in addition to habitat use.  This could help 
determine whether the relationship between macroclimate and microclimate/habitat use is real or 
coincidental. 

 
The list of potential changes to the avifauna of the SPRNCA are not all-inclusive, since 

results obtained from models of some species were not adequate to assess how their climatic 
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ranges might change.  Nor do the lists include those species whose climatic ranges may undergo 
little change.  Finally, these lists are based on output from a single, commonly used climate 
model. There are different models, and results vary between them.  While the magnitude of the 
temperature increase is somewhat similar between models, the projected precipitation changes 
are often different.  Using output from different climate models may therefore yield somewhat 
different results.  In addition, the geographic scale of these models, like those of the underlying 
climate change model, is relatively coarse.  As such, the models are unable to take into account 
localized topographic changes and the possible existence of suitable microclimates – along 
rivers, for example.  Therefore, some of the species whose climatic ranges are projected as 
shifting out of Illinois may be able to persist if a suitable microclimate is available, especially in 
montane areas, on north facing slopes, or along riparian areas.  
 

It is helpful to consider how species’ ranges may change to know what sorts of changes 
to look for in the future.  Observed evidence and model projections both show that warming 
is/will be more pronounced by increases in minimum temperatures than maximum (although 
these will increase as well).  Thus, species might be expected to show northward range 
expansions (including colonization) before they show declines/extirpations in the southern 
portions of their range.  Furthermore, while the average temperature (climate) increases, weather 
still occurs and some years will be cooler and others warmer than otherwise expected.  So, 
colonization will most likely occur in fits and starts before a species can truly considered to be 
established as part of Illinois’s breeding avifauna.  In some cases, a species may start appearing 
as a vagrant, off and on, for several years before breeding is attempted.  In other cases a species 
may start breeding in an area, then become extirpated, and then resume breeding – possibly in 
greater numbers than before.   

 
How quickly distributional changes might occur is unknown.  The rate of change will 

largely depend on whether limits to a given species’ distribution are more closely linked with 
climate (especially temperature), vegetation, or some other factor.  The rate of change will also 
likely be tied to the rate of change of the climate itself.  If the climate changes relatively slowly, 
then species may be able to adapt to the new climate.  However, many changes could (and are) 
occurring relatively quickly. One pilot study found that the average latitude of occurrence of 
some species of neotropical migrants has already shifted significantly farther north in the last 20 
years, by an average distance of almost 60 miles (100 km) (Price, unpublished data). In another 
study, the arrival date of 20 species of migratory birds was found to be 21 days earlier in 1994 
than in 1965 (Root, unpublished data, Price and Root 2000).  Many other species have been 
found to be arriving and breeding earlier, not only in the US but in Europe and elsewhere (Root 
et al. 2003). 
 

Shifts in individual species’ distributions are only part of the story.  It is unlikely that 
ranges of coexisting species will shift in concert.  Bird communities, as we currently know them, 
may look quite different in the future.  As species move, they may have to deal with different 
prey, predators and competitors.  So-called “optimal” habitats may no longer exist, at least in the 
short term.  The potential rates-of-change of birds and the plants that shape their habitats are 
often quite different.  While many birds may be able to respond quickly to a changing climate, 
some plant ranges may take from decades to centuries to move (Davis and Zabinski 1992).  
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Thus, some species may face a bottleneck with physiological limits pressing them to move but 
having no habitat available to move into.  This may be especially true for the grassland birds.   
 
Conservation 

 
The BBS was established to monitor trends in the populations of birds summering in the 

United States and Canada.  Conservation plans are currently being prepared by Partners in Flight 
for many bird species and their habitats.  These plans include attempts to identify reasons for 
population declines, identification of critical habitat for the species, and recommendations of 
possible steps that could be taken to minimize further declines.  Recovery efforts to reverse 
population declines often center on acquisition of tracts of suitable habitat, or reserves, for the 
species.  As many species are projected potentially to undergo northward shifts in their ranges 
with changes in the climate.  This further complicates the design of reserves.  Areas where a 
species is currently present may not contain the species in the future.  Peters (1992) reviewed the 
difficulties of establishing reserves in the face of habitat loss and climate change.  He 
recommended that reserves be designed and established now, using the best available 
information.  If reserve planning waits until the climate has changed, the habitat may be too 
fragmented to support the species.  However, planned reserves should take into account 
projected impacts from climate change.  If a reserve is placed based on current climate 
conditions, the conditions could become unsuitable for the species.  For many species it is now 
possible to identify geographic areas that are projected to be climatically suitable for the species 
both now and under climate change conditions.  Preferentially placing reserves in those areas 
might help offset some of the impacts of climate change.  Even with proper planning, it might be 
necessary to take an active role in the preservation of the species.  This could include 
establishing proper habitat, as well as translocating species into new, more climatically suitable, 
areas (Peters 1992).    However, such efforts are expensive and carry their own risks (IPCC 
2001). 
 
Other Climate Models  
 

There are many different general circulation models, each differing in their predictions as 
to the changes expected with a doubling of carbon dioxide.  Most models agree as to the 
direction of change in temperature, and as to how these changes may differ across the continent 
(IPCC 1990).  However, they disagree as to the extent and, sometimes, the direction of changes 
in precipitation (NAST 2000).  The results presented here were based on output from the CCC.  
If output from a different GCM were used, the predicted distributions would differ.  For species 
with ranges largely associated with temperature, the differences would most likely be relatively 
minor (e.g., the distribution might not shift as far north).  For species with ranges largely 
associated with precipitation, the differences could potentially lead to results opposite of those 
presented here.  The results of this study should not be taken as firm projections as to how these 
species' distributions might change.  Rather, they should be viewed as first approximations of the 
types of changes in avian distributions likely to occur under climate change.  The logistic 
regression models presented here are not restricted to a single GCM.  They could be coupled 
with any GCM that provided monthly summary output for maximum temperature, minimum 
temperature, and precipitation.  As GCMs improve, and their results begin to converge, the 
output can be used to refine the predictions of how bird distributions might change. Projected 
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changes in distribution presented here are based on a doubling of atmospheric carbon dioxide, 
the value that atmospheric modelers frequently incorporate into GCMs.  Greater increases in 
greenhouse gases would lead to greater temperature increases and other climate changes.  This, 
in turn, would lead to even greater impacts on avian distributions. 

 
Projected future rapid climate change is of major concern, especially when viewed in 

concert with other already well-established population stresses (e.g., habitat conversion, 
pollution, invasive species).  Research and conservation attention needs to be focused not only 
on each stressor by itself, but also on the synergies of multiple stressors acting together.  These 
synergistic stresses are likely to prove to be the greatest challenge to wildlife conservation in the 
21st Century.  Because anticipation of changes improves the capacity to manage, it is important 
to understand as much as possible about the responses of animals to a changing climate.   

 
Managers may ultimately need to adapt not only in terms of wildlife conservation but 

also to replace lost ecological services normally provided by wildlife.  For example, it may be 
necessary to develop adaptations to losses to natural pest control, pollination and seed dispersal.  
While replacing providers of these services may sometimes be possible, the alternatives may be 
costly.  Finding a replacement for other services, such as contributions to nutrient cycling and 
ecosystem stability/biodiversity are much harder to imagine.  In many cases, losses of the values 
of wildlife associated with subsistence hunting, cultural and religious ceremonies, any attempt at 
replacement may represent a net loss. 
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5.1 Ecosystem Services - General 
 
Ecosystem goods and services are “the conditions and processes through which natural 
ecosystems ... sustain and fulfill human life”, (Daily, 1997). Important examples include soil 
renewal, pest control by predators, water purification, mitigation of floods and droughts by 
wetlands, insect pollination of crops, and harvestable biota. These and other goods and services 
are essential components of the human life-support system, most of which would be technically 
and financially impossible to artificially replicate. 
 
Ecosystem services may be extrinsic, that is they are the “products” of ecosystem processes 
and/or characteristics that directly benefit humans, for example harvestable plants or wildlife. 
They can also be intrinsic, that is they are important in supporting ecosystem processes or 
conditions that may directly benefit humans. Examples of the latter may include ecosystem 
features that support biodiversity, which, in turn, may facilitate harvesting of plants or wildlife or 
other such extrinsic services. 
 
Despite their great value, the human record of stewardship of ecosystem goods and services has 
often been poor. Largely out of a lack of understanding, or through knowingly ignoring or 
underestimating their real value, humans have often destroyed or impaired the ability of 
ecosystems to continue providing important services. In some areas, society now finds itself 
attempting to turn back the clock and restore, often at great cost and with limited success, 
services once freely available (e.g., efforts to reforest mountain ranges, restore wetlands, or 
eliminate invasive species from communities that previously provided erosion control, wildlife 
habitat, or any number of other services (Mooney and Hobbs, 2000; NRC, 1992; Strange et al., 
2002).  
 
Several attempts have been made to calculate the economic value of these goods and services. 
Although the accuracy and precision of these attempts may be debatable, they have merit in that 
they draw attention to and emphasize their enormous economic importance. Previous estimates 
include: between US$8,977 and $17,000 (1983 dollars) for the goods and services provided by 
each acre of Louisiana wetlands (Costanza et al., 1989), and between US$19 million and US$70 
million per year for a 45-mile stretch of the Platte River, Colorado (Loomis et al., 2000). Finally, 
Costanza et al. (1988) estimated the total annual value of the biosphere’s goods and services to 
be between US$16 trillion and US$54 trillion in 1994 dollars. Regardless of the degrees of 
precision or accuracy that can be assigned to these estimates, the economic importance of 
maintaining functioning ecosystems is obvious.  
 
In human-modified landscapes, the survival and condition of ecosystems and their services is 
often the result of accommodations among competing users (accommodations meaning explicit 
or implicit agreements among resource users where no one entity is allowed unlimited 
exploitative rights over a resource, so that other entities may also participate in the use). For 
example, many services provided by riparian and aquatic ecosystems may only survive in some 
areas if societal and/or governmental decisions are made to allocate a portion of the key resource 
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(water) to ecosystem functioning, and not direct it all to (for example) agricultural, or municipal 
use.  The accommodations that result in the protection of ecosystems are, in many cases, 
renegotiable; this renders ecosystems and the services that they provide vulnerable to changes in 
stressors.  
 
Human stewardship of ecosystem goods and services has been poor. Largely out of a lack of 
understanding, or through knowingly ignoring or underestimating their real value, the abilities of 
ecosystems to continue providing important services have often been impaired or destroyed. In 
some cases, attempts are now being belatedly made to turn back the clock and restore, often at 
great cost and with limited success, services that previously were freely available (e.g., current 
efforts to reforest mountain ranges, reduce contaminants, restore wetlands, or eliminate invasive 
species from communities that previously provided erosion control, wildlife habitat, biological 
diversity, or any number of other services [Mooney and Hobbs, 2000; NRC, 1992; Strange et al., 
2002]).  
 
Historically, natural systems have been destroyed or impaired by the “traditional” stressors: 
habitat destruction, overexploitation, contaminants, and the introduction of exotic species. 
However, the recent advent of another potentially important stressor - global climate change, has 
greatly increased the penalties for failing to take ecosystem and service protection seriously 
(Peters and Lovejoy, 1992; Malcolm and Pitelka, 2000). This new stressor is being applied to 
systems already under considerable pressure from the traditional stressors and that may survive 
only because of fragile accommodations.  This raises important questions: how might climate 
change, in conjunction with traditional stressors, affect the relevance of these accommodations 
among users of (for example) water? How might it affect the robustness and resilience of 
systems that are already stressed by overuse of natural resources, in which biodiversity has been 
reduced, or that are pervasively contaminated? Above all, how will these interactions affect the 
abilities of ecosystems to continue providing vital goods and services?  
 

5.2 Ecosystem Services in the SPRNCA 
 
In the studies reported in this document we have attempted to project the future effects of climate 
change on ecosystem processes and conditions in the riparian habitat of the SPRNCA. This is an 
area that provides highly valued ecosystem services (specifically, habitat support for high levels 
of biodiversity, species that are rare or restricted in their status and distribution, and habitat and 
attractive species that encourage human recreational use). We have projected the future effects of 
various climate change scenarios on the components of the SPRNCA ecosystem that support the 
provision of these services, specifically the riparian gallery forest, shrub/forest, and wetlands. In 
this final section we qualitatively evaluate how the projected changes might affect the important 
ecosystem services. 
 
5.2.1 Projected ecological changes and their potential effects on ecosystem services  
 
Our projections of future riparian habitat conditions in the SPRNCA are a function of the climate 
change scenario under consideration: the no change, warmer, and warmer and drier scenarios 
that we modeled all result in losses of riparian forest and wetlands and their replacement by more 
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mesic or xeric vegetation communities. What effects would such alterations have on the 
ecosystem services currently provided by the SPRNCA? First, the high levels of vertebrate, 
particularly avian, biodiversity in the SPRNCA is due to its juxtaposition of two major habitat 
types: riparian gallery forest and wetland in a matrix of desert scrub and grassland. Loss or 
diminution of either of these habitats would reduce the biodiversity that the SPRNCA supports. 
Thus, the projected loss of the riparian hydrophytic habitats will have an adverse impact on the 
diversity of species. The San Pedro vulnerability analysis reported in Section 4 indicates that up 
to about 26% of the bird species that currently inhabit the SPRNCA would be vulnerable to the 
projected changes. Given the projected vegetation changes, these birds would be replaced by  
species that are current occupiers of the desert shrub matrix in which the SPRNCA is located. 
While climate change might also facilitate the expansion of some species north out of Mexico 
into the SPRNCA area, there are few such species that are not already found there. Thus, there 
would be a major net loss of avian biodiversity. 
 
The biodiversity numbers, alone, do not tell the full story of how ecosystem services might be 
affected by the no change, warmer, and warmer and drier climate change scenarios. Many of the 
species that comprise the 26% that we have identified as potentially harmed are birds that are 
otherwise rare, restricted, and vulnerable in their North American ranges. Green kingfisher, grey 
hawk, yellow-billed cuckoo are all realatively rare within the contiguous states. Thus the imapcts 
of climate change on avian biodiversity would be greatest on species that are already threatened 
for various reasons and fore which the San Pedro currently provides one of their rare refuges. 
 
The services discussed thus far could be considered “intrinsic” (see above). However, the 
SPRNCA also provides important “extrinsic” services – services directly values and used by 
humans.  As discussed in Section 1, the SPRNCA is a major attraction to wildlife viewers in 
Arizona, from throughout the U.S. and from abroad. As an example of the latter, it is one of the 
areas typically included in the itineraries of guided parties of birders from Europe and is well-
known among such enthusiasts as a “must-visit” area. The main reason that such visitors are 
attracted by the SPRNCA is its high avian biodiversity and the presence of species that are 
difficult to see elsewhere, particularly green kingfisher, grey hawk, and, to a lesser extent, 
yellow- billed cuckoo, the very species most vulnerable to future climate change. 
 
Another attraction of the SPRNCA to local residents and visitors from further afield is the 
relative uniqueness of the habitat. Riparian ecosystems elsewhere in North America have been so 
adversely affected by human landuse that areas where mature riparian gallery forest can be 
experienced and appreciated are few and far between. The SPRNCA is probably the best such 
area in North America. Thus, visitors are attracted by the sheer impressiveness of the habitat and 
also by the shaded, cool, walking conditions that the gallery forest provides in an otherwise hot 
exposed desert environment. If, as projected under the three driest climate change scenarios, this 
gallery forest were to be fragmented or lost entirely, the attractiveness of the area to the public 
(one of its ecosystem services) would be reduced. 
 
 If future climate conditions more resemble the warm and wet and the warm and very wet 
scenario, the ecosystem services currently provided by the SPRNCA might be maintained 
(because of the adequate water supply to the ecosystem under these conditions). However, it is 
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not possible to predict which of the three drier or the two wetter climate scenarios are most 
likely.         
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Attachment 1.1  Simulated vegetation transitions on plots at Contention transect under four climate scenarios. 
 

20 4

  
Site Plot 

 
Scenario 

Patch Type by Year of Simulation 
2003 2027 2052 2077 2102 

Content 
10
W Nochange 

mature 
mesquite 
shrubs 

Sacaton 
grassland 

sacaton 
grassland 

mature mesquite 
shrubs old mesquite woods 

Content 
10
W Warm 

mature 
mesquite 
shrubs 

Mature 
mesquite 
woods 

old mesquite 
shrubs 

old mesquite 
woods old mesquite woods 

Content 
10
W Warmdry 

mature 
mesquite 
shrubs 

Mature 
mesquite 
woods 

old mesquite 
woods 

old mesquite 
shrubs old mesquite woods 

Content 
10
W Warmwet 

mature 
mesquite 
shrubs 

Sacaton 
grassland 

mature 
mesquite 
shrubs 

mature mesquite 
woods mature mesquite woods 

Content 9W Nochange 

mature2 
willow 
forest 

Sacaton 
grassland 

sacaton 
grassland sacaton grassland sacaton grassland 

Content 9W Warm 

mature2 
willow 
forest 

Sacaton 
grassland 

mature 
mesquite 
shrubs 

old mesquite 
forest old mesquite forest 

Content 9W Warmdry 

mature2 
willow 
forest 

Mature 
mesquite 
woods 

old mesquite 
woods 

old mesquite 
woods old mesquite forest 

Content 9W Warmwet 

mature2 
willow 
forest 

mature 
mesquite 
woods 

old mesquite 
forest 

old mesquite 
forest mature mesquite forest 

Content 
7.5
W Nochange 

sacaton 
grassland 

mature 
mesquite 
shrubs 

old mesquite 
woods 

old mesquite 
forest old mesquite woods 

Content 
7.5
W Warm 

mixed 
open 

mature 
mesquite 

mature 
mesquite 

old mesquite 
woods mature mesquite shrubs 



 

shrubs shrubs 

Content 
7.5
W Warmdry 

mixed 
open 

mature 
mesquite 
woods 

old mesquite 
forest 

mature mesquite 
forest mature mesquite shrubs 

Content 
7.5
W Warmwet 

mixed 
open 

mature 
mesquite 
woods 

old mesquite 
forest 

old mesquite 
forest old mesquite woods 

Content 6W Nochange 
mixed 
open 

sacaton 
grassland 

sacaton 
grassland sacaton grassland sacaton grassland 

Content 6W Warm 
mixed 
open 

sacaton 
grassland 

sacaton 
grassland sacaton grassland mature mesquite shrubs 

Content 6W Warmdry 
mixed 
open 

sacaton 
grassland 

sacaton 
grassland sacaton grassland mature mesquite shrubs 

Content 6W Warmwet 
mixed 
open 

sacaton 
grassland 

old mesquite 
shrubs 

old mesquite 
forest old mesquite woods 

Content 5W Nochange 
mixed 
open 

mature 
mesquite 
woods 

mature 
mesquite 
shrubs sacaton grassland sacaton grassland 

Content 5W Warm 
mixed 
open 

mature 
mesquite 
woods 

mature 
mesquite 
woods 

mature mesquite 
woods mature mesquite woods 

  
Site Plot 

 
Scenario 

Patch Type by 
2003 

Year of Simulation 
2027 2052 2077 2102 

Content 5W Warmdry 
mixed 
open 

sacaton 
grassland 

mature mesquite 
shrubs 

mature mesquite 
woods old mesquite woods 

Content 5W Warmwet 
mixed 
open 

mature 
mesquite 
woods old mesquite woods 

old mesquite 
forest 

mature mesquite 
woods 

Content 4W Nochange 
mixed 
open 

sacaton 
grassland sacaton grassland sacaton grassland sacaton grassland 

Content 4W Warm 
mixed 
open 

mature1 
saltcedar 
shrubs 

mature mesquite 
forest 

old mesquite 
forest 

mature mesquite 
woods 
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Content 4W Warmdry 
mixed 
open 

mature1 
saltcedar 
shrubs 

mature mesquite 
woods 

mature mesquite 
forest sacaton grassland 

Content 4W Warmwet 
mixed 
open 

sacaton 
grassland 

mature mesquite 
forest 

mature mesquite 
forest 

mature mesquite 
woods 

Mature2 
sacaton saltcedar 

Content 3W Nochange grassland forest old saltcedar forest sacaton grassland sacaton grassland 
mature2 

sacaton saltcedar mature mesquite mature mesquite 
Content 3W Warm grassland forest old saltcedar forest woods woods 

mature1 
sacaton saltcedar mature2 saltcedar mature mesquite 

Content 3W Warmdry grassland woods woods sacaton grassland shrubs 
mature2 

sacaton saltcedar old mesquite 
Content 3W Warmwet grassland forest old saltcedar forest forest old mesquite forest 

2.5 mixed sacaton mature mesquite mature1 saltcedar mature2 saltcedar 
Content W Nochange open grassland shrubs woods woods 

mature1 
2.5 mixed saltcedar mature2 saltcedar mature2 saltcedar 

Content W Warm open shrubs forest forest old mesquite forest 
mature1 

2.5 mixed saltcedar mature mesquite mature mesquite mature mesquite 
Content W warmdry open shrubs shrubs shrubs forest 

mature1 
2.5 mixed saltcedar mature mesquite mature mesquite mature mesquite 

Content W warmwet open shrubs woods woods shrubs 
mature1 
saltcedar sacaton mature1 saltcedar mature2 saltcedar 

Content 1E nochange shrubs grassland sacaton grassland forest forest 

Content 1E warm 
mature1 
saltcedar 

young 
saltcedar 

mature2 saltcedar 
woods 

mature mesquite 
forest 

mature mesquite 
woods 
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shrubs woods 
mature1 old 
saltcedar saltcedar mature mesquite 

Content 1E warmdry shrubs woods sacaton grassland woods sacaton grassland 
mature1 old 
saltcedar saltcedar mature mesquite old mesquite 

Content 1E warmwet shrubs woods woods woods old mesquite forest 
   Patch Type by Year of Simulation 
Site Plot Scenario 2003 2027 2052 2077 2102 

Content 
2.5
E nochange 

mixed 
open 

mature1 
saltcedar 
shrubs 

mature 
mesquite 
woods 

old mesquite 
shrubs sacaton grassland 

mature2 
2.5 mixed sacaton saltcedar sacaton 

Content E warm open grassland shrubs grassland sacaton grassland 
mature 

2.5 mixed sacaton sacaton mesquite 
Content E warmdry open grassland grassland shrubs mature mesquite woods 

mature1 mature mature 
2.5 mixed saltcedar mesquite mesquite 

Content E warmwet open woods forest woods mature mesquite woods 
mature mature 

4.5 sacaton mesquite mesquite old mesquite 
Content E nochange grassland woods shrubs shrubs old mesquite woods 

mature mature 
4.5 sacaton mesquite mesquite sacaton 

Content E warm grassland woods shrubs grassland mature mesquite woods 
mature mature mature 

4.5 sacaton mesquite mesquite mesquite 
Content E warmdry grassland woods woods woods old mesquite forest 

mature mature 
4.5 sacaton mesquite sacaton mesquite 

Content E warmwet grassland woods grassland forest mature mesquite forest 
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Content 6E nochange 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

old 
mesquite 
woods 

sacaton 
grassland sacaton grassland 

Content 6E warm 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

mature 
mesquite 
woods 

old mesquite 
woods old mesquite forest 

Content 6E warmdry 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

old 
mesquite 
woods 

mature 
mesquite 
shrubs mature mesquite woods 

Content 6E warmwet 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

old 
mesquite 
woods 

old mesquite 
woods old mesquite woods 

Content 
4.5
E warmwet 

sacaton 
grassland 

mature 
mesquite 
woods 

sacaton 
grassland 

mature 
mesquite 
forest mature mesquite forest 

Content 6E nochange 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

old 
mesquite 
woods 

sacaton 
grassland sacaton grassland 

Content 6E warm 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

mature 
mesquite 
woods 

old mesquite 
woods old mesquite forest 

Content 6E warmdry 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

old 
mesquite 
woods 

mature 
mesquite 
shrubs mature mesquite woods 

Content 6E warmwet 

mature 
mesquite 
shrubs 

mature 
mesquite 
woods 

old 
mesquite 
woods 

old mesquite 
woods old mesquite woods 
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Attachment 1.2.  Simulated vegetation transitions on new plots formed by channel migration at Contention transect under 
four climate scenarios.  Blank cells indicate that plots had not been initiated yet.  “First Year” corresponds to initiation year 
(flood year) of plot. 

 
Site 

First 
Year 

 
Scenario 2027 

Patch Type by Simulation Year 
2052 2077 2102 

Content 2007 nochange 
sacaton 
grassland 

mature2 saltcedar 
woods Sacaton grassland mixed open 

Content 2007 warm 

mature1 
saltcedar 
woods 

mature2 saltcedar 
forest 

mature1 saltcedar 
forest mature2 saltcedar woods 

Content 2007 warmdry 

mature1 
saltcedar 
woods 

mature2 saltcedar 
woods mature mesquite forest mature mesquite shrubs 

Content 2007 warmwet 
sacaton 
grassland 

mature1 saltcedar 
woods 

mature2 saltcedar 
woods mature mesquite woods 

Content 2019 warmwet 
sacaton 
grassland 

mature2 saltcedar 
forest old saltcedar forest old saltcedar forest 

Content 2029 nochange  forbland 
mature2 saltcedar 
woods mature mesquite woods 

Content 2029 warmwet  
mature1 saltcedar 
forest 

mature2 saltcedar 
woods mature mesquite forest 

Content 2035 warmwet  sacaton grassland 
mature2 saltcedar 
woods mature mesquite woods 

Content 2045 nochange  forbland Sacaton grassland Forbland 

Content 2045 warm  forbland 
mature2 saltcedar 
woods mature2 saltcedar forest 

Content 2045 warmwet  forbland 
mature1 saltcedar 
woods mature2 saltcedar forest 

Content 2052 nochange  forbland Sacaton grassland mixed open 

Content 2052 warm  forbland 
mature1 saltcedar 
woods mature1 saltcedar forest 

Content 2052 warmwet  forbland 
mature1 saltcedar 
woods mature2 saltcedar woods 
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Content 2059 nochange   Sacaton grassland mature2 saltcedar woods 

Content 2059 warm   
mature1 saltcedar 
woods mature2 saltcedar forest 

Content 2059 warmdry   
mature1 saltcedar 
woods old saltcedar forest 

Content 2059 warmwet   
mature1 saltcedar 
shrubs mature2 saltcedar forest 

Content 2071 warmwet   Forbland mature2 saltcedar forest 
Content 2081 nochange    mixed open 
Content 2081 warmwet    mature1 saltcedar woods 
Content 2082 warmwet    mature1 saltcedar forest 
Content 2087 warmwet    mixed open 
Content 2097 nochange    mixed open 
Content 2097 warm    mixed open 
Content 2097 warmwet    mixed open 
Content 2098 warmwet    mixed open 
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Attachment 1.3  Simulated vegetation transitions on plots at Kolbe transect under four climate scenarios. 
  
Site Plot 

 
Scenario 

Patch Type by Year of Simulation 
2003 2027 2052 2077 2102 

Kolbe 2W Nochange 
mature1 
willow forest

mature2 
willow forest 

mature 
mesquite woods 

old mesquite 
woods old mesquite woods 

Kolbe 2W Warm 
mature1 
willow forest

mature2 
willow forest 

mature 
mesquite woods 

mature mesquite 
woods old mesquite forest 

Kolbe 2W Warmdry 
mature1 
willow forest

mature2 
willow forest 

sacaton 
grassland 

mature mesquite 
woods mature mesquite woods 

Kolbe 2W Warmwet 
mature1 
willow forest

mature2 
willow forest 

old mesquite 
forest 

old mesquite 
woods old mesquite woods 

Kolbe 1W Nochange mixed open 
sacaton 
grassland 

mature 
mesquite shrubs old mesquite forest old mesquite woods 

Kolbe 1W Warm mixed open 

mature1 
saltcedar 
woods 

mature 
mesquite forest 

mature mesquite 
woods mature mesquite shrubs 

Kolbe 1W Warmdry mixed open 

mature1 
saltcedar 
woods 

old saltcedar 
forest 

mature mesquite 
woods mature mesquite woods 

Kolbe 1W Warmwet mixed open 
sacaton 
grassland 

mature 
mesquite woods 

mature mesquite 
forest old mesquite woods 

Kolbe 1E Nochange 
young 
willow forest

mature1 
willow forest 

mature2 
cottonwood 
forest 

old cottonwood 
forest old cottonwood forest 

Kolbe 1E Warm 
young 
willow forest

mature1 
willow forest 

mature2 willow 
forest 

old cottonwood 
forest old cottonwood forest 

Kolbe 1E Warmdry 
young 
willow forest

mature2 
willow forest 

mature2 willow 
forest 

old cottonwood 
woods old cottonwood woods 

Kolbe 1E Warmwet 
young 
willow forest

mature2 
willow forest 

mature2 
cottonwood 
forest 

old cottonwood 
forest old cottonwood forest 

Kolbe 2E Nochange 
mature1 
willow forest

mature2 
willow forest 

mature2 willow 
woods sacaton grassland old mesquite shrubs 
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mature1 mature2 mature2 willow 
Kolbe 2E Warm willow forest willow forest woods sacaton grassland mature mesquite woods 

mature1 mature2 mature2 willow mature mesquite 
Kolbe 2E warmdry willow forest willow forest woods shrubs mature mesquite shrubs 

mature1 mature2 mature2 willow mature mesquite 
Kolbe 2E warmwet willow forest willow forest forest woods old mesquite woods 

mature1 old 
cottonwood cottonwood old cottonwood 

Kolbe 3E nochange forest forest forest sacaton grassland sacaton grassland 
mature1 old 
cottonwood cottonwood old cottonwood old cottonwood 

Kolbe 3E warm forest forest forest woods sacaton grassland 
   Patch Type by Year of Simulation 
Site Plot Scenario 2003 2027 2052 2077 2102 

mature1 old old 
cottonwood cottonwood cottonwood sacaton 

Kolbe 3E warmdry forest forest forest grassland sacaton grassland 
mature1 old old old 
cottonwood cottonwood cottonwood cottonwood 

Kolbe 3E warmwet forest forest forest woods mature mesquite shrubs 
Kolbe 4E nochange mixed open ash woods ash forest ash forest ash forest 
Kolbe 4E warm mixed open ash forest ash forest ash forest mature mesquite forest 
Kolbe 4E warmdry mixed open ash forest ash forest ash forest ash woods 

mature 
mesquite 

Kolbe 4E warmwet mixed open ash woods ash shrubs woods mature mesquite woods 
mature 

sacaton sacaton sacaton mesquite 
Kolbe 5E nochange grassland grassland grassland shrubs mature mesquite shrubs 

mature mature 
mature2 mesquite mesquite 

Kolbe 5E warm forbland willow shrubs woods shrubs mature mesquite woods 
Kolbe 5E warmdry forbland sacaton sacaton sacaton mature mesquite shrubs 
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grassland grassland grassland 
mature 

mature2 mesquite old mesquite 
Kolbe 5E warmwet forbland willow shrubs woods woods sacaton grassland 

old mature 
old cw/wi cottonwood mesquite old mesquite 

Kolbe 6E nochange forest forest woods shrubs old mesquite shrubs 
old old 

old cw/wi cottonwood cottonwood sacaton 
Kolbe 6E warm forest forest woods grassland sacaton grassland 

old old 
old cw/wi cottonwood cottonwood sacaton 

Kolbe 6E Warmdry forest forest woods grassland sacaton grassland 
old old 

old cw/wi cottonwood cottonwood sacaton 
Kolbe 6E Warmwet forest forest woods grassland mixed open 

old mature 
cottonwood cottonwood mesquite old mesquite 

Kolbe 7E Nochange forest woods woods woods mature mesquite woods 
old old 

cottonwood cottonwood cottonwood old mesquite 
Kolbe 7E Warm forest woods woods woods mature mesquite shrubs 

old 
cottonwood cottonwood sacaton sacaton 

Kolbe 7E Warmdry forest woods grassland grassland sacaton grassland 
old mature mature 

cottonwood cottonwood mesquite mesquite 
Kolbe 7E Warmwet forest woods woods woods sacaton grassland 
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Attachment 1.4  Simulated vegetation transitions on new plots formed by channel migration at Kolbe transect under four 
climate scenarios.  Blank cells indicate that plots had not been initiated yet.  “First Year” corresponds to initiation year (flood 
year) of plot. 
 

 
Site 

First 
Year 

 
Scenario 2027 

Patch Type by Simulation Year 
2052 2077 2102 

Kolbe 2007 nochange 
sacaton 
grassland 

mature mesquite 
woods mature mesquite forest old mesquite woods 

Kolbe 2007 warm 
mature1 cw/wi 
forest 

mature2 saltcedar 
forest old saltcedar forest old cottonwood woods 

Kolbe 2007 warmdry 
mature1 cw/wi 
woods 

mature mesquite 
shrubs mature mesquite shrubs mature mesquite shrubs 

Kolbe 2007 warmwet 

mature1 
cottonwood 
woods 

mature2 cottonwood 
forest old cottonwood woods old cottonwood forest 

Kolbe 2019 warmwet 
young willow 
forest mature2 willow forest old cottonwood forest old cottonwood forest 

Kolbe 2029 nochange  mature1 willow forest 
mature2 cottonwood 
forest old cottonwood woods 

Kolbe 2029 warmwet  
mature1 cottonwood 
forest 

mature2 cottonwood 
forest old cottonwood forest 

Kolbe 2035 warmwet  
mature1 cottonwood 
forest 

mature2 cottonwood 
forest old cottonwood forest 

Kolbe 2045 nochange  
sapling cottonwood 
forest 

mature1 cottonwood 
forest 

mature2 cottonwood 
forest 

Kolbe 2045 warm  young willow forest 
mature2 cottonwood 
forest old cottonwood forest 

Kolbe 2045 warmwet  
young cottonwood 
forest 

mature2 cottonwood 
forest old cottonwood forest 

Kolbe 2052 nochange  Forbland 
mature1 cottonwood 
forest 

mature2 cottonwood 
forest 

Kolbe 2052 warm  Forbland 
mature1 cottonwood 
forest old cottonwood forest 
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mature1 cottonwood 
Kolbe 2052 Warmwet  Forbland forest old cottonwood forest 
Kolbe 2059 Nochange   young willow forest mature2 saltcedar forest 
Kolbe 2059 Warm   mature1 saltcedar forest old saltcedar forest 

mature2 saltcedar 
Kolbe 2059 Warmdry   sacaton grassland woods 

mature1 saltcedar mature2 saltcedar 
Kolbe 2059 Warmwet   woods woods 
Kolbe 2071 Warmwet   young willow forest mature2 cw/wi forest 
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Site 

First 
Year 

 
Scenario 2027 

Patch Type by Simulation Year 
2052 2077 2102 

Kolbe 2081 nochange    
mature1 cottonwood 
woods 

Kolbe 2081 warmwet    mature1 willow forest 

Kolbe 2082 warmwet    
mature1 cottonwood 
forest 

Kolbe 2087 warmwet    
mature1 cottonwood 
forest 

Kolbe 2097 nochange    
sapling cottonwood 
shrubs 

Kolbe 2097 warm    
sapling cottonwood 
woods 

Kolbe 2097 warmwet    young willow forest 
Kolbe 2098 warmwet    sapling willow shrubs 
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Attachment 1.5  Simulated vegetation transitions on plots at Palominas UA transect under four climate scenarios. 
 

  
Site Plot 

 
Scenario 

Patch Type by Year of Simulation 
2003 2027 2052 2077 2102 

PaloUA 6W nochange 

mature1 
cottonwood 
shrubs 

mature2 
cottonwood 
woods ash forest ash woods ash woods 

PaloUA 6W warm 

mature1 
cottonwood 
shrubs 

mature2 
cottonwood 
woods ash woods ash shrubs sacaton grassland 

PaloUA 6W warmdry 

mature1 
cottonwood 
shrubs 

mature2 
cottonwood 
woods ash forest ash forest ash woods 

PaloUA 6W warmwet 

mature1 
cottonwood 
shrubs 

mature2 
cottonwood 
woods ash forest ash woods 

mature mesquite 
shrubs 

PaloUA 5W nochange 

mature1 
cottonwood 
woods 

mature2 
cottonwood 
forest 

old 
cottonwood 
woods 

sacaton 
grassland sacaton grassland 

PaloUA 5W warm 

mature1 
cottonwood 
woods 

mature2 
cottonwood 
forest 

old 
cottonwood 
woods 

sacaton 
grassland 

old mesquite 
shrubs 

PaloUA 5W warmdry 

mature1 
cottonwood 
woods 

mature2 
cottonwood 
forest 

old 
cottonwood 
woods 

sacaton 
grassland sacaton grassland 

PaloUA 5W warmwet 

mature1 
cottonwood 
woods 

mature2 
cottonwood 
woods 

old 
cottonwood 
woods 

sacaton 
grassland 

old mesquite 
woods 

PaloUA 4W nochange 

mature1 
cottonwood 
forest 

mature2 
cottonwood 
forest 

old 
cottonwood 
forest 

old cottonwood 
forest sacaton grassland 

PaloUA 4W warm 
mature1 
cottonwood 

mature2 
cottonwood 

old 
cottonwood 

old cottonwood 
forest sacaton grassland 

21 7



 

forest forest forest 
mature1 mature2 old 
cottonwood cottonwood cottonwood old cottonwood old cottonwood 

PaloUA 4W warmdry forest forest forest forest woods 
mature1 mature2 old 
cottonwood cottonwood cottonwood mature mesquite 

PaloUA 4W warmwet forest woods forest forest sacaton grassland 
mature2 old 
cottonwood cottonwood sacaton sacaton mature mesquite 

PaloUA 3W nochange forest forest grassland grassland woods 
mature2 old 
cottonwood cottonwood sacaton mature1 old saltcedar 

PaloUA 3W warm forest forest grassland saltcedar woods woods 
mature2 old 
cottonwood cottonwood old saltcedar mature1 mature2 saltcedar 

PaloUA 3W warmdry forest forest woods saltcedar forest woods 
mature2 old 
cottonwood cottonwood sacaton sacaton mature mesquite 

PaloUA 3W warmwet forest forest grassland grassland woods 
    
    
   Patch Type by Year of Simulation 
Site Plot Scenario 2003 2027 2052 2077 2102 

PaloUA 2W nochange 

young 
cottonwood 
forest 

mature2 
cottonwood 
forest 

Old 
cottonwood 
forest 

old 
cottonwood 
forest sacaton grassland 

young mature2 mature 
cottonwood sacaton saltcedar mesquite 

PaloUA 2W warm woods grassland forest woods mature mesquite woods 
young mature2 old mature 
cottonwood cottonwood cottonwood mesquite 

PaloUA 2W warmdry forest forest forest forest mature mesquite woods 
PaloUA 2W warmwet young mature2 old old sacaton grassland 
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cottonwood cottonwood cottonwood cottonwood 
forest forest forest forest 

PaloUA 1W nochange 

young 
cottonwood 
woods 

mature1 
cottonwood 
forest 

mature1 
saltcedar 
forest 

old saltcedar 
forest sacaton grassland 

young mature2 old old 
cottonwood cottonwood cottonwood cottonwood 

PaloUA 1W warm forest forest forest forest old cottonwood forest 

PaloUA 1W warmdry 

young 
cottonwood 
woods 

mature2 
cottonwood 
forest 

old 
cottonwood 
forest 

old 
cottonwood 
forest old cottonwood forest 

young young mature2 mature 
cottonwood saltcedar saltcedar mesquite 

PaloUA 1W warmwet forest shrubs forest forest mature mesquite woods 
young mature2 old old 
cottonwood cottonwood cottonwood cottonwood 

PaloUA 1E nochange shrubs forest forest forest old mesquite forest 
young mature2 old old 
cottonwood cottonwood cottonwood cottonwood 

PaloUA 1E warm shrubs woods woods forest sacaton grassland 
young mature2 old old 
cottonwood cottonwood cottonwood cottonwood 

PaloUA 1E warmdry shrubs forest forest forest old mesquite woods 
young mature2 old old 
cottonwood cottonwood cottonwood cottonwood 

PaloUA 1E warmwet shrubs woods forest forest mature mesquite woods 
young mature1 
saltcedar saltcedar old saltcedar sacaton 

PaloUA 2E nochange shrubs forest forest grassland sacaton grassland 
young mature1 
saltcedar saltcedar old saltcedar old saltcedar 

PaloUA 2E warm shrubs forest forest forest sacaton grassland 
PaloUA 2E warmdry young mature2 old saltcedar sacaton mature mesquite woods 
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saltcedar saltcedar forest grassland 
shrubs forest 

PaloUA 2E warmwet 

young 
saltcedar 
shrubs 

mature1 
saltcedar 
forest 

old saltcedar 
woods 

mature 
mesquite 
woods mature mesquite woods 

mature1 mature2 
saltcedar saltcedar old saltcedar sacaton 

PaloUA 3E nochange woods forest woods grassland sacaton grassland 
    
    
   Patch Type by Year of Simulation 
Site Plot Scenario 2003 2027 2052 2077 2102 

mature1 mature2 Old old 
saltcedar saltcedar saltcedar mesquite 

PaloUA 3E warm woods forest woods shrubs sacaton grassland 
mature1 mature2 mature 
saltcedar sacaton saltcedar mesquite 

PaloUA 3E warmdry woods grassland woods shrubs sacaton grassland 
mature1 mature2 old mature 
saltcedar saltcedar saltcedar mesquite 

PaloUA 3E warmwet woods woods woods shrubs mature mesquite shrubs 
dryshrub sacaton sacaton sacaton 

PaloUA 4E nochange shrubs grassland grassland grassland sacaton grassland 
mature mature 

dryshrub sacaton mesquite mesquite 
PaloUA 4E warm shrubs grassland shrubs shrubs old mesquite shrubs 

dryshrub sacaton sacaton sacaton 
PaloUA 4E warmdry shrubs grassland grassland grassland sacaton grassland 

mature mature 
dryshrub sacaton mesquite mesquite 

PaloUA 4E warmwet shrubs grassland shrubs shrubs old mesquite woods 
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Attachment 1.6  Simulated vegetation transitions on new plots formed by channel migration at Palominas UA transect under four 
climate scenarios.  Blank cells indicate that plots had not been initiated yet. “First Year” corresponds to initiation year (flood year) of 
plot. 
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Site 

First 
Year 

 
Scenario 2027 

Patch Type by Simulation Year 
2052 2077 2102 

PaloUA 2007 nochange sacaton grassland 
mature2 saltcedar 
woods mature1 saltcedar forest

mature1 saltcedar 
forest 

PaloUA 2007 Warm sacaton grassland 
mature1 saltcedar 
woods 

mature2 saltcedar 
woods old saltcedar woods 

PaloUA 2007 warmdry 
mature1 saltcedar 
forest 

mature2 saltcedar 
forest mature mesquite forest old mesquite forest 

PaloUA 2007 warmwet sacaton grassland sacaton grassland mature mesquite woods mature mesquite forest 

PaloUA 2019 warmwet young willow forest 
mature2 cottonwood 
forest old cottonwood forest old cottonwood forest 

PaloUA 2029 nochange  
mature1 cottonwood 
forest 

mature2 cottonwood 
forest old cottonwood forest 

PaloUA 2029 warmwet  
mature1 cottonwood 
forest 

mature2 cottonwood 
forest mature mesquite forest 

PaloUA 2035 warmwet  
mature1 cottonwood 
forest 

mature2 cottonwood 
forest old cottonwood forest 

PaloUA 2045 nochange  young willow forest 
mature1 cottonwood 
forest 

mature2 cottonwood 
forest 

PaloUA 2045 Warm  
young cottonwood 
woods 

mature1 cottonwood 
forest old cottonwood forest 

PaloUA 2045 warmwet  
young cottonwood 
forest 

mature1 cottonwood 
forest old cottonwood forest 

PaloUA 2052 nochange  forbland 
mature1 cottonwood 
forest 

mature2 cottonwood 
forest 

PaloUA 2052 Warm  forbland 
mature1 cottonwood 
forest old cottonwood forest 

PaloUA 2052 warmwet  forbland 
mature1 cottonwood 
woods 

mature2 cottonwood 
forest 



 

PaloUA 2059 nochange   
mature1 saltcedar 
shrubs 

mature2 saltcedar 
woods 

PaloUA 2059 warm   
mature1 saltcedar 
woods old cottonwood woods 

PaloUA 2059 warmdry   
mature1 saltcedar 
woods old saltcedar woods 

PaloUA 2059 warmwet   
mature1 cottonwood 
woods mature mesquite forest 

PaloUA 2071 warmwet   young willow forest 
mature1 saltcedar 
forest 

 
Site 

First 
Year 

 
Scenario 2027 

Patch Type by Simulation Year 
2052 2077 2102 

PaloUA 2081 nochange    mature1 willow forest 

PaloUA 2081 warmwet    
mature1 cottonwood 
forest 

PaloUA 2082 warmwet    
mature1 cottonwood 
forest 

PaloUA 2087 warmwet    
mature1 cottonwood 
forest 

PaloUA 2097 nochange    
sapling cottonwood 
shrubs 

PaloUA 2097 warm    Young willow forest 

PaloUA 2097 warmwet    
sapling cottonwood 
forest 

PaloUA 2098 warmwet    
sapling cottonwood 
shrubs 
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MODULE 1 - CATEGORIZING THE "BASELINE" VULNERABILITY (Vb) OF WILLOW FLYCATCHER IN  
THE SPRNCA. Bold scores represent "best estimates" others are alternate scores.   
Current population size in SPRNCA:  Score 
 <50    1 1 
 50-100    2 
 >100    3 
      

Certainty  
high 
(3)    3 

  medium (2)   
  low (1)    
Regional population trend in last 50 years: Score  
 >50% reduction   1 1 
 >20% reduction   2 2 
 Apparently stable   3  
 Increasing    4 

Certainty:  
high 
(3)    3 

  medium (2)     
  low (1)    
Current regional population trend:  Score
 rapid decline   1 
 slow decline   2 2 
 stable    3 3
 increasing    4  

high 
Certainty:  (3)     
  medium (2)    2 
  low (1)    
Regional range trend in last 50 years  Score
 >50% reduction   1 1 
 >20%reduction   2 2 
 apparently stable   3  
  increasing   4 

high 
Certainty:  (3)    2 

  medium (2)     

 Likely future non-climate stressor trends: Score   
increase    1   
stable    2 2  
reduction    3 3  
 high (3)      

 medium (2)    2  
 low (1)      
Replacement time for individuals: Score   
> 5 years    1   
2-5 years    2   
<2 years    3 3  
<1 year    4 4  
 high (3)    3  

 medium (2)      
 low (1)      
Likely future vulnerability to   Score   
stochastic events:      
vulnerable    1   
not vulnerable   2 2  
benefiting    3 3  
 high (3)      

 medium (2)    2  
 low (1)      
Likely future vulnerability to      
policy/management change  Score   
Highly vulnerable   1 1  
vulnerable    2 2  
not vulnerable   3   
 high (3)    3  

 medium (2)      
 low (1)      
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  low (1)    
Current regional range trend:   Score 
 rapid reduction   1 
 slow reduction   2 2 
 stable    3 3
 increasing    4  

high 
Certainty:  (3)    3 
  medium (2)     
  low (1)    

 Likely future vulnerability to      
natural stressors   Score   
Highly vulnerable   1   
vulnerable    2 2  
not vulnerable   3 3  
 high (3)      

 medium (2)    2  
 low (1)      

 
 

 

        
         
  TOTAL SCORE 22 (17 - 25)   
Baseline vulnerability scores:       
    Vb1 <16 Highly vulnerable 
    Vb2 16-21 Vulnerable  
    Vb3 22-27 Least Vulnerable 
    Vb4 >27 Not Vulnerable 

Species score: Vb3 (Vb2)  

   
   
        

         
        
        

         

CUMULATIVE CERTAINTY SCORE: 26 
  Max. score   30 
  Min. score   10 



 

 

 227

 
MODULE 2 - CATEGORIZING THE VULNERABILITY OF WILLOW FLYCATCHERS IN THE SPRNCA TO      
CLIMATE CHANGE (Vc). Bold scores represent "best estimates" others are alternate scores.       
Physiological vulnerability to temperature increase: Score  
 Likely highly sensitive   1  
 Likely moderately sensitive   2 2 
 Likely insensitive    3 3 
 likely to benefit    4  

high 
Certainty:  (3)     
  medium (2)     2 
  low (1)      
Physiological vulnerability to precipitation change:  Score  
 Likely highly sensitive   1  

 Likely moderately sensitive   2 2 
 Likely insensitive    3 3 
 Likely to benefit    4  

high 
Certainty:  (3)      
  medium (2)     2 
  low (1)      
Vulnerability to change in frequency/degree    
of extreme weather events:    Score
 Likely highly sensitive   1  
 Likely moderately sensitive   2 2 
 Likely insensitive    3 3 
 likely to benefit    4  

high 
Certainty:  (3)     3 
  medium (2)      
  low (1)      
Recolonization capability:    Score
 Low     1  
 Moderate     2  
 High     3 3 

Likely extent of habitat change    
due to climate change  Score  
 all or most (>50%)  1  
 some (20-50%)  2  
 no change  3  

some gain (20-
 50%)  4 4 
 large gain (>50%)  5 5 
Certainty:  high (3)    
  medium (2)   2 
  low (1)    
Dependence on temporal inter-
relations: Score  
 highly dependent  1 
 moderately dependent 2 2 

 independent  3 3 
Certainty:  high (3)    
  medium (2)   2 
  low (1)   
Dependence on other species: Score  
 highly dependent  1  
 moderately dependent 2 2 
 independent  3 3 
Certainty:  high (3)    

  medium (2)   2 
  low (1)    
Ability to utilize mesic or xeric species  
 Not able   1 1
 Able   2 2 
Certainty:  high (3)   3
  medium (2)    
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high 
Certainty:  (3)     3
  medium (2)      
  low (1)      
Degree of habitat specialization:   Score 
 Highly specialized    1  
 Moderately specialized   2 2 
 Generalist     3 3

high 
Certainty:  (3)      
  medium (2)     3 
  low (1)      

   low (1)    
Ability to utilize non-native vegetation   
 Not able   1 1 
 Able   2 2 
Certainty:  high (3)   3 
  medium (2)    
  low (1)    

Dependence on gallery forest    
 Highly dependent  1  
 Somewhat dependent 2  
 Independent  3 3 

Certainty:  high (3)   3 
  medium (2)    
  low (1)    
Dependence on wetland, or standing or flowing water 
 Highly dependent  1  

 Somewhat dependent 2 2 
 Independent  3 3 
Certainty:  high (3)    
  medium (2)   2 
  low (1)    

 

 

        
32 (26 - 

    TOTAL   36)     
Climate change vulnerability scores:       
      Vc1 <17 Highly vulnerable 
      Vc2 17-23 Vulnerable   
      Vc3 24-30 Not vulnerable 

May 
      Vc4 >30 benefit   
              
  Species score: Vc4 (Vc3, Vc4)     

 
 
 
 
 

 
 
 

        
CUMULATIVE CERTAINTY SCORE: 29
  Max. score   36
  Min. score   12
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MODULE 3 - COMBINING BASELINE AND CLIMATE VULNERABILITY SCORES FOR WILLOW        
FLYCATCHER INTO OVERALL VULNERABILITY SCORE (Vo)               
Bold and italics show "best estimate" and "alternate" scores, respectively.           
              
              
  

Vo2 - Vulnerable 

  Vb1 Vb2 Vb3 Vb4   
Vc1 Vo1 Vo1 V02 Vo2 Vo1 - Highly Vulnerable 
Vc2 Vo1 Vo1 Vo2 Vo3 
Vc3 Vo1 Vo2 Vo3 Vo4 Vo3 - Least Vulnerable 
Vc4 Vo2 Vo3 Vo4 Vo4 Vo4 - Not Vulnerable  

             

     
      
       
      
      
      
              
  Species score:  Vo4 (Vo2)         
 
MODULE 4 - CERTAINTY/UNCERTAINTY ANALYSIS FOR WILLOW FLYCATCHER         
              
     Max. Scores  

Module 1 30   
Module 2 36   
Both Modules 66   
     

Total 
Score  Certainty Evaluation
22-32  Low   
33-45  Medium   
>45  High   

      
         
         
         
         

          
         
         
         
              

  
Module Module 

  1 2 Both   
Total score 25 30 55 Certainty Score - High 
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MODULE 1 - CATEGORIZING THE "BASELINE" VULNERABILITY (Vb) OF YELLOW-BILLED CUCKOO      

IN THE SPRNCA. Bold scores represent "best estimates" others are alternate scores.         
Current population size in SPRNCA:  Score
 <50    1 1
 50-100    2 2 
 >100    3 

high  Certainty  (3)   3
  medium (2)    
  low (1)     
Regional population trend in last 50 years: Score 
 >50% reduction   1 1 
 >20% reduction   2 2 
 Apparently stable   3 
 Increasing    4 

high  Certainty:  (3)   
  medium (2)    2 
  low (1)     
Current regional population trend:  Score
 rapid decline   1 
 slow decline   2 2 
 stable    3 3
 increasing    4  

high 
Certainty:  (3)    
  medium (2)    2 
  low (1)     
Regional range trend in last 50 years  Score
 >50% reduction   1 1
 >20%reduction   2 2 
 apparently stable   3  
  increasing   4 

high 
Certainty:  (3)    
  medium (2)    2 
  low (1)     

  Likely future non-climate stressor trends: Score 
 increase    1 1
 stable    2 2 
 reduction    3 

Certainty:  high (3)    
  medium (2)    2 
  low (1)     
Replacement time for individuals:  Score 
 > 5 years    1  
 2-5 years    2 2
 <2 years    3 3 
 <1 year    4 

Certainty:  high (3)    3
  medium (2)     
  low (1)     
Likely future vulnerability to     
stochastic events:    Score
       
 vulnerable    1 1 
 not vulnerable   2 2

 benefiting    3  
Certainty:  high (3)     
  medium (2)    2 
  low (1)    
Likely future vulnerability to    
policy or management changes  Score  
 Highly vulnerable   1  
 vulnerable    2 2 

 not vulnerable   3 3
Certainty:  high (3)    3 
  medium (2)     
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Current regional range trend:   Score
 rapid reduction   1 
 slow reduction   2 2
 stable    3 3
 increasing    4  

    low (1)    
Likely future vulnerability to    
natural stressors:    Score 
 Highly vulnerable   1 1
 vulnerable    2 2 

  not vulnerable   3  
Certainty:  high (3)     
  medium (2)    2 
  low (1)    

 
  
  
  

Certainty:  
high 
(3)    3
medium (2)  
low (1)  

 
     
     
        
  TOTAL SCORE 20 (14 - 24)   
Baseline vulnerability scores:       
    Vb1 <16 Highly vulnerable 
    Vb2 16-21 Vulnerable   
    Vb3 22-27 Least Vulnerable 
    Vb4 >27 Not Vulnerable 

Species score: Vb3 (Vb1, Vb3)   

        
 CUMULATIVE CERTAINTY SCORE:   24 

            
  Max. score 30     
  Min. score 10     
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MODULE 2 - CATEGORIZING THE VULNERABILITY OF YELLOW-BILLED CUCKOO IN THE SPRNCA TO  
CLIMATE CHANGE (Vc). Bold scores represent "best estimates" others are alternate scores.   

  
    

Physiological vulnerability to temperature increase: Score  
 Likely highly sensitive   1 1 
 Likely moderately sensitive   2 2 
 Likely insensitive    3 
 likely to benefit    4  

high 
Certainty:  (3)      
  medium (2)      
  low (1)     1 
Physiological vulnerability to precipitation change:  Score  
 Likely highly sensitive   1  

 Likely moderately sensitive   2 2 
 Likely insensitive    3  
 Likely to benefit    4  

high 
Certainty:  (3)    
  medium (2)      
  low (1)     1 
Vulnerability to change in frequency/degree    
of extreme weather events:    Score
 Likely highly sensitive   1 1 
 Likely moderately sensitive   2 2 
 Likely insensitive    3 
 likely to benefit    4  

high 
Certainty:  (3)      
  medium (2)      
  low (1)     1
Recolonization capability:    Score
 Low     1 
 Moderate     2 
 High     3 3 

Likely extent of habitat change   
due to climate change  Score 
 all or most (>50%)  1 1 
 some (20-50%)  2 2
 no change  3  

some gain (20-
 50%)  4  
 large gain (>50%)  5  
Certainty:  high (3)    
  medium (2)   2 
  low (1)    
Dependence on temporal inter-
relations: Score  
 highly dependent  1 1 
 moderately dependent 2 2 

 independent  3
Certainty:  high (3)    
  medium (2)   2 
  low (1)   
Dependence on other species: Score 
 highly dependent  1 1 
 moderately dependent 2 2 
 independent  3 
Certainty:  high (3)    

  medium (2)   2 
  low (1)    
Ability to utilize mesic or xeric species  
 Not able   1 1 
 Able   2  
Certainty:  high (3)   3
  medium (2)    
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high 
Certainty:  (3)     3
  medium (2)      
  low (1)      
Degree of habitat specialization:   Score
 Highly specialized    1 1 
 Moderately specialized   2  
 Generalist     3 

high 
Certainty:  (3)     3
  medium (2)      
  low (1)      

   low (1)    
 Ability to utilize non-native vegetation  
 Not able   1 1 
 Able   2  
Certainty:  high (3)   3
  medium (2)    
  low (1)   

Dependence on gallery forest   
 Highly dependent  1 1 
 Somewhat dependent 2  
 Independent  3  

Certainty:  high (3)   3 
  medium (2)    
  low (1)    
Dependence on wetland, or standing or flowing water 
 Highly dependent  1  

 Somewhat dependent 2 2 
 Independent  3 3 
Certainty:  high (3)    
  medium (2)   2 
  low (1)   

 

   
 

  

  

        
19 (16 - 

    TOTAL   22)     
Climate change vulnerability scores:       
      Vc1 <17 Highly vulnerable 
      Vc2 17-23 Vulnerable   
      Vc3 24-30 Not vulnerable 

May 
benefit       Vc4 >30   

              
  Species score: Vc2 (Vc1)       

 
 
 
 
 

 
 
 

        
CUMULATIVE CERTAINTY SCORE: 27

  Max. score   36
  Min. score   12
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MODULE 3 - COMBINING BASELINE AND CLIMATE VULNERABILITY SCORES FOR YELLOW-BILLED CUCKOO 
INTO OVERALL VULNERABILITY SCORE (Vo)             
(bold and italics show "best estimate" and "alternate" scores, respectively     

  
      
      

              
    Vb1 Vb2 Vb3 Vb4   

Vc1 Vo1 Vo1 V02 Vo2 Vo1 - Highly Vulnerable 
Vo2 - Vulnerable Vc2 Vo1 Vo1 Vo2 Vo3 

Vc3 Vo1 Vo2 Vo3 Vo4 Vo3 - Least Vulnerable 
Vo4 - Not Vulnerable  Vc4 Vo2 Vo3 Vo4 Vo4 

     
      
       
      
      
  Species score:  Vo2 (Vo1 )         
MODULE 4 - CERTAINTY/UNCERTAINTY ANALYSIS FOR YELLOW-BILLED CUCKOO         
              
     Max. Scores  

Module 1 30   
Module 2 36   
Both Modules 66   
     

Total 
Score  Certainty Evaluation
23-32  Low  
33-45  Medium  
>45  High   

      
         
         
         
         

          
          
          
         
              

  
Module Module 

  1 2 Both   
Total score 24 27 51 Certainty Score - High 
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MODULE 1 - CATEGORIZING THE "BASELINE" VULNERABILITY (Vb) OF BOTTERI'S SPARROWS IN THE 
SPRNCA. Bold scores represent "best estimates" others are alternate scores.   

  

      
Current population size in SPRNCA:  Score
 <50    1  
 50-100    2 2 
 >100    3 3

high  Certainty  (3)   
  medium (2)   2 
  low (1)     
Regional population trend in last 50 years: Score 
 >50% reduction   1 
 >20% reduction   2  
 Apparently stable   3 3 
 Increasing    4 

high  Certainty:  (3)   
  medium (2)     
  low (1)    1 
Current regional population trend:  Score
 rapid decline   1 
 slow decline   2 
 stable    3 3 
 increasing    4  

high 
Certainty:  (3)    
  medium (2)    2 
  low (1)     
Regional range trend in last 50 years  Score
 >50% reduction   1 
 >20%reduction   2  
 apparently stable   3 3 
  increasing   4 

high 
Certainty:  (3)    

  Likely future non-climate stressor trends: Score 
 increase    1 1
 stable    2 2 
 reduction    3 

      
Certainty:  high (3)     
  medium (2)    2 
  low (1)    
Replacement time for individuals:  Score 
 > 5 years    1  
 2-5 years    2
 <2 years    3 3

 <1 year    4 4 
Certainty:  high (3)    3 
  medium (2)     
  low (1)    
Likely future vulnerability to     
stochastic events:    Score
 vulnerable    1  
 not vulnerable   2 2

 benefiting    3 3 
Certainty:  high (3)     
  medium (2)    2 
  low (1)    
Likely future vulnerability to    
policy or management changes  Score  
 Highly vulnerable   1
 vulnerable    2 2

 not vulnerable   3 3 
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  medium (2)     
  low (1)    1 
Current regional range trend:   Score
 rapid reduction   1 
 slow reduction   2 
 stable    3 3 
 increasing    4 

high 
Certainty:  (3)    
  medium (2)    2 
  low (1)     

Certainty:  high (3)     
  medium (2)    2 
  low (1)    
Likely future vulnerability to    
natural stressors:    Score
 Highly vulnerable   1 
 vulnerable    2 

 not vulnerable   3 3 
Certainty:  high (3)     
  medium (2)    2 
  low (1)    

   
  

   
 

  

  

        
  TOTAL SCORE 29 (25 - 30)   
Baseline vulnerability scores:       
    Vb1 <16 Highly vulnerable 
    Vb2 16-21 Vulnerable   
    Vb3 22-27 Least Vulnerable 
    Vb4 >27 Not Vulnerable 

Species score: Vb4 (Vb3)   

        
 CUMULATIVE CERTAINTY SCORE:   19

  Max. score 30     
  Min. score 10     
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MODULE 2 - CATEGORIZING THE VULNERABILITY OF BOTTERI'S SPARROWS IN THE SPRNCA TO 
CLIMATE CHANGE (Vc). Bold scores represent "best estimates" others are alternate scores. 

    
      

Physiological vulnerability to temperature increase: Score  
 Likely highly sensitive   1  
 Likely moderately sensitive   2  
 Likely insensitive    3 3 
 likely to benefit    4 4 

high 
Certainty:  (3)     
  medium (2)      
  low (1)     1 
Physiological vulnerability to precipitation change:  Score  
 Likely highly sensitive   1 1 

 Likely moderately sensitive   2 2 
 Likely insensitive    3  
 Likely to benefit    4  

high 
Certainty:  (3)    
  medium (2)      
  low (1)     1 
Vulnerability to change in frequency/degree    
of extreme weather events:    Score
 Likely highly sensitive   1  
 Likely moderately sensitive   2  
 Likely insensitive    3 3 
 likely to benefit    4 4 

high 
Certainty:  (3)      
  medium (2)      
  low (1)     1
Recolonization capability:    Score
 Low     1
 Moderate     2
 High     3 3 

Likely extent of habitat change   
due to climate change  Score 
 all or most (>50%)  1  
 some (20-50%)  2  
 no change  3  

some gain (20-
 50%)  4 4
 large gain (>50%)  5 5 
Certainty:  high (3)    
  medium (2)   2 
  low (1)    
Dependence on temporal inter-
relations: Score  
 highly dependent  1  
 moderately dependent 2 2 

 independent  3 3 
Certainty:  high (3)    
  medium (2)   2 
  low (1)   
Dependence on other species: Score 
 highly dependent  1  
 moderately dependent 2 2 
 independent  3 3 
Certainty:  high (3)    

  medium (2)   2 
  low (1)    
Ability to utilize mesic or xeric species  
 Not able   1 1
 Able   2 2 
Certainty:  high (3)   3
  medium (2)    
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high 
Certainty:  (3)     3
  medium (2)      
  low (1)      
Degree of habitat specialization:   Score
 Highly specialized    1 1 
 Moderately specialized   2 2 
 Generalist     3

high 
Certainty:  (3)     3
  medium (2)      
  low (1)      

   low (1)   
Ability to utilize non-native vegetation  
 Not able   1 1 
 Able   2 2
Certainty:  high (3)   3
  medium (2)    
  low (1)   

 Dependence on gallery forest  
 Highly dependent  1  
 Somewhat dependent 2  
 Independent  3 3 

Certainty:  high (3)   3 
  medium (2)    
  low (1)    
Dependence on wetland, or standing or flowing water 
 Highly dependent  1  

 Somewhat dependent 2 2 
 Independent  3 3 
Certainty:  high (3)    
  medium (2)   2 
  low (1)   

 
 

    
  

   

  

        
32 (26 -

    TOTAL   36)     
Climate change vulnerability scores:       
      Vc1 <17 Highly vulnerable 
      Vc2 17-23 Vulnerable   
      Vc3 24-30 Not vulnerable 

May 
      Vc4 >30 benefit   
              
  Species score: Vc4 (Vc3)       

 
 
 
 
 

 
 
 

        
         
              
        CUMULATIVE CERTAINTY SCORE: 29

  Max. score     
  Min. score     
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MODULE 3 - COMBINING BASELINE AND CLIMATE VULNERABILITY SCORES FOR BOTTERI'S SPARROW     
INTO OVERALL VULNERABILITY SCORE (Vo). Bold and italics show "best estimate" and "alternate" scores, respectively. 
              
    Vb1 Vb2 Vb3 Vb4   

Vc1 Vo1 Vo1 V02 Vo2 Vo1 - Highly Vulnerable 
Vo2 - VulnerableVc2 Vo1 Vo1 Vo2 Vo3 

Vc3 Vo1 Vo2 Vo3 Vo4 Vo3 - Least Vulnerable 
Vo4 - Not Vulnerable Vc4 Vo2 Vo3 Vo4 Vo4 

     
      
        
      
       
              
  Species score:  Vo4 (Vo3)         
 
MODULE 4 - CERTAINTY/UNCERTAINTY ANALYSIS FOR BOTTERI'S SPARROW         
              
     Max. Scores  

Module 1 30   
Module 2 36   
Both Modules 66   
     

Total 
Score  Certainty Evaluation
23-32  Low  
33-45  Medium  
>45  High   

      
         
         
         
         

          
          
          
         
              

  
Module Module 

  1 2 Both   
Total score 19 29 48 Certainty Score - High 
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This document presents a breeding season Habitat Suitability Index (HSI) model for Botteri’s 
sparrows (Aimophila botterii arizonae), intended for use in the San Pedro Riparian National 
Conservation Area (SPRNCA). This model, which quantifies the habitat relationships of the 
species, is the result of a review of the scientific literature, focusing mainly on those studies that 
address habitat use by the species in Arizona during the breeding season. The resulting draft 
model was tested in the San Pedro in areas where the breeding densities of Botteri’s sparrow had 
been quantified in previous surveys. The model will be used, in conjunction with vegetation 
community and climate modeling predictions, to evaluate the potential effects of global climate 
change on the ability of the SPRNCA to provide breeding habitat for this species in the future. 
 

1.1  Breeding Botteri’s sparrows in North America and the SPRNCA  
 

Currently the Botteri’s sparrow is limited as a breeding species in North America to two distinct 
and non-contiguous areas: southeastern Arizona and southwestern New Mexico, and coastal 
south Texas. There is evidence that its historical breeding distribution may have been more 
extensive (though confined to the arid southwest and Texas) but contracted due to habitat 
fragmentation and loss through overgrazing by livestock (Webb and Bock, 1996).  The wintering 
range of the Arizona subpopulation (A. b. arizonae) is not known but is probably in central and 
southern Mexico.  
 
Within the SPRNCA, the species is a fairly common summer resident and breeder from 
Charleston south to Palominas (Kreuper, 1997). First arrivals in the spring are in late April and 
the birds usually leave the area in Sep-Oct (Kreuper, 1997, Webb and Bock, 1996). Its breeding 
distribution in the SPRNCA and southeastern Arizona, in general, is confined to areas of tall 
native grasslands, primarily giant sacaton stands in relatively flat outwash areas (Jack Whetstone, 
BLM, pers. comm.). It differs from the closely related Cassin’s sparrow (Aimophila cassinii) in 
that the latter prefers less tall and less dense grassland stands and can tolerate greater densities of 
shrubs such as mesquite (Dunning et al., 1999).  
 
The species’ timing of breeding is largely determined by the advent of the summer rains in 
southeastern Arizona, which typically occur from July to August. This timing allows the birds to 
exploit the seasonal flush of invertebrate biomass, particularly Orthopterans (Webb and Bock, 
1996).    
 
1.2 HSI models 
 
HSI models evaluate the likely impacts of any actual or potential changes in habitat quality on 
carrying capacity (defined here as the habitat’s capacity to support organisms) for either a single 
species, a guild of species, or biodiversity in general. HSI models achieve this by: 
 

5. Identifying the critical habitat variables that affect the carrying capacity of habitat. 
 

6. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 
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7. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

8. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  

 
Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), evaluating the potential effects of climate change and aquifer 
depletion on biota (Galbraith et al., in press),  and estimating the exposure to contaminants of 
wildlife species.  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities.  
 
U.S. Fish and Wildlife Service has developed approximately 160 HSI models. These include 85 
terrestrial species (62 birds, 17 mammals, and 6 reptiles and amphibians). The remainder 
comprise marine and freshwater organisms. Most of the models have specific geographic, 
habitat, and seasonal areas of applicability. For example, the model for American woodcock, 
Scolopax minor, applies only to the species’ wintering range in the southeastern states (Cade, 
1985). In addition to the single-species HSI models, U.S. Fish and Wildlife has also developed a 
few models that quantify the carrying capacity of habitat for groups of species, for example 
habitat guild models (Short, 1983), or for wildlife diversity in general (Short, 1984). 
 
No previously developed HSI model exists for Botteri’s sparrow. This model has been developed 
for the species in its breeding range in southern Arizona and it might not be applicable, without 
modification, elsewhere in its breeding range. 
  
1.3 Approach used in the development of this HSI model 
 
The components and structure of this model were based on a literature review of the habitat 
preferences Botteri’s sparrows in their breeding habitat in southeastern Arizona. The literature 
sources are cited in section 5. The resulting draft model was then tested in the SPRNCA in areas 
of known sparrow density. Based on these results, the model was modified and finalized.  
1.4 Seasonal and geographical applicability of this HSI model 

 
This model is intended for use only during the breeding season (May – September) and in 
grassland habitat in southeastern Arizona. Without modification, it might not be applicable to 
breeding sites elsewhere.  
 
2. HABITAT INFORMATION 
 
2.1 General 
 
Botteri’s sparrow is confined as a breeding bird in southern Arizona to stands of grasslands, 
particularly to giant sacaton stands. Densities are highest in those sacaton stands that are tall and 
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dense with a high representation of senescent plants (Webb and Bock, 1996). They generally 
avoid areas of high shrub density or grasslands that are dominated by non-native species. Thus, 
overgrazing of native grasslands, and their reduced density or replacement by invasive species 
reduces their attractiveness to Botteri’s sparrows. This may have been responsible for the rage 
fragmentation and habitat loss that occurred in the past in the southwest. When overgrazed or 
disturbed areas have been reseeded with native species of grasses, Botteri’s sparrows may 
recolonize (Webb and Bock, 1996). 
 
The grassland stands most favored by Botteri’s sparrows are to a great extent limited by 
topography, occurring only on relatively flat and poorly drained outwash areas, or on riparian 
flats. Better drained, steeper grassslands tend to be dominated by less lush growths of other grass 
species. 
 
2.2 Specific habitat requirements/preferences 
 
The specific habitat features in this section are based on the published scientific literature, 
particularly on the results obtained by Webb (1985) and reported in Webb and Bock (1996). The 
specific features are identified below: 
 
V1. Major Community Type in 100m radius of sampling point. Breeding Botteri’s sparrows in 
southeastern Arizona are confined to grasslands. Within that broad habitat type they can breed in 
areas with emergent shrubs (e.g., mesquite and ocotillo), but only at very low densities. This 
relationship is shown below and in Figure 1. 
 

% GRASS COVER DOMINANCE SUITABILITY INDEX 
    
  0-40%      0.05 
  40-60%     0.2 
  60-80%     0.6 
  >80%      1.0 
  
V2. Giant Sacaton Dominance in 20 m. radius of sampling point. Grasslands dominated by giant 
sacaton (Sporobolus wrightii) comprise the preferred habitat in southeastern Arizona (Webb and 
Bock, 1996). They will also breed in other grasslands, for example those with a high 
representation of tobosa (Hilaria mutica), but at lower densities.. This relationship is shown 
below and presented graphically in Figure 2. 
 
 
 
 

% SACATON DOMINANCE SUITABILITY INDEX 
  
  <40%     0.1 
  40-60%    0.5 
  60-80%    0.8 
  >80%     1.0 



 

V3. Mean Height of Sacaton in 20 m. radius of sampling point. Based on information in Webb 
and Bock (1996), the following sacaton stand height and habitat suitability categorization has 
been hypothesized (presented graphically in Figure 3): 
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MEAN HEIGHT (M)  SUITABILITY INDEX (SI) 
 
<0.2      0.1 
0.2-0.5      0.3 
0.5-1.0      0.7 
>1.0      1.0 

 
V4. Density of sacaton in 20m radius of sampling point. Based on information from  Webb and 
Bock (1996), the following sacaton density and habitat suitability categorization has been 
developed:  
 

MEAN DENSITY    SUITABILITY INDEX (SI) 

Sparse (easy to see >5m at waist height)  0.2 
Dense (easy to see >3m at waist height)  0.6 
Very dense (cannot see >2m at waist height)  1.0 

 
This relationship is presented graphically in Figure 4. 
 
V5. Sacaton senescense. Based on information from  Webb and Bock (1996), the following 
sacaton density and habitat suitability categorization has been developed: 
 
% COVER SENESCENT GRASS IN 10M RADIUS SUITABILITY INDEX 
 <10%        0.1 

10-30%       0.3 
30-50%       0.6 
>50%        1.0 
 

This relationship is presented graphically in Figure 5. 
 

V6. Percent forbs or non-native grasses in 20 m radius of sampling point). Based on information 
in Webb and Bock (1996), the following forb/non-native grass species cover and habitat 
suitability categorization has been developed:  
 
 

% COVER   SUITABILITY INDEX (SI) 
 
>30%     0.05 
20-30%    0.2 
10-20%    0.6 
<10%     1.0 
 

This relationship is presented graphically in Figure 6. 

 
 
 
 



 

Micro-climate. There is some evidence that Botteri’s sparrows select nest sites that provide 
optimal micro-climatic conditions (Webb and Bock, 1996), by selecting sites that are shaded 
from the direct heat of the sun. Also, the breeding season of the species is determined by the 
timing of monsoonal rains. In these two ways, therefore, climate and variability in weather 
influence the breeding ecology of the species. If sacaton grasslands were to become more open 
due to climate change  (or any other stressor, such as overgrazing) it could affect nest site habitat 
quality. This eventuality would be detected and addressed by the variables described above. 
Thus, by focusing on grass density, height and senescence, the model already addresses the 
potential outcomes of this habitat variable. A change in the timing or severity of the monsoonal 
rains would not be incorporated by the model, but would be addressed separately in the overall 
evaluation of climate change on the species’ ecology. 
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3. MODEL APPLICATION 
 
The six variables described above are combined into an index of the overall assessment of the 
habitat suitability (HSI) of a particular patch of grassland habitat using the following 6th root 
algorithm: 
 

HSI = (V1xV2xV3xV4xV5xV6) 1/6 
 
The HSI values obtained using this equation range between 0 and 1.0 (lowest and highest 
estimates of suitability, respectively). 
 
 
4. FIELD TEST RESULTS 
 
The Botteri’s sparrow draft model was tested in June, 2003 at sites on the San Pedro River where 
Bureau of Land Management surveys had quantified densities of singing males in each year 
between 1986 and 1990. In the absence of visual evidence to the contrary, it was assumed that 
little or no habitat change had occurred between the survey years and the present. The results of 
the field test of the model are presented in Figure 7. These results show that the predictions of 
the HSI model regarding habitat suitability are accurate (if it is assumed that breeding density is 
a reflection of at least short term habitat quality), except at sites where HSI values are less than 
about 0.3. Apparently, Botteri’s sparrows in the San Pedro do not consider such sites as 
providing habitat.  Thus, the HSI model developed for this study is a reasonable predictor of 
breeding habitat quality for the study species  
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Figure 1. Grass Cover Dominance and Habitat Suitability
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Figure 2. Relationship Between Sacaton Dominance and 
Habitat Suitability
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Figure 3. Relationship Between Sacaton Height and 
Suitability Index 
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Figure 4. Relationship Between Sacaton Density and 
Habitat Suitability
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Figure 5. Cover of Senescent Sacaton and Habitat 
Suitability

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

<10 10-30 30-50 >50

Cover of Senescent Grass

Su
ita

bi
lit

y 
In

de
x

 

 251

 

Figure 6. Relationship Between Cover of Forbs or Non-
native grasses and Habitat Suitability
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Figure 7. Results of field test of Botteri’s sparrow model. 

 252

 

Botteri's sparrow HSI and density
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This document presents a Habitat Suitability Index (HSI) model for the southern Arizona 
population of the southwestern willow flycatcher, Empidonax traillii extimus, It is intended for 
use in the San Pedro Riparian National Conservation Area (SPRNCA). This model, which 
quantifies the habitat relationships of the species, is the result of field testing a previous draft 
version of the model (Galbraith, 2002) and incorporating comments on that previous version by 
Arizona willow flycatcher researchers. This resulting model will be used, in conjunction with 
vegetation community and climate modeling predictions, to evaluate the potential effects of 
global climate change on the ability of the SPRNCA to provide habitat for this species in the 
future. 
 

1.1  Current and historical distribution, habitat, and status of the southwestern willow 
flycatcher 
 

The southwestern willow flycatcher is a summer visitor to North America. Mainly because of 
identification difficulties, little is known about the migration and wintering areas of this race of 
willow flycatcher, though the species as a whole probably winters in Central and South America, 
south to Panama and northern Colombia (Finch et al., 2000; Sedgwick, 2000).  
 
Throughout most of its breeding range the willow flycatcher is confined to brushy thickets 
associated with standing or slow-moving water (Sedgwick, 2000). The southwestern willow 
flycatcher is largely restricted as a breeding species to riparian shrubby thickets in an otherwise 
arid or semi-desert landscape (Sogge and Marshall, 2000; U.S. Fish and Wildlife Service, 1997; 
U.S. Fish and Wildlife Service, 2001; Arizona Game and Fish Department unpublished data; 
Paradzick and Woodward, in press; Allison et al., in press).  
 
The breeding distribution of the southwestern willow flycatcher once included most of the 
riparian river reaches in the southwestern states (California, Arizona, Utah, New Mexico, 
Colorado, Nevada, and Texas). However, the status and distribution of the species has been 
greatly altered during the late 19th and 20th centuries by human land use patterns. Widespread 
destruction of riparian habitat by agriculture, mining, dams, water withdrawals, and urbanization 
has led to the eradication of many subpopulations and a radical reduction in range and numbers. 
Throughout its breeding range there are now likely to be fewer than 850 occupied territories, 
with about 341 at 91 sites in Arizona, 224 at 65 sites in California, 263 at 32 sites in New 
Mexico, and 37 at 5 sites in Colorado (the remainder are in Utah and Nevada) (Sogge et al., 
2001). In response to these low numbers and to continuing anthropogenic threats to the 
subspecies’ habitats, U.S. Fish and Wildlife Service listed the subspecies under the Endangered 
Species Act as “endangered” in 1995. 
 
Southwestern willow flycatchers have bred or have been reported occupying territories in the 
SPRNCA: at Charleston in 1977 and Hereford in 1989 (Krueper, 1997); at Gray Hawk ranch in 
1994 and two territories in the “upper San Pedro” in 1996, and one in 1997 (Paradzick and 
Woodward, in review). They may be considered intermittent and rare breeders in the area. 
 
 
1.2 HSI models 
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HSI models evaluate the likely impacts of any actual or potential changes in habitat quality on 
carrying capacity (defined here as the habitat’s capacity to support organisms) for either a single 
species, a guild of species, or biodiversity in general. HSI models achieve this by: 
 

9. Identifying the critical habitat variables that affect the carrying capacity of habitat. 
 

10. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 

 
11. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

12. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  

 
Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), and estimating the exposure to contaminants of wildlife species 
(Galbraith et al., 2001).  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities.  
 
U.S. Fish and Wildlife Service has developed approximately 160 HSI models. These include 85 
terrestrial species (62 birds, 17 mammals, and 6 reptiles and amphibians). The remainder 
comprise marine and freshwater organisms. Most of the models have specific geographic, 
habitat, and seasonal areas of applicability. For example, the model for American woodcock, 
Scolopax minor, applies only to the species’ wintering range in the southeastern states (Cade, 
1985). In addition to the single-species HSI models, U.S. Fish and Wildlife has also developed a 
few models that quantify the carrying capacity of habitat for groups of species, for example 
habitat guild models (Short, 1983; Schroeder, 1986), or for wildlife diversity in general (Short, 
1984). 
 
No HSI model exists for the southwestern willow flycatcher in any part of its breeding range. It 
is one of the objectives of this research project to develop and apply such a model in the San 
Pedro to evaluate the potential effects of climate change to the biota of the riparian systems.  
 
1.3 Approach used in the development of this HSI model 
 
The components and structure of this model were initially based on a literature review of the 
habitat preferences and patterns of use of southwestern willow flycatchers. This resulted in a 
draft model (Galbraith, 2002). This provided a focus for discussions with southwestern willow 
flycatcher researchers in Arizona, and model modification and testing in the field. Chuck 
Paradzick and April Woodward, willow flycatcher researchers with Arizona Game and Fish 
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Department, commented on the draft model. It was then tested along the lower San Pedro and 
Gila Rivers at Paradzick and Woodward study sites with known flycatcher densities. Based on 
the comments of Paradzick and Woodward and the field test results the draft model was 
modified, resulting in this version. 
 
1.5 Seasonal and geographical applicability of this HSI model 

 
This model is intended for use only during the breeding season and in riparian habitat in southern 
Arizona. It need not necessarily be applicable to sites elsewhere where willow 
flycatcher habitat preferences may be different. 
 
 
2. HABITAT INFORMATION 
 
2.3 General 
 
Currently the southwestern willow flycatcher breeds from near sea level to over 8,000 feet above 
sea level in California, New Mexico, Colorado, Arizona, Utah, Texas, and Nevada (U.S. Fish 
and Wildlife Service, 2001). In Arizona and the other states within its breeding range, the species 
is almost entirely confined as a breeding species to riparian shrub habitats and forests with well-
developed shrub understories, particularly those dominated by willows (Salix spp.) and by salt 
cedar (Tamarix chinensis) (Sogge and Marshall, 2000; U.S. Fish and Wildlife Service, 1997; 
U.S. Fish and Wildlife Service, 2001; Sedgwick, 2000). It shows a strong preference throughout 
its range for denser, lusher shrub canopies, particularly at nest site height (typically 3-5 meters), 
and avoids sparser cover.  
 
The species does not seem to need a tree canopy (i.e., older or mature willows and cottonwoods 
greater than 10m in height) at its nesting sites. Many sites are shrub-dominated, with few or no 
trees present. At other sites, birds do nest in riparian forest, but only where there is a lush shrub 
understory. Thus, it appears that it is the shrub habitat layer that is most important to the nesting 
birds. In Arizona, the two breeding sites with the largest populations, Roosevelt Lake and the 
Gila/San Pedro River confluence, are largely shrub dominated with only scattered tree canopies 
(Paradzick and Woodward, in press). Between them, these two sites held over 70% of the total 
Arizona breeding population in 2000 (Paradzick and Woodward, in press). 
 
While, historically, southwestern willow flycatchers were largely confined to salix-dominated 
habitats, they, apparently, are able to inhabit and successfully breed in habitats with high 
proportions, or even dominated by, invasive shrubs (especially salt cedar). At many areas in the 
two main breeding sites in Arizona (Lake Roosevelt and the Gila/San Pedro River confluence) 
salt cedar is an important co-dominant (with willow), or is dominant (Paradzick and Woodward, 
in press). Nesting success does not appear to be impaired by nesting in salt cedar-dominated 
habitats: in Arizona between 1993 and 1999, percent nest success (the percentage of nests that 
fledged one or more young) was 54% in salt cedar-dominated habitats and 39% in native spp.-
dominated habitats (U.S. Fish and Wildlife Service, 2001).        
 
2.4 Specific habitat requirements/preferences 



 

The specific habitat features in this section are based on the published scientific literature, 
conversations with southwestern willow flycatcher researchers and observations in the field at 
breeding sites on the Lower San Pedro and the Gila rivers where nesting habitat typically 
comprises dense shrub cover (where shrubs are defined as woody vegetation up to approximately 
10 m in height, e.g., saltcedar, willow, and cottonwood saplings). 
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Shrub Patch size. Nesting southwestern willow flycatchers have occurred in isolated shrub 
patches as small as 0.6 ha and as large as 100 ha (U.S. Fish and Wildlife Service, 2001).  In New 
Mexico on the Gila River, occupied patch size ranged down to 0.9 ha (Skaggs, 1996). Breeding 
success and productivity in the smallest patch sizes have not been reported, it is possible, 
however, that nesting in smaller patches (with shorter interior-edge distances, may make 
flycatchers vulnerable to cowbird parasitism and to predation). 
 
Although small shrub patches (<1 ha) may be used by flycatchers, this occurs mainly in areas 
where other such patches exist in close proximity (Paradzick and Woodward pers comm).  Thus 
the landscape matrix within which the patch exists is important. Small isolated patches (i.e., no 
other patches within 100m) are not likely to comprise as acceptable breeding habitat.  
 
Patch width. According to U.S. Fish and Wildlife Service (2001), southwestern willow 
flycatchers do not generally nest in riparian patches with widths of less than 10 meters. Nesting 
in narrower patches might also expose the flycatchers to greater nest predation/parasitism risk. 
 
Shrub canopy height. Higher shrub canopies are preferred as nesting sites by flycatchers. Allison 
et al. (in press) found in Arizona that each additional meter of canopy height more than tripled 
the probability that a site would be occupied. Paradzick and Woodward (in press) found that sites 
with median canopy heights within 6-12 meters were preferred by flycatchers. Thus 6 to 10 
meters appears to be the typical range in shrub canopy height that provides suitable habitat for 
flycatchers in the study region. 
 
Shrub canopy cover.  Southwestern willow flycatchers typically nest in areas of shrub cover that 
are almost continuous, but that also have interspersed breaks in the canopy (either patches bare 
of shrubs or areas where there the canopy cover is thin). These more open areas could be 
important as feeding sites and as song perches for the males (Allison et al., in press).  
 
Shrub density at 3-5 meters. Studies in Arizona and elsewhere have shown a clear preference for 
nesting in shrub patches where foliage density at about 5 meters and below is high (U.S. Fish and 
Wildlife Service, 2001; Allison et al., in press). Presumably, this is an adaptation to minimize 
nest losses to predators and brood-parasites. Sparse shrub vegetation is avoided as a nesting 
habitat.  
 
Tree canopy cover. As previously stated, southwestern willow flycatchers do not apparently 
require a tree canopy layer in their breeding habitats. However, due to shading, there is likely to 
be an inverse relationship between tree canopy cover and shrub density, and, therefore habitat 
suitability: areas with denser tree canopies are likely to have sparser shrub canopies and, 
therefore, lower habitat suitability. 
 
Distance to standing or slow-moving water. Being a riparian obligate species, southwestern 
willow flycatchers are found only in areas close to standing or slowly-moving water. However, 
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within such sites, there is some evidence that flycatchers prefer areas closer to water as nest sites.  
Marshall (2000) states that territories are seldom more than a “few dozen meters” from water or 
saturated soil, and often nests are placed over water (Whitfield and Enos, 1996; Sferra et al., 
1997). The highest densities of nesting willow flycatchers at the lower San Pedro and Gila study 
sites have consistently been in areas immediately adjacent (i.e., within 10 m) to the river channel 
or where the habitat is flooded either by beaver activity or irrigation (Paradzick and Woodward 
pers comm, Galbraith pers obs.). During the summer drought of 2002, such areas were among 
the few in which flycatchers persisted in their breeding attempts and that were successful in 
raising young. In such areas, the soil moisture content typically ranges from moist to 
permanently or intermittently saturated. 
 
Micro-climate. Being a riparian species, southwestern willow flycatchers typically inhabit 
shaded humid areas in an otherwise arid matrix. However, it is unknown whether this is a direct 
preference for such conditions or a consequence of requiring riparian shrub habitat (which is 
generally shaded and humid).  The main Arizona breeding sites for southwestern willow 
flycatcher are at Roosevelt lake and the Gila/San Pedro River confluence, which are 3000 feet 
lower in elevation than the SPRNCA and where average maximum June/July temperatures are 
about 10oF higher than on the SPRNCA, and where rainfall is generally 6-10 inches less [data 
obtained from the Internet (http://www.wrdc.dri.edu/cgi-bin/cliRECtM.pl?azwink) from weather 
stations at Fort Huachuca, Maricopa, Winkelman, Sacaton, and Florence]. Thus, if climate 
change were to result in hotter and more arid conditions prevailing on the SPRNCA, this might 
not necessarily adversely affect its suitability as a habitat for flycatchers.  
 
 
3. MODEL COMPONENTS  
 
Based on this review of the habitat preferences of southwestern willow flycatchers, the draft HSI 
model will incorporate eight variables (patch area and degree of isolation, width of habitat patch, 
shrub canopy cover, shrub foliage density at 3-5 meters, shrub canopy height, tree canopy cover, 
distance to standing or slow-moving water, soil moistness). The model does not include a micro-
climatic variable (see Section 2.2).  
 
The numerical relationships between each of the variables and habitat suitability are the core of 
the habitat model. These are given below. 
 
V1. Area and degree of isolation of riparian shrub patch. A riparian shrub or forest patch is 
defined as a shrub vegetation community (either with or without a tree canopy), generally less 
than 10 m in height, and dominated by willows and/or salt cedar. Based on data presented in U.S. 
Fish and Wildlife Service (2001), Skaggs (1996), and conversations with Paradzick and 
Woodward, the following patch size, patch isolation  and habitat suitability categorization has 
been developed: 
 

PATCH SIZE (ha)    SUITABILITY INDEX (SI) 

<1 (and no other patches within 100m)  0.05    
<1 (and one or more patches within 100m)  0.2 
1-2       0.3 
2-5       0.5 
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>5       1.0 
 
It is assumed in this categorization that patches smaller than 1 ha do not provide habitat for the 
species unless within a landscape of small paches, that small and medium size patches (1-2 and 
2-5 ha, respectively) provide increasing levels of suitability and that patches larger than 5 ha are 
optimal for the species. This relationship is presented graphically in Figure 1. 
  
V2. Width of riparian patch. Based on information presented in U.S. Fish and Wildlife Service 
(2001), the following patch width and habitat suitability categorization has been hypothesized: 
 

PATCH WIDTH (m)  SUITABILITY INDEX (SI) 
 
<10      0.1 
10-50      0.5 
>50      1.0 
 

 
It is assumed in this categorization that the relationship between patch width and habitat 
suitability is approximately linear and that riparian strips narrower than 10 m do not provide 
habitat for the species. This relationship is presented graphically in Figure 2. 
 
V3. Percent shrub canopy cover in 20 m radius of sampling point). Based on the results reported 
in U.S. Fish and Wildlife Service (2001), Allison et al. (in press), and Paradzick and Woodward 
unpublished results, the following shrub cover and habitat suitability categorization has been 
developed:  
 

% COVER   SUITABILITY INDEX (SI) 
 
<50%     0.05 
50-60%    0.1 
61-80%    0.5 
81-90%    1.0 
>90%     0.8 
 

It is assumed in this categorization that the relationship between % cover and habitat suitability 
is approximately linear, except at very high percent shrub covers where continuous shrub cover 
eliminates the presence of canopy breaks, another important habitat feature for the species. It is 
also assumed that shrub cover that is less than 50% does not provide habitat for flycatchers. This 
relationship is presented graphically in Figure 3. 
 
V4. Shrub foliage density at 3-5 meters. Based on data presented in U.S. Fish and Wildlife 
Service (2001),  Paradzick and Woodward (in press), Marshall (2000), and Sedgwick (2000), the 
following relationship between shrub foliage density at 3-5 m and habitat suitability has been 
developed:  

 
 

FOLIAGE DENSITY SUITABILITY INDEX (SI) 
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Sparse    0.1 
Moderately dense  0.3 
Dense     0.6 
Very dense   1.0 

 
Sparse equates with a site where it is possible to clearly see more than 20 m at 3-5 m elevation 
above ground level from the sampling point for the majority of 360o. Moderately dense equates 
with visibility between 10 and 20m.Dense equates with visibility between 5 and 10 m. Very 
dense equates with visibility less than 5m. This relationship is presented graphically in Figure 4. 
  
V5. Average shrub canopy height within 20 m radius of sampling point. Based on the 
information reported in Paradzick and Woodward (in press), Marshall (2000), and suggestions by 
Paradzick, the following mean shrub canopy height and habitat suitability categorization has 
been developed:  

 
AVERAGE SHRUB CANOPY HEIGHT (m) SUITABILITY INDEX (SI) 

  <4     0.1 
4-5 0.3 
5-6 0.7 
>6     1.0 
 

It is assumed in this categorization that canopy heights of less than 4 meters do not provide 
habitat for flycatchers, and that optimal habitat is reached at 6 meters. This relationship is 
presented graphically in Figure 5. 

 
V6. Tree canopy cover within 20 m radius of sampling point. Based on the relationships among 
tree cover, shading and shrub growth, the following tree canopy (woody vegetation > 10m in 
height) and habitat suitability categorization has been hypothesized: 
 
 

% TREE CANOPY COVER SUITABILITY INDEX (SI) 
 
<10     1.0 
10-25     0.7 
26-50     0.4 
51-75     0.2 
>75     0 
 

It is assumed in this categorization that at high levels of tree canopy cover (>51%) shading is 
such that the surviving shrub layer will probably not be dense enough to provide high quality 
habitat. This relationship is presented graphically in Figure 6. 
 
V7. Distance to standing or slow-moving water. Based on information presented in Marshall 
(2000), Whitfield and Enos (1996), and Sferra et al. (1997), and personal observations on the 
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lower San Pedro and Gila rivers, the following distance to water (defined as standing or slow 
moving water greater than 5 meters in diameter or 2 meters in width) and habitat suitability 
categorization has been developed:  

 
DISTANCE (m)   SUITABILITY INDEX (SI) 

 
<5     1.0 
5-10     0.6 
11-20     0.4 
>20     0.2 
 

 
It is assumed in this categorization that even sites distant from water may provide low quality 
flycatcher habitat. This relationship is presented graphically in Figure 7. 
 
V8. Degree of soil waterlogging. On the lower San Pedro River and its confluence with the Gila 
River, southwestern willow flycatchers prefer nesting habitat that has at least moist soils, or, 
optimally, wet or waterlogged soils (Paradzick and Woodward pers comm.). Based on this the 
following variable categorization has been developed: 
 

SOIL MOISTNESS     SUITABILITY INDEX (SI)    
completely dry     0.1 
generally damp     0.3 
wet       0.6 
saturated      1.0 
 

This relationship is presented graphically in Figure 8. 
 
 
4. MODEL APPLICATION 
 
The eight variables described above will be combined into an index of the overall assessment of 
the habitat suitability (HSI) of a particular patch of riparian habitat using the following 8th root 
algorithm: 
 

HSI = (V1xV2xV3xV4xV5xV6xV7xV8) 1/8 
 
The HSI values obtained using this equation will range between 0 and 1.0 (lowest and highest 
estimates of suitability, respectively). 
 
 
5. FIELD TEST RESULTS 
 
The results of the field test of the southwestern willow flycatcher model are presented in the 
Attachment A to this document. These results show that the predictions of the HSI model 
regarding habitat suitability are generally accurate (if it is assumed that breeding density is a 
reflection of at least short term habitat quality). Thus the HSI model developed for this study is a 
reasonable predictor of breeding habitat quality for the study species. 
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Figure 1. Riparian shrub patch size (ha) and 
suitability index (SI) relationship
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Figure 2. Riparian shrub patch width (m) and 
suitability index (SI) relationship
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Figure 3. Percent shrub canopy cover and 
suitability index (SI) relationship 
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Figure 4. Shrub foliage density and suitability 
index (SI) relationship
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Figure 5. Mean shrub canopy height (m) and 
suitability index (SI) relationship
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Figure 6. Tree canopy cover and suitability index 
(SI) relationship
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Figure 7. Distance (m) to water and suitability 
index (SI) relationship
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Figure 8. Soil moisture and suitability index (SI) 
relationship
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 Attachment A – Results of Field Tests of Willow Flycatcher Model 



 

Table A1 shows the results of surveying southwestern willow flycatcher breeding habitat quality 
at seven sites of differing breeding densities on the lower San Pedro and Gila rivers. The 
resulting HSI scores are plotted against known breeding density in Figure A1. These results 
show that the predictions of the HSI model regarding habitat suitability are generally accurate (if 
it is assumed that breeding density is a reflection of at least short term habitat quality). Thus the 
HSI model developed for this study is a reasonable predictor of breeding habitat quality for the 
study species. 
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The data in Table A1 show most variation between sites for variable V3, V4, V7, and V8. Thus, 
it is largely shrub canopy cover and density and proximity to standing water and soil water that 
drive the differences in HSI scores among sites. Figure A2 shows a site with comparatively low 
quality habitat (site GS-7). This is a salt cedar dominated site with generally low to moderate 
shrub density, more than 20 m from standing water and, since it is perched on a bench 5 m above 
the river, completely dry soil. At this site, the breeding density was only 1.7 territories/ha. 
 
In contrast, Figures A3 and A4 show a site (Wheat) of high breeding density (9.9 territories/ha). 
At this salt cedar dominated site the shrub canopy is very dense and the site is in close proximity 
(<5 m) to the river. Furthermore, the site is regularly flooded by excess irrigation water from an 
adjacent cotton field. Therefore, the site is kept permanently wet. This combination of a dense 
shrub layer and wet conditions create optimal flycatcher habitat.     
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Table A1. SI and HSI scores and breeding densities for southwestern 
willow flycatcher sites visited in July 2002. 
Site V1 V2 V3 V4 V5 V6 
ARVN 1 1 1 0.5 0.6 1 1 
GN18 1 1 0.5 0.6 1 1 
KRNYPD 1 1 1 1 1 1 
ARVN 2 1 1 0.1 0.3 1 0.2 
San Pedro Aravaipa 1 1 0.05 0.1 0.7 0.4 
confluence 
Wheat 1 1 0.5 1 1 1 
GS 7 1 1 0.1 0.3 0.7 1 
 
 
Table A1 continued 
Site V7 V8 HSI Density 

(territories/ha) 
ARVN 1 0.2 0.3 0.60 6.4 
GN18 0.4 0.1 0.57 6.1 
KRNYPD 0.6 0.6 0.88 10.8 
ARVN2 0.6 0.3 0.42 3.8 
San Pedro Aravaipa 0.4 0.3 0.33 2.7 
confluence 
Wheat 1 1 0.92 9.9 
GS 7 0.2 0.1 0.37 1.7 



 

Figure AI. HSI scores and breeding densities of 
southwestern willow flycatchers on San Pedro and Gila 

rivers
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Figure A2. GS-7 Site. The southwestern willow flycatchers breed in the salt cedar scrub on the 
left bank perched about 3 metres above the river.  
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Figure A3. Interior of GS-7 site showing the comparatively open shrub layer and the complete 
lack of standing water or soil moisture. Because of these attributes, this site has a low density of 
breeding fycatchers.
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Figure A4. Wheat site on lower San Pedro River. The southwestern willow flycatchers breed in 
the thick salt cedar scrub to the left of the river channel.  
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Figure A5. Interior of Wheat site on the lower San Pedro River. The area beyond the person in 
the picture is kept wet or flooded by releases of irrigation water from a cotton field that is to the 
left of the site.  Also, the river is less than 8 m to the left of the area shown in the photograph. 
This site combines several essential attributes of flycatcher breeding habitat: a dense shrub layer 
and a more or less wetland cover type.  
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1. INTRODUCTION 
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This document presents a spring migration season Habitat Suitability Index (HSI) model for 
Wilson’s warblers (Wilsonia pusilla), intended for use in the San Pedro Riparian National 
Conservation Area (SPRNCA). This model, which quantifies the habitat relationships of the 
species, is the result of a review of the scientific literature, focusing mainly on those studies that 
concern the habitat use by the species during spring migration. The model was tested in areas of 
the San Pedro where previous survey work has quantified Wilson’s warbler density. The model 
will be used, in conjunction with vegetation community and climate modeling predictions, to 
evaluate the potential effects of global climate change on the ability of the SPRNCA to provide 
spring migration habitat for this species in the future. 
 

1.1  Spring migration of Wilson’s warblers in the SPRNCA  
 

Wilson’s warbler is a common spring migrant in the SPRNCA (Kreuper, 1997), where  densities 
of as high as 480/km2 have been recorded (Skagen et al., 1998). The first migrants (generally 
males) appear at the SPRNCA in early to mid-March and numbers peak in early May, declining 
by mid-May.  Wilson’s warbler does not breed in the SPRNCA (Kreuper, 1997) 
 
While the total numbers of Wilson’s warblers that migrate into North America in spring are 
unknown, it is highly likely that a substantial proportion of the birds that subsequently breed in 
the western part of their breeding range pass through the SPRNCA. It is, therefore, an important 
migration stopover site for this species.     
 
1.2 HSI models 
 
HSI models evaluate the likely impacts of any actual or potential changes in habitat quality on 
carrying capacity (defined here as the habitat’s capacity to support organisms) for either a single 
species, a guild of species, or biodiversity in general. HSI models achieve this by: 
 

13. Identifying the critical habitat variables that affect the carrying capacity of habitat. 
 

14. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 

 
15. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

16. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  

 
Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), evaluating the potential effects of climate change and aquifer 
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depletion on biota (Galbraith et al., in press), and estimating the exposure to contaminants of 
wildlife species.  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities.  
 
U.S. Fish and Wildlife Service has developed approximately 160 HSI models. These include 85 
terrestrial species (62 birds, 17 mammals, and 6 reptiles and amphibians). The remainder 
comprise marine and freshwater organisms. Most of the models have specific geographic, 
habitat, and seasonal areas of applicability. For example, the model for American woodcock, 
Scolopax minor, applies only to the species’ wintering range in the southeastern states (Cade, 
1985). In addition to the single-species HSI models, U.S. Fish and Wildlife has also developed a 
few models that quantify the carrying capacity of habitat for groups of species, for example 
habitat guild models (Short, 1983), or for wildlife diversity in general (Short, 1984). 
 
No HSI models exist for the Wilson’s warbler in any parts of its range.  Thus, a new HSI model 
has been developed. It is tailored to the specific needs of quantifying habitat during spring 
migration in the SPRNCA.  
  
1.3 Approach used in the development of this HSI model 
 
The components and structure of this provisional model were based on a literature review of the 
habitat preferences and patterns of use of Wilson’s warblers during their spring migration in the 
Western U.S. The literature sources are cited in Section  6. The resulting draft model was then 
tested against empirical data (singing male densities in spring) from the SPRNCA and modified 
where necessary. 
 
1.6 Seasonal and geographical applicability of this HSI model 

 
This model is intended for use only during the spring migration season and in riparian habitat in 
southern Arizona. It may be applicable to sites elsewhere where Wilson’s warbler migration 
habitat preferences may be different. 
 
2. HABITAT INFORMATION 
 
2.5 General 
 
During spring migration in the western U.S., the Wilson’s warbler typically occurs in wetland 
shrub and forested habitats (Kaufman, 1996; Dunn and Garrett, 1997; Amon and Gilbert, 1999). 
Along the Rio Grande River in New Mexico, Yong et al (1998) found the species to be most 
abundant in spring in riparian shrub habitat (willow), less abundant in riparian cottonwood 
forest, and least abundant in shrub habitat dominated by salt cedar or Russian olive. Thus, unlike 
the yellow warbler, Wilson’s warblers apparently are not strongly tied to communities with a tree 
canopy, and they avoid communities dominated by the two invasive shrubs listed above. 
 
2.6 Specific habitat requirements/preferences 



 

The specific habitat features in this section are based on the published scientific literature, and 
communications with Wilson’s warbler researchers on the San Pedro (Susan Skagen of USGS 
and Jack Whetstone of BLM). The specific features are identified below: 
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Forest/Shrub Patch size. Studies in southern Arizona (Skagen et al., 1998) have shown that 
migrating Wilson’s warblers are not confined to the largest, most contiguous habitat patches, and 
that they may also utilize smaller habitat fragments. The smallest habitat patches investigated by 
Skagen et al. (1998) were about 40 ha in extent, while the largest exceeded 2,000 ha. Densities of 
birds did not differ between these two size categories. Nevertheless, there is no doubt a minimum 
size at which a patch will not provide suitable habitat for migrating yellow warblers. Based on 
the Skagen et al., (1998) results, this patch size must be less than 40 ha. 
 
Presence of Tree Canopy Layer. Unlike the yellow warbler, Wilson’s warblers during spring 
migration (and on their breeding range [Amon and Gilbert, 1999]) are not confined to riparian 
vegetation with a vertical tree layer, but prefer lower shrub dominated vegetation. This 
preference is reflected in the fact that they typically forage closer to the ground than other 
warblers: <2m (Hutto, 1981) 
 
% Dominance in Shrub Layer by Hydrophytes. The preferred foraging habitats for  Wilson’s 
warblers comprise medium sized to tall hydrophytic shrubs, willows (Yong et al., 1998). Hutto 
(1985) found that in southern Arizona spring densities of Wilson’s warblers were low in 
vegetation communities dominated by mesquite, acacia, or other such xeric species. Yong et al. 
(1998) determined that during spring stopover on the Rio Grande, daily weight gains were 
highest among birds foraging in willow, and lower in other communities, particularly when 
dominated by salt cedar and Russian olive. Thus the representation of hydrophytic shrubs is an 
important habitat characteristic for Wilson’s warblers. 
 
Heights of Shrub and Tree Canopy Layers. Wilson’s warblers typically forage closer to the 
ground than yellow warblers.  Hutto (1981) found that the mean foraging height in summer in 
Wyoming was less than 1.5 m (compared to 2.6 m for yellow warbler). Thus, taller shrubs, 
whether or not a tree canopy is present, comprises suitable habitat. 
 
Exotic shrub species. Yong et al. (1998) found in riparian habitat in New Mexico that Wilson’s 
warblers occurred at relatively low densities in shrub communities with a high representation of 
the exotic shrubs salt cedar and Russian olive. When foraging in such habitats, daily weight 
gains were lower than in preferred willow shrub. Thus, salt cedar dominated habitat must be 
considered sub-optimal habitat. 
 
 
3. MODEL COMPONENTS  
 
Based on this review of the habitat preferences of Wilson’s warblers, the draft HSI model will 
incorporate five variables (see below). The numerical relationships between each of the variables 
and habitat suitability are the core of the habitat model. These are given below. 
 
V1. Riparian forest/shrub patch size. A riparian shrub or forest patch is defined as a shrub 
vegetation community (either with or without a tree canopy), dominated by cottonwoods or 
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willows. Based on data presented in Skagen et al. (1998), and conversations with Susan Skagen, 
the following patch size and habitat suitability categorization has been developed: 
 

PATCH SIZE (ha)    SUITABILITY INDEX (SI) 

<1 (and no other patches within 100m)  0.05    
<1 (and one or more patches within 100m)  0.1 
1-20       0.3 
21-40       0.5 
>40       1.0 

 
It is assumed in this categorization that patches smaller than 1 ha do not provide habitat for the 
species unless within a landscape of small patches, that small and medium size patches (1-20 and 
21-40 ha, respectively) provide increasing levels of suitability and that patches larger than 40 ha 
are optimal for the species. This relationship is presented graphically in Figure 1. 
  
V2. Percent shrub canopy cover in 20 m radius of sampling point). Based on information from 
the scientific literature, the following shrub cover and habitat suitability categorization has been 
developed:  
 

% COVER   SUITABILITY INDEX (SI) 
 
<30%     0.05 
30-50%    0.2 
50-70%    0.5 
70-100%    1.0 
 

It is assumed in this categorization that the relationship between % cover and habitat suitability 
is approximately linear. It is also assumed that shrub cover that is less than 30% provides only 
poor quality habitat for Wilson’s warblers. This relationship is presented graphically in Figure 2. 
 
V3. % Cover in shrub canopy of cottonwood or willow in 20m radius of sampling point. Based 
on information from the scientific literature, the following relationship between shrub canopy 
cover and habitat suitability has been developed:  

 
% COVER  SUITABILITY INDEX (SI) 
 
<20%     0.1 
20-40%    0.3 
40-60%     0.6 
>60%     1.0 

 
This relationship is presented graphically in Figure 3. 
  
V4. Mean shrub canopy height in 20 m radius of sampling point. Based on information from the 
scientific literature, the following relationship between shrub canopy height and habitat 
suitability has been developed (only where no tree canopy exists):  
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 MEAN SHRUB CANOPY HEIGHT (m)  SUITABILITY INDEX (SI) 
 
<0.5       0.05 
0.5-1       0.3 
1-1.5       0.8 
>1.5       1.0  

 
This relationship is presented graphically in Figure 4. 
 
V5. % dominance in shrub canopy by salt cedar in 20 m radius of sampling point. Based on 
information from the scientific literature, the following relationship habitat suitability for 
Wilson’s warblers and salt cedar has been developed:  

 
% DOMINANCE   SUITABILITY INDEX (SI) 

 
<5     1.0 
5-20     0.7 
20-30     0.6 
30-40     0.3 
>40     0.1 

 
This relationship is presented graphically in Figure 5. 
 
 
4. MODEL APPLICATION 
 
The five variables described above are combined into an index of the overall assessment of the 
habitat suitability (HSI) of a particular patch of riparian habitat using the following 5th root 
algorithm: 
 

HSI = (V1xV2xV3xV4xV5) 1/5 
 
The HSI values obtained using this equation will range between 0 and 1.0 (lowest and highest 
estimates of suitability, respectively). 
 
 
5. FIELD TEST RESULTS 
 
The Wilson’s warbler draft model was tested in June, 2003 by visiting sites on the San Pedro 
River where Bureau of Land Management surveys had quantified densities of singing males in 
each year between 1986 and 1990. In the absence of visual evidence to the contrary, it was 
assumed that little or no habitat change had occurred between the survey years and the present. 
The results of the field test of the model are presented in Figure 6. These results show that the 
predictions of the HSI model regarding habitat suitability are generally accurate (if it is assumed 
that breeding density is a reflection of at least short term habitat quality, except at sites where the 
HSI values are less than about 0.3. Apparently, Wilson’s warblers migrating through the San 
Pedro do not consider such sites as providing habitat. Thus, the HSI model developed for this 
study is a reasonable predictor of breeding habitat quality for the study species.  
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Figure 1. Riparian forest/shrub patch size
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Figure 2. Shrub Canopy Cover and Habitat Suitability 
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Figure 3. % Shrub Canopy Cover of Cottonwood or Willow
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Figure 4. Mean Shrub Canopy Height and Habitat 
Suitability
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Figure 5. % Dominance of Salt Cedar in Shrub Canopy and 
Habitat Suitability
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Figure 6. Wilson Warbler HSI and density
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1. INTRODUCTION 
 
This document presents a Habitat Suitability Index (HSI) model for the southern Arizona 
population of the yellow-billed cuckoo, Coccyzus americanus occidentalis. It is intended for use 
in the San Pedro Riparian National Conservation Area (SPRNCA). This model, which quantifies 
the habitat relationships of the species, is the result of field-testing a previous draft version of the 
model (Galbraith, 2002), and incorporating comments on that previous version by Arizona 
yellow-billed cuckoo researchers. This resulting model will be used, in conjunction with 
vegetation community and climate modeling predictions, to evaluate the potential effects of 
regional climate change on the ability of the SPRNCA to provide habitat for this species in the 
future. 
 

1.1  Current and historical distribution, habitat, and status of the western yellow-billed 
cuckoo 
 

The yellow-billed cuckoo is a summer visitor to North America, wintering in Central and 
South America (Kaufman, 1996; Hughes, 1999). While the eastern populations of the 
species breed in many types of forested or scrub habitats, the western race is largely confined to 
riparian broad-leaved woodlands, particularly those dominated by mature cottonwoods or 
willows (Gaines, 1974; Hamilton and Hamilton, 1965; Hughes, 1999). They apparently avoid 
riparian habitats dominated by invasive salt cedar, Tamarix pentandra (Laymon and Halterman, 
1987).   
 
Prior to the beginning of the twentieth century, the breeding range of western yellow-billed 
cuckoos extended throughout western North America from southern Arizona and New Mexico 
north to British Columbia. However, widespread destruction of riparian habitat by agriculture, 
mining, dams, water withdrawals, and urbanization has led, since then, to a radical reduction in 
its range and numbers. Currently, the species no longer breeds in British Columbia, Washington, 
Idaho, or Oregon. It has been reduced drastically in numbers in more southern western states; for 
example in the Central Valley of California where thousands of pairs once bred there now are 
only a few tens of pairs (Halterman, 1991). In Arizona, yellow-billed cuckoos were relatively 
widespread 50 years ago (Phillips et al., 1964). However, they now breed regularly only in 
isolated populations along the Gila, San Pedro, Bill Williams, and Colorado Rivers. It is likely 
that, at most, 600 pairs now breed in Arizona, with 50-100 of these in the SPRNCA (Laymon 
and Halterman, 1987; Krueper, 1997). The rapid population decreases and range reductions of 
western yellow-billed cuckoos have recently prompted efforts (thus far unsuccessful) to have the 
race listed under the Endangered Species Act (e.g., CBD, 1998). 
 
1.2 HSI models 
 
HSI models evaluate the likely impacts of any actual or potential changes in habitat quality on 
carrying capacity (defined here as the habitat’s capacity to support organisms) for either a single 
species, a guild of species, or biodiversity in general. HSI models achieve this by: 
 

17. Identifying the critical habitat variables that affect the carrying capacity of habitat. 



 

18. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 
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19. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

20. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  

 
Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), and estimating the exposure to contaminants of wildlife species 
(Galbraith et al., 2001).  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities.  
 
U.S. Fish and Wildlife Service has developed approximately 160 HSI models. These include 85 
terrestrial species (62 birds, 17 mammals, and 6 reptiles and amphibians). The remainder 
comprise marine and freshwater organisms. Most of the models have specific geographic, 
habitat, and seasonal areas of applicability. For example, the model for American woodcock, 
Scolopax minor, applies only to the species’ wintering range in the southeastern states (Cade, 
1985). In addition to the single-species HSI models, U.S. Fish and Wildlife has also developed a 
few models that quantify the carrying capacity of habitat for groups of species, for example 
habitat guild models (Short, 1983; Schroeder, 1986), or for wildlife diversity in general (Short, 
1984). 
 
No HSI model exists for yellow-billed cuckoo in any part of its breeding range. It is one of the 
objectives of this research project to develop and apply such a model in the San Pedro to 
evaluate the potential effects of climate change to the biota of the riparian systems.  
 
1.3 Approach used in the development of this draft HSI model 
 
The components and structure of this model were initially based on a literature review of the 
habitat preferences and patterns of use of western yellow-billed cuckoos in the southwestern 
states. This resulted in a draft model (Galbraith, 2002). This provided a focus for discussions 
with SPRNCA cuckoo researchers, Murrelet Halterman and Sean O’Connor, and model 
modifications. It was then tested in the SPRNCA at study sites with known breeding densities 
(unpublished information supplied by M. Halterman). Based on the comments received and the 
field test results, the draft model was modified, resulting in this version. 
 
1.7 Seasonal and geographical applicability of this HSI model 

 
This model is intended for use only during the breeding season and in riparian habitat in Arizona. 



 

 293

 
2. HABITAT INFORMATION 
 
2.7 General 
 
In the southwestern states, including Arizona, the yellow-billed cuckoo is confined as a breeding 
species to riparian forests, particularly those dominated by cottonwoods and willows (Hughes, 
1999). Forests with a relatively lush, woody understory (either of willow or cottonwood 
saplings) are preferred (Gaines and Laymon, 1984). This type of habitat is generally found most 
extensively in functioning riparian systems where scour of vegetation due to floods and 
recolonization occurs. In areas where flow is controlled to prevent floods or where grazing has 
reduced shrub cover, such dense layered habitat is less prevalent. The species also avoids areas 
dominated by invasive species such as salt cedar. Thus the western yellow-billed cuckoo could 
be considered an indicator organism for functioning, healthy western riparian systems. 
 
The western yellow-billed cuckoo generally builds its nest in shrubby vegetation, particularly 
denser patches of willows, between 1 and 6 metres above the ground (Hughes, 1999). While the 
birds nest in willows, much of the feeding by the adults occurs in the cottonwood canopy 
(Laymon, 1980). Thus, the species utilizes vertically layered habitats.  
 
The configuration of riparian forest patches is an important factor contributing to their suitability 
for yellow-billed cuckoos. Gaines and Laymon 1984) and Laymon and Halterman (1989) found 
that larger and wider patches provided better habitat. Small and narrow patches were either 
marginal or not used by cuckoos.  
 
2.8 Specific habitat requirements/preferences 
 
Geographical continuity of riparian tree and shrub canopies. Observations at sites with known 
densities of yellow-billed cuckoos in the SPRNCA in July 2002 indicated that the linear 
geographical continuities of the tree and shrub canopies were important determinants of cuckoo 
habitat quality. River reaches that had continuous and unbroken tree canopies over a distance of 
200 meters or more supported higher densities of breeding cuckoos, compared with reaches 
where the tree canopy was linearly fragmented. Cuckoos can persist, but at lower densities, in 
areas of fragmented tree canopy cover if the shrub understory remains continuous. However, in 
such areas, some tree canopy cover must survive if they are to constitute cuckoos habitat.   
 
Width of riparian forest or shrub patches. Based on nesting density measurements in California, 
the width of a riparian forest patch is an important determinant of habitat quality. Linear patches 
that are less than 100 meters in width are not suitable habitat, while patches between 100 and 200 
meters are marginal. Patches between 200 and 600 meters are suitable and those greater than 600 
meters are optimal. In the SPRNCA, these habitat requirements are, apparently, less stringent: 
forest or shrub widths of 50 meters or less support few or no cuckoos; widths of 50-100 meters 
provide marginal habitat; widths of 100-200 and >200 are high and highest quality habitat, 
respectively (pers. obs.). 
 
Shrub density. The density of the shrub layer of riparian forest is an important determinant of 
nest site habitat quality through its relationship with foliage density and nest crypticity. Most 
sightings of yellow-billed cuckoos in California were in areas of shrub canopy cover of between 
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30 and 90% (Gaines and Laymon, 1984; Laymon, 1980). Tree canopy cover is probably less 
important except that in forest of taller trees, the shrub canopy may be denser.   
 
Tree canopy height.   At two sites in California, tree canopy height at nesting sites ranged 
between 4.3 and 19.5 meters and averaged 8.2 to 9.1 meters (Laymon et al., 1997). As noted 
above, tree canopy characteristics may be less important than the shrub canopy. However, a 
canopy of cottonwoods is necessary for feeding habitat, and that canopy should be at least 10 
meters in height and the taller the better (since this allows the development of a shrub layer). 
   
Cottonwood/willow dominance in tree canopy. Western yellow-billed cuckoos show a strong 
preference for mature riparian cottonwood and willow forests. In Arizona, the most important 
tree species are Fremont cottonwood, Populus fremontii,  and Gooding willow, Salix gooddingii. 
The invasive salt cedar is avoided.     
 
Dominance in the shrub layer.  In the southwestern states the preferred shrub layer species are, 
apparently, cottonwood and willow saplings, with ash (Fraxinus spp.), walnut (Juglans spp.), 
and seep willow (Baccharis) also being important. The invasive salt cedar is avoided. 
 
Representation of salt cedar or mesquite in the shrub canopy.  Areas dominated by salt cedar 
appear to be avoided by nesting yellow-billed cuckoos (CBD, 1998). In the lower San Pedro 
River, where salt cedar stands are widespread and important community attributes, few or no 
yellow-billed cuckoos nest (Paradzick pers comm.). While mesquite is sometimes used as a 
feeding habitat by cuckoos on the SPRNCA (Halterman pers comm., pers. obs.), it is unlikely 
that the extensive representation of mesquite in the shrub layer would comprise suitable cuckoo 
habitat. 
 
Distance to waterbodies.  Western yellow-billed cuckoo nesting habitat is invariably associated 
with riparian systems and, therefore, waterbodies. 
 
Micro-climate. Being a riparian species, western yellow-billed cuckoos typically inhabit shaded 
humid areas in an otherwise arid matrix. However, it is unknown whether this is a direct 
preference for such conditions or a consequence of requiring riparian forest habitat (which is 
generally shaded and humid).  In addition to nesting on the SPRNCA where the average 
maximum June/July temperature is 90oF and annual rainfall is 15.6 inches, the species also nests 
3000 feet lower in elevation on the Gila River where average maximum June/July temperatures 
reach 102-107oF and rainfall is generally less than 12 inches [data obtained from the Internet 
(http://www.wrdc.dri.edu/cgi-bin/cliRECtM.pl?azwink) from weather stations at Fort Huachuca, 
Maricopa, Winkelman, Sacaton, and Florence]. Thus, while yellow-billed cuckoos nest in 
comparatively cool, moist habitat in the SPRNCA, they also nest in hotter, drier areas further 
downriver on the Gila. This suggests that the availability of riparian forest is the most important 
factor, of which the micro-climatic conditions may be a consequence. It should also be noted that 
at one time the species nested as far north as British Columbia and as far south as Mexico, 
indicating, a degree of flexibility in its climatic requirements.   
 
 
3. MODEL COMPONENTS  



 

Based on this review of the habitat preferences of western yellow-billed cuckoos, the  HSI model 
incorporates eight variables (continuity and width of habitat patch, shrub  density (canopy 
cover), tree and shrub canopy heights, cottonwood/willow dominance in tree canopy, 
cottonwood/willow/ash/walnut/Baccharis dominance in shrub canopy, salt cedar and/or mesquite 
dominance in the shrub understory.  
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The numerical relationships between each of the variables and habitat suitability are the core of 
the habitat model. These are given below. 
 
V1. Linear continuity of riparian forest or shrub habitat. In the SPRNCA, riparian shrub or tree 
linear patches that are relatively unbroken over at least 200 meters provide higher quality cuckoo 
habitat than more fragmented habitats. To accommodate this, the following categorization has 
been developed: 
 

LINEAR CONTINUITY (%)  SUITABILITY INDEX (SI) 

 >90%      1.0 
 70-90%     0.7 
 50-70%     0.5 
 30-50%     0.3 
 <30%      0.05 

 
Linear continuity is estimated at the scale of 200-meter strips of the riparian zone. This 
relationship is presented graphically in Figure 1. 
 
V2. Width of riparian forest patch. Based on data presented in Laymon and Halterman (1989) 
and observations at sites of known breeding density in the SPRNCA, the following patch width 
and habitat suitability categorization has been developed: 
 

PATCH WIDTH (m)  SUITABILITY INDEX (SI) 
 
<50      0.1 
51-100      0.3 
101-200     0.6 
>200      1.0 

 
It is assumed in this categorization that the relationship between patch width and habitat 
suitability is approximately linear and that riparian strips narrower than 50 m do not provide 
good habitat for the species. This relationship is presented graphically in Figure 2. 
 
V3. Percent shrub canopy cover in 50 m radius of sampling point). Based on the results reported 
in Gaines and Laymon (1984) and observations at sites with known breeding densities of 
cuckoos on the SPRNCA, the following shrub cover and habitat suitability categorization has 
been developed:  
 

% COVER   SUITABILITY INDEX (SI) 
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<10%     0.05 
10-25%    0.1 
26-50%    0.4 
51-75%    0.6 
>75%     1.0 
 

In this variable, shrub canopy is defined as the canopy of the understory (mainly cottonwood and 
willow saplings and seep willow) up to 10 meters in height. It is assumed in this categorization 
that the relationship between % cover and habitat suitability is approximately linear except at 
very low percent shrub covers where a further reduction will result in a disproportionate effect 
on habitat suitability. This relationship is presented graphically in Figure 3. 
 
V4. Average shrub canopy height within 50 m radius of sampling point. Based on observations 
made at the SPRNCA in areas of known cuckoo breeding density, the following shrub canopy 
height and habitat suitability categorization has been developed: 
 
 
 
 

SHRUB CANOPY HEIGHT (m)  SUITABILITY INDEX (SI) 
 
<2      0.1 
2-3      0.5 
>3      1.0 

This relationship is presented graphically in Figure 4. 
 
V5. Average tree canopy height within 50 m radius of sampling point. Based on the results 
reported in Gaines (1977), Gaines and Laymon (1984), and observations made at the SPRNCA 
in areas of known cuckoo breeding density, the following tree canopy height and habitat 
suitability categorization has been developed:  

 
 
 
 
 

TREE CANOPY HEIGHT (m)  SUITABILITY INDEX (SI) 
 
<10      0.1 
10-15      0.5 
>15      1.0 
 

It is assumed in this categorization that the relationship between tree canopy height and habitat 
suitability is approximately linear. It is also assumed that even low canopy heights may have 
some habitat value. This relationship is presented graphically in Figure 5. 

 
V6. Cottonwood/willow dominance in tree canopy within 50 m radius of sampling point. Based 
on the results reported in Laymon and Halterman  (1985), the following cottonwood/willow 
dominance in the tree canopy and habitat suitability categorization has been developed:  
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% DOMINANCE   SUITABILITY INDEX (SI) 
 
<10     0.05 
10-25     0.1 
26-50     0.3 
51-75     0.6 
>75     1.0 
 

It is assumed in this categorization that the relationship between % dominance and habitat 
suitability is approximately linear. It is also assumed that very low representations  of these 
species (<10%), provide at best marginal habitat for yellow-billed cuckoos. This relationship is 
presented graphically in Figure 6. 
 
V7. Cottonwood/willow/ash/walnut/seep willow percent dominance (relative cover) in shrub 
layer within 50 m radius of sampling point. Based on the results reported in Gaines and Laymon 
(1984) and observations made at the SPRNCA in areas of known cuckoo breeding density, the 
following shrub cover and habitat suitability categorization has been developed:  
 

% DOMINANCE    SUITABILITY INDEX (SI) 
 
<10     0.05 
10-25     0.1 
26-50     0.3 
51-75     0.6 
>75     1.0 

 
It is assumed in this categorization that the relationship between % dominance and habitat 
suitability is approximately linear except at very low percent shrub covers where a further 
reduction will result in a disproportionate effect on habitat suitability. It is also assumed that less 
than 10% dominance, provides only extremely marginal habitat for yellow-billed cuckoos. This 
relationship is presented graphically in Figure 7. 

 
V8. Percent dominance (relative cover) of salt cedar and/or mesquite in the shrub canopy within 
50 m radius of sampling point. The following relationship between representation of salt cedar 
and/or mesquite in the vegetation community and habitat suitability is hypothesized:   

 
% DOMINANCE   SUITABILITY INDEX (SI) 

 
<10     1.0 
10-30     0.7 
31-50     0.5 
51-70     0.2 
>70     0.05 
 

It is assumed in this categorization that the relationship between % dominance of salt 
cedar/mesquite and habitat suitability is not linear but that increasing dominance by salt cedar or 
mesquite has a disproportionate effect on habitat suitability. It is also assumed that the highest 
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dominance by salt cedar and/or mesquite (>70%) will constitute extremely marginal habitat for 
yellow-billed cuckoos. This relationship is presented graphically in Figure 8. 
 
 
4. MODEL APPLICATION 
 
The eight variables described above will be combined into an index of the overall assessment of 
the habitat suitability (HSI) of a particular patch of riparian forest habitat using the following 8th 
root algorithm: 
 

HSI = (V1xV2xV3xV4xV5xV6xV7xV8) 1/8 
 
The HSI values obtained using this equation will range between 0 and 1.0 (lowest and highest 
estimates of suitability, respectively). 
 
5. FIELD TEST RESULTS 
 
The results of the field test of the western yellow-billed cuckoo model are presented in 
Attachment A to this document. These results show that the predictions of the HSI model 
regarding habitat suitability are generally accurate (if it is assumed that breeding density is a 
reflection of at least short term habitat quality). Thus the HSI model developed for this study is a 
reasonable predictor of breeding habitat quality for the study species. 
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Figure 2. Riparian forest patch width and suitability 
index (SI) relationship
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Figure 3. Percent shrub canopy cover and 
suitability index (SI) relationship 
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Figure 4. Average shrub canopy height and suitability index 
(SI) relationship
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Figure 5. Average tree canopy height and suitability index 
(SI) relationship
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Figure 6. Cottonwood/willow dominance in 
tree canopy and suitability index (SI) 

relationship
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Figure 7. % dominance by willow and/or 
cottonwood in shrub canopy and suitability index 

(SI) relationship
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Figure 8. Percent dominance by salt cedar 
and/or mesquite in shrub canopy and suitability 

index (SI) relationship
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 Attachment A. Results of Field Tests of Yellow-billed Cuckoo HSI Model 



 

Table A1 shows the results of surveying yellow-billed cuckoo breeding habitat quality at six sites 
of known differing breeding densities on the SPRNCA. The resulting HSI scores are plotted 
against known breeding density in Figure A1. These results show that the predictions of the HSI 
model regarding habitat suitability are generally accurate (if it is assumed that breeding density is 
a reflection of at least short term habitat quality). However, Figure A1 also shows that low HSI 
scores (<0.3) may overestimate the ability of an area of habitat on the SPRNCA to support 
cuckoos. This should be borne in mind when interpreting future vegetation scenarios. In general, 
above HSI scores of 0.3, the HSI model developed for this study is a reasonable predictor of 
breeding habitat quality for the study species. Scores of <0.3 should be regarded as indicating 
marginal habitat.   
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The data in Table A1 show most variation between sites for variable V1 and V2. Thus, it is 
largely spatial variability in the linear continuity and width of riparian patches that drive the 
differences in HSI scores among sites. Figures A2 and A3 show a site with high cuckoo breeding 
densities and high HSI scores (Charleston south 2). This is an area where the riparian zone is 
comparatively wide (generally >100 m), where it is totally continuous, and where the understory 
of willow and seep willow is dense. At this site, the breeding density was 2.7 pairs/km. This is 
optimal cuckoo habitat on the San Pedro. 
 
In contrast, Figures A4 and A5 show a site (Hereford north A) where cuckoo breeding density 
was medium (0.6 pairs/km) and where the HSI score was 0.77. At this site, fire had reduced the 
width of the riparian zone and its linear continuity. Nevertheless, enough of a shrub layer 
survived (with some tree canopy) to maintain cuckoo habitat. 
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Table A1. SI and HSI scores and breeding densities of yellow-billed 
cuckoos at SPRNCA sites visited in July 2002. 
Site V1 V2 V3 V4 V5 V6 
Charleston south 1 0.7 0.05 0.4 1 1 0.6 
Charleston south 2 1 1 0.6 1 1 1 
Hereford north 1A 0.3 0.3 0.4 0.5 0.1 1 
Hereford north 1B 1 1 0.6 1 1 0.6 
Hereford north 2 0.7 0.3 0.6 1 1 1 
San Pedro House 0.7 0.6 0.4 1 1 1 
north 
 
 
Table A1 continued 
Site V7 V8 HSI Density 

(pairs/km) 
Charleston south 1 0.6 0.5 0.47 0.6 
Charleston south 2 1 1 0.94 2.7 
Hereford north 1A 1 1 0.45 0 
Hereford north 1B 1 1 0.88 2.5 
Hereford north 2 1 1 0.77 0.6 
San Pedro House north 1 1 0.8 1.3 
 
 
 

Figure A1. Linear densities of pairs of yellow-
billed cuckoos and HSI scores
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Figure A2. The riparian zone in the SPRNCA at Charleston south showing high-density yellow-
billed cuckoo breeding habitat. Note the relatively wide and linearly continuous riparian forest. 
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Figure A3. Charleston south – an area of high cuckoo breeding density. Note the tall 
cottonwood/willow tree canopy and the dense willow and seep willow shrub understory. 
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Figure A4. Hereford north A on the SPRNCA. In this area a fire in March 1998 reduced to the 
width and linear continuity of the riparian forest, resulting in cuckoo habitat of only medium 
quality. 
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Figure A5. A wider view of Hereford north A showing the impacts caused to habitat linear 
continuity and width caused by fire. 
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This document presents a spring migration season Habitat Suitability Index (HSI) model for 
yellow warblers (Dendroica petechia), intended for use in the San Pedro Riparian National 
Conservation Area (SPRNCA). This model, which quantifies the habitat relationships of the 
species, is the result of a review of the scientific literature, focusing mainly on those studies that 
concern the habitat use by the species in Western North America and during spring migration. 
The model was tested in areas of the San Pedro where previous survey work has quantified 
yellow warbler density. The model will be used, in conjunction with vegetation community and 
climate modeling predictions, to evaluate the potential effects of global climate change on the 
ability of the SPRNCA to provide spring migration habitat for this species in the future. 
 

1.1  Spring migration of yellow warblers in the SPRNCA  
 

The yellow warbler is the most abundant spring migrant in the SPRNCA (Kreuper, 1997), where 
singing male densities of as high as 4,800/km2 have been recorded (Skagen et al., 1998). The 
first migrants (generally males) appear at the SPRNCA in early to mid-March and numbers peak 
in late April and early May, declining by mid-May. A relatively small number of birds stay to 
breed on the SPRNCA (at about 570 birds/km2 [ Kreuper reported in Skagen et al., 1998]), 
however, these breeding birds are vastly outnumbered by migrants during the spring. 
 
While the total numbers of yellow warblers that migrate into North America in spring are 
unknown, it is highly likely that a substantial proportion of the birds that subsequently breed in 
the western part of their breeding range pass through the SPRNCA. Based on the total numbers 
of all migrants moving through the San Pedro in spring and singing male densities in Skagen et 
al. (1998), it is likely that in excess of one million yellow warblers pass through the SPRNCA. It 
is, therefore, an important migration stopover site for this species.     
 
1.2 HSI models 
 
HSI models evaluate the likely impacts of any actual or potential changes in habitat quality on 
carrying capacity (defined here as the habitat’s capacity to support organisms) for either a single 
species, a guild of species, or biodiversity in general. HSI models achieve this by: 
 

21. Identifying the critical habitat variables that affect the carrying capacity of habitat. 
 

22. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 

 
23. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

24. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  



 

Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), evaluating the potential effects of climate change and aquifer 
depletion on biota (Galbraith et al., in press),  and estimating the exposure to contaminants of 
wildlife species.  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities.  
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U.S. Fish and Wildlife Service has developed approximately 160 HSI models. These include 85 
terrestrial species (62 birds, 17 mammals, and 6 reptiles and amphibians). The remainder 
comprise marine and freshwater organisms. Most of the models have specific geographic, 
habitat, and seasonal areas of applicability. For example, the model for American woodcock, 
Scolopax minor, applies only to the species’ wintering range in the southeastern states (Cade, 
1985). In addition to the single-species HSI models, U.S. Fish and Wildlife has also developed a 
few models that quantify the carrying capacity of habitat for groups of species, for example 
habitat guild models (Short, 1983), or for wildlife diversity in general (Short, 1984). 
 
Although an HSI model exists for the yellow warbler in its breeding habitat (Schroeder, 1982), 
no migration season model exists. Also, the breeding season model was developed for shrub 
dominated riparian habitats, rather than the gallery forest that is prevalent in the SPRNCA.  For 
these reasons, a new HSI model has been developed and, while this new model incorporates 
some of the variables of the existing breeding season model, it is tailored to the specific needs of 
quantifying habitat during spring migration in the SPRNCA.  
  
1.3 Approach used in the development of this HSI model 
 
The components and structure of this provisional model were based on a literature review of the 
habitat preferences and patterns of use of yellow warblers during their spring migration in the 
Western U.S. The literature sources are cited in section 6. The resulting draft model was then 
tested against empirical data (singing male densities in spring) from the SPRNCA and modified 
where necessary. 
 
1.8 Seasonal and geographical applicability of this HSI model 

 
This model is intended for use only during the spring migration season and in riparian habitat in 
southern Arizona. It may not be applicable to sites elsewhere where yellow warbler migration 
habitat preferences may be different. 
 
 
 
 
2. HABITAT INFORMATION 
 
2.9 General 
 
While on migration, the yellow warbler typically occurs in habitats that are similar to its 
breeding habitats: deciduous forested and shrub wetlands and riparian areas (Lowther et al., 
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1999; Kaufman, 1996). In the east, its habitat preferences may be broader and residential 
suburban and a variety of other habitat types may be used (Dunn and Garrett, 1997). However, in 
the Western U.S. it is largely confined to riparian and wetland areas, which occur as isolated 
patches in the otherwise relatively arid landscapes. A few studies (Saab, 1999; Lowther et al., 
1999) have suggested that the species has a preference for edge habitats during both the breeding 
and migration seasons. 
 
Riparian habitats used by migrating yellow warblers in the west are often dominated by 
cottonwoods (Populus spp.) or willows (Salix spp.).  No information was found that indicated 
that yellow warblers avoided exotic tree or shrub species such as salt cedar. 
 
2.10 Specific habitat requirements/preferences 
 
The specific habitat features in this section are based on the published scientific literature, and 
communications with yellow warbler researchers on the San Pedro (Susan Skagen of USGS and 
Jack Whetstone of BLM). The specific features are identified below: 
 
Forest/Shrub Patch size. Studies in southern Arizona (Skagen et al., 1998) have shown that 
migrating yellow warblers are not confined to the largest, most contiguous habitat patches, and 
that they may also utilize smaller habitat fragments. The smallest habitat patches investigated by 
Skagen et al. (1998) were about 40 ha in extent, while the largest exceeded 2,000 ha. Densities of 
birds did not differ between these two size categories. Nevertheless, there is no doubt a minimum 
size at which a patch will not provide suitable habitat for migrating yellow warblers. Based on 
the Skagen et al., (1998) results, this patch size must be less than 40 ha. 
  
Presence of Tree Canopy Layer. Various studies have shown that in comparison to other 
warblers that migrate through the SPRNCA, yellow warblers forage at greater height from the 
ground, typically utilizing the tree canopy or taller shrubs (Scott et al in press; Hutto, 1981; 
Frydendall, 1967 reported in Lowther et al., 1999). Other studies have indicated the importance 
of a vertically stratified foraging habitat, including tall shrub and tree canopy layers (Saab, 1999; 
Hutto, 1981) 
 
 
% Dominance in Tree Canopy and Shrub Layers by Hydrophytes. The preferred foraging 
habitats for yellow warblers comprise medium sized to tall hydrophytic shrubs and trees, 
particularly cottonwoods (Populus spp.) and willows (Salix spp.) (Saab, 1999; Scott et al., in 
press; Lowther et al., 1999; Finch, 1989). Hutto (1985) found that in southern Arizona spring 
densities of yellow warblers were low in vegetation communities dominated by mesquite, acacia, 
or other such xeric species. Thus the representation of such shrub and tree species, and, 
conversely, of xerophytic species such as mesquite, is an important habitat characteristic for 
yellow warblers. 
 
Heights of Shrub and Tree Canopy Layers. Yellow warblers typically forage at greater heights 
than, for example, Wilson’s warblers (Hutto, 1981).  Hutto found that the mean foraging height 
in summer in Wyoming exceeded 2.6 m, while in winter in Mexico it exceeded 4 m. Thus, taller 
shrubs, particularly where no tree canopy is present, may comprise more attractive habitat. 



 

3. MODEL COMPONENTS  
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Based on this review of the habitat preferences of yellow warblers, the draft HSI model will 
incorporate seven variables. The numerical relationships between each of the variables and 
habitat suitability are the core of the habitat model. These are given below. 
 
V1. Riparian forest/shrub patch size. A riparian shrub or forest patch is defined as a shrub 
vegetation community (either with or without a tree canopy), dominated by cottonwoods or 
willows. Based on data presented in Skagen et al. (1998), and conversations with Susan Skagen, 
the following patch size and habitat suitability categorization has been developed: 
 

PATCH SIZE (ha)    SUITABILITY INDEX (SI) 

<1 (and no other patches within 100m)  0.05    
<1 (and one or more patches within 100m)  0.1 
1-20       0.3 
21-40       0.5 
>40       1.0 

 
It is assumed in this categorization that patches smaller than 1 ha do not provide habitat for the 
species unless within a landscape of small patches, that small and medium size patches (1-20 and 
21-40 ha, respectively) provide increasing levels of suitability and that patches larger than 40 ha 
are optimal for the species. This relationship is presented graphically in Figure 1. 
  
 
V2. Tree Canopy cover in 20 m. radius of sampling point. Based on information from the 
scientific literature, the following patch width and habitat suitability categorization has been 
hypothesized: 
 

% COVER  SUITABILITY INDEX (SI) 
 
<10      0.1 
10-50      0.5 
50-75      1.0 
>75      0.6 

 
It is assumed in this categorization that the relationship between %  tree canopy cover and habitat 
suitability is approximately linear, except at very high percent covers where continuous tree 
canopy cover is likely to result in shading that eliminates the presence of a shrub layer, another 
important habitat feature for the species. This relationship is presented graphically in Figure 2. 
 
V3. Percent shrub canopy cover in 20 m radius of sampling point). Based on information from 
the scientific literature, the following shrub cover and habitat suitability categorization has been 
developed:  
 

% COVER   SUITABILITY INDEX (SI) 
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<30%     0.05 
30-50%    0.2 
50-70%    0.5 
70-90%    1.0 
>90%     0.8 
 

It is assumed in this categorization that the relationship between % cover and habitat suitability 
is approximately linear, except at very high percent shrub covers where continuous shrub cover 
eliminates the presence of edge habitat, another important habitat feature for the species. It is 
also assumed that shrub cover that is less than 30% provides only poor quality habitat for yellow 
warblers. This relationship is presented graphically in Figure 3. 
 
V4. % Cover in tree canopy of cottonwood or willow in 20m radius of sampling point. Based on 
information from the scientific literature, the following relationship between tree canopy cover 
and habitat suitability has been developed:  

 
% COVER  SUITABILITY INDEX (SI) 
 
<20%     0.1 
20-40%    0.3 
40-60%     0.6 
>60%     1.0 

 
This relationship is presented graphically in Figure 4. 
  
V5. % Cover in shrub canopy of cottonwood or willow in 20 m radius of sampling point. Based 
on information from the scientific literature, the following relationship between tree canopy 
cover and habitat suitability has been developed:  

 
% COVER  SUITABILITY INDEX (SI) 
 
<20%     0.1 
20-40%    0.3 
40-60%     0.6 
>60%     1.0 

This relationship is presented graphically in Figure 5. 
  
V6. Mean shrub canopy height (if no tree canopy present) in 20 m radius of sampling point. 
Based on information from the scientific literature, the following relationship between shrub 
canopy height and habitat suitability has been developed (only where no tree canopy exists):  
 

 MEAN SHRUB CANOPY HEIGHT (m)  SUITABILITY INDEX (SI) 
 
<1       0.05 
1-2       0.3 
2-3       0.7 
>3       1.0  



 

This relationship is presented graphically in Figure 6. 
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V7. % dominance in tree or shrub canopy by meso- or xerophytic species in 20 m radius of 
sampling point. Based on information from the scientific literature, the following relationship 
between meso- and xerophytic species in the tree or shrub canopy and habitat suitability has been 
developed:  

 
% DOMINANCE   SUITABILITY INDEX (SI) 

 
<5     1.0 
5-20     0.7 
20-40     0.6 
40-60     0.3 
>60     0.1 

 
This relationship is presented graphically in Figure 7. 
 
4. MODEL APPLICATION 
 
The seven variables described above are combined into an index of the overall assessment of the 
habitat suitability (HSI) of a particular patch of riparian habitat using the following 7th root 
algorithm: 
 

HSI = (V1xV2xV3xV4xV5xV6xV7) 1/7 
 
The HSI values obtained using this equation will range between 0 and 1.0 (lowest and highest 
estimates of suitability, respectively). 
 
 
5. FIELD TEST RESULTS 
 
The yellow warbler draft model was tested in June, 2003 on sites on the San Pedro River where 
Bureau of Land Management surveys had quantified densities of singing males in each year 
between 1986 and 1990. In the absence of visual evidence to the contrary, it was assumed that 
little or no habitat change had occurred between the survey years and the present. The results of 
the field test of the yellow warbler model are presented in Attachment A to this document. These 
results show that the predictions of the HSI model regarding habitat suitability are generally 
accurate (if it is assumed that breeding density is a reflection of at least short term habitat 
quality) except at sites where the HSI value is less than about 0.4. Apparently, yellow warblers 
migrating through the San Pedro regard such sites as not providing habitat. Thus, the HSI model 
developed for this study is a reasonable predictor of breeding habitat quality for the study 
species.  
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Figure 1. Riparian forest/shrub patch size
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Figure 2. Tree Canopy Cover and Habitat Suitability 
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Figure 3. % Shrub canopy Cover and Habitat Suitability
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Figure 4. % Tree Canopy Cover of Cottonwood or Willow
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Figure 5. % Shrub Canopy Cover of Cottonwood or Willow 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

<20 20-40 41-60 >60

% Cover

Su
ita

bi
lit

y 
In

de
x

 



 

Figure 6. Mean Shrub Canopy Height and Habitat 
Suitability
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Figure 7. % Dominance of Meso- and Xerophytic species in 
Tree and Shrub Canopies and Habitat Suitability
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Attachment A. Results of Field Tests of Yellow Warbler HSI Model 
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Yellow warbler HSI and density data
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Hector Galbraith1, Jeff Price2, Mark Dixon3, and Julie Stromberg3 
 
Title of paper: Development of  HSI models to evaluate risks to riparian wildlife habitat 
from climate change and urban sprawl 
 
Reference Block: Galbraith, H., Price, J., Dixon, M, Stromberg, J. " Development of HSI 
models to evaluate risks to riparian wildlife habitat from climate change and urban 
sprawl" Landscape Ecology and Wildlife Habitat Evaluation:  Critical Information for 
Ecological Risk Assessment, Land-Use Management Activities, and Biodiversity Enhancement 
Practices, ASTM STP 1458, L. A. Kapustka, H. Galbraith, M. Luxon, G. R. Biddinger, Eds., 
ASTM International, West Conshohocken, PA 2004. 
 
 
Abstract:  Hitherto, HSI models have largely been utilized to quantify the quality of existing 
habitat for wildlife species, without reference to how that habitat may have been altered in the 
past or how it might be altered in the future. In this study, we are using HSI models as part of an 
integrated modeling approach to estimate the risk of habitat quality gain or loss for a variety of 
indicator species due to future climate change and aquifer management decisions at the San 
Pedro Riparian National Conservation Area (SPRNCA). Current anthropogenic stressors, 
including agricultural and municipal water use, are having adverse impacts on the extent and 
quality of riparian habitat in the SPRNCA. Future climate change, through its potential effects on 
hydrology and water demand by local communities, may exacerbate these effects. Because of 
these current and potential future changes, vertebrates that depend on riparian habitats for their 
breeding, wintering or migration sites are at risk. Combining climate, hydrology, and vegetation 
modeling with HSI models allows us to predict the effects these risks. 
 
 
1Galbraith Environmental Sciences LLC, 289 Wiswall Hill Rd., Newfane, VT 05345. 
2American Bird Conservancy, Boulder, CO. 
3Department of Plant Biology, Arizona State University, Tempe, AZ. 
 
Keywords: Biodiversity, Riparian habitat, Hydrology, Water use, Climate change, HSI models
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The upper San Pedro Riparian National Conservation Area (SPRNCA) ecosystem in 
southeastern Arizona and northern Sonora is of critical importance in maintaining regional 
biodiversity at the ecotone between the Sonoran and Chihuahuan deserts and the Plains 
grassland. It contains one of the richest assemblages of species and supports one of the most 
important western migratory bird habitats in North America (Arias Rojo et al. 1999). For its size, 
the SPRNCA has one of the highest avian diversities found anywhere in the U.S. Almost 390 
bird species have been recorded there, of which 250 are migrants that winter in Central or South 
America and depend on the San Pedro as a staging post on their journeys to and from their 
breeding areas in the U.S. and Canada. Between one and four million songbirds use the 
SPRNCA as a migratory corridor each year. 
 
Riparian ecosystems are fragile, especially those found in arid climates. Water is the lifeblood of 
these communities and the abundance, diversity and health of these ecosystems are strongly 
influenced by the hydrologic regime, particularly depth to groundwater and the amount, timing 
and pattern of surface flow. A water table within a few feet of the ground surface is an essential 
prerequisite for the growth and survival for riparian tree species and other vegetation, while 
frequent and strong surface flows are essential for the recruitment of tree species such as 
cottonwoods and willows (Stromberg et al., 1996; Stromberg, 1998; Auble et al., 1994).  
 
The hydrologic regime in the SPRNCA depends on both the local climate (evaporation rates, 
rainfall) and the state of the groundwater system. Groundwater pumping to provide water for 
agricultural, industrial, and municipal uses impacts the state of the groundwater system. Models 
developed by the Arizona Department of Water Resources and others (in Arias Rojo et al. 1999) 
indicate that groundwater pumping in the nearby city of Sierra Vista area has already impacted 
baseflow in the river. The population of Sierra Vista has grown at an annual rate of 2.4% over 
the last 20 years and is projected to continue at that rate for the foreseeable future. This has 
already resulted in an increase in the depth to groundwater in the shallow aquifer.  Groundwater 
modeling indicates that as the population continues to grow, the baseflow of the river may be 
further affected (Vionnet et al., 1992). This, in turn, could lead to reductions in the extent of the 
riparian vegetation, invasion by xerophytic species such as mesquite and non-natives (e.g., salt 
cedar) and to a reduction in faunal biodiversity in the area (Stromberg et al., 1996). 
 
Previous hydrologic models, while taking into account human population growth in the area 
around the Upper San Pedro River, have not taken into account potential changes that could 
accompany climate change resulting from an increase in greenhouse gases. Models prepared for 
the western megaregion of the U.S. National Assessment show potential average temperature 
increases of around 1.8° C by 2030 and of between 4° and 5.3° C by the year 2095 (VEMAP 
2000). Even with precipitation increases, the overall amount of soil moisture will likely decrease. 
These climatic changes could lead to direct changes to the riparian biodiversity and exacerbate 
changes brought about by anthropogenic impacts to the water regime. 
 
In this EPA-funded project we are integrating hydrologic, climatic, and vegetation modeling with 
wildlife habitat models in an attempt to predict the potential effects of future human population 
growth (and water extractions) and climate change on the riparian vegetation communities of the 
SPRNCA, and their ability to support important wildlife communities. In this paper, we describe 
how wildlife Habitat Suitability Index (HSI) models are being developed and how they are to be 
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integrated with the overall modeling process, and the vegetation models in particular, to evaluate 
the risk of habitat change and loss. 
 
Problem Identification and HSI Model Development   
 
Previous applications of HSI models have included the prediction of the possible effects of 
particular land management alternatives on biota (Brand et al., 1986; Schamberger and Farmer, 
1978), the quantification of past injuries to ecosystem wildlife carrying capacities (Galbraith et 
al., 1996; LeJeune et al., 1996), and estimating the exposure to contaminants of wildlife species 
(Galbraith et al., 2001).  If the structures, extents, and/or compositions of post-change vegetation 
communities can be predicted, it becomes possible to use HSI models to quantify and compare 
pre- and post-change habitat quality and potential carrying capacities. HSI models achieve this 
by: 
 

25. Identifying the critical habitat variables that affect the carrying capacity of habitat. 
 

26. Establishing quantitative relationships between the occurrence of these variables and the 
carrying capacity of habitat. Each variable is assigned a suitability index (SI). This is a 
score of between 0 and 1, where the former is completely unsuitable habitat (i.e., minimal 
carrying capacity) and the latter is optimal habitat (i.e., greatest carrying capacity). 

 
27. Developing metrics that can be used in the field to quantify the occurrence of the critical 

habitat components (and, therefore, the carrying capacity of the habitat) 
 

28. Developing algorithms that combine the variable scores (SIs) into an expression of the 
overall carrying capacity of the habitat. This final score is the HSI and can be between 0 
(unsuitable for species or guild) and 1 (optimal habitat).  

 
A fifth component, that is not often performed, should be the testing and validation of HSI 
models in the field. 
 
To anticipate the effects of depth to groundwater changes on vegetation and wildlife 
habitat we are developing a hydrophytic model and a number of HSI models (Table 1). HSI 
models are being developed for species that are likely to lose habitat if the changes 
described above occur. However, they are also being developed for species that may not be 
adversely affected or, indeed, may benefit from the expected phytoecological changes.   
 
 
 
Table 1. HSI models being developed and rationale for each. 
Model species Habitat gain or Rationale for model 

loss 
Southwestern Potential gain Species, while riparian, is not dependent 
willow flycatcher on native gallery forest but breeds 

successfully in the region in salt cedar 
and other riparian scrub  

Yellow-billed Potential loss In region this species is obligate of shady 
cuckoo riparian gallery forest 
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Yellow and Potential loss Large migratory populations passing 
Wilson’s warblers through the SPRNCA feed largely in 

willow and cottonwood canopy  
Botteri’s sparrow Potential gain Species characteristic of mesic or 

xerophytic grasslands bordering 
SPRNCA riparian forest. May benefit as 
former replaces latter. 

 
The developmental and field-validation processes of two of these models are illustrated 
below by focusing on two individual models (southwestern willow flycatcher and yellow-
billed cuckoo). Space does not permit the description of all five models. 
 
Southwestern Willow Flycatcher.  
 
The southwestern willow flycatcher, Empidonax traillii extimus,  is a summer visitor to southern 
Arizona, wintering in Central and South America, south to Panama and northern Colombia 
(Finch et al., 2000; Sedgwick, 2000).  
 
Throughout most of its breeding range the willow flycatcher is confined to brushy thickets 
associated with standing or slow-moving water (Sedgwick, 2000). The southwestern race is 
largely restricted as a breeding species to riparian shrubby thickets in an otherwise arid or semi-
desert landscape (Sogge and Marshall, 2000; U.S. Fish and Wildlife Service, 1997; U.S. Fish and 
Wildlife Service, 2001; Arizona Game and Fish Department unpublished data; Paradzick and 
Woodward, in press; Allison et al., in press). In response to anthropogenic impacts to the 
subspecies’ habitats (agriculture, mining, etc.) and to population declines, U.S. Fish and Wildlife 
Service listed the subspecies under the Endangered Species Act as “endangered” in 1995. 
 
Southwestern willow flycatchers have bred or have been reported occupying territories in the 
SPRNCA in 1977 and 1989 (Krueper, 1997). At present, they may be considered intermittent 
and rare breeders in the area which may benefit if riparian forests are replaced by shrubbier 
habitats, including salt cedar stands. 
 
No previous HSI model exists for the southwestern willow flycatcher in any part of its breeding 
range. Therefore, one was developed for this project. The components and structure of this 
model were initially based on a literature review of the habitat preferences and patterns of use of 
southwestern willow flycatchers. This resulted in a draft model, which provided a focus for 
discussions with southwestern willow flycatcher researchers in Arizona, and model testing and 
modification in the field (along the lower San Pedro and Gila Rivers at long-term Arizona Game 
and Fish Department study sites with known flycatcher densities). Based on the comments of 
species experts and the field test results, the draft model was modified, resulting in this version. 
 
The final southwestern willow flycatcher HSI model incorporates eight variables (patch 
area and degree of isolation, width of habitat patch, shrub canopy cover, shrub foliage 
density at 3-5 meters, shrub canopy height, tree canopy cover, distance to standing or slow-
moving water, soil moistness). The numerical relationships between each of the variables 
and habitat suitability are the core of the habitat model. These were developed from 
information in the scientific literature (e.g., U.S. Fish and Wildlife Service, 2001; Skaggs, 
1996; Sedgwick, 2000; Marshall, 2000), and from conversations and field visits with 
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Arizona Department of Game and Fish willow flycatcher researchers C. Paradzick and A. 
Woodward. They are described below and in Figures 1 through 8. 
 
V1. Area and degree of isolation of riparian shrub patch. A riparian shrub or forest patch is 
defined as a shrub vegetation community (either with or without a tree canopy), generally 
less than 10 m in height, and dominated by willows and/or salt cedar. The patch size, patch 
isolation  and habitat suitability scores that were developed are shown in Figure 1. It is 
assumed that patches smaller than 1 ha do not provide habitat for the species unless within 
a landscape of small patches, that small and medium size patches (1-2 and 2-5 ha, 
respectively) provide increasing levels of suitability and that patches larger than 5 ha are 
optimal for the species.  
 
V2. Width of riparian patch.  The patch width and habitat suitability scores that were 
developed are shown in Figure 2. It is assumed that the relationship between patch width 
and habitat suitability is approximately linear and that riparian strips narrower than 10 m 
do not provide habitat for the species.  
 
V3. Percent shrub canopy cover in 20 m radius of sampling point.  The shrub cover and 
habitat suitability scores that were developed are shown in Figure 3. It is assumed that the 
relationship between % cover and habitat suitability is approximately linear, except at very 
high percent shrub covers where continuous shrub cover eliminates the presence of canopy 
breaks, another important habitat feature for the species. It is also assumed that shrub 
cover that is less than 50% does not provide habitat for flycatchers. 
 
V4. Shrub foliage density at 3-5 meters. The relationships between shrub foliage density at 3-
5 m and habitat suitability are shown in Figure 4. Sparse equates with a site where it is 
possible to clearly see more than 20 m at 3-5 m elevation above ground level from the 
sampling point for the majority of 360o. Moderately dense equates with visibility between 
10 and 20m.Dense equates with visibility between 5 and 10 m. Very dense equates with 
visibility less than 5m.  
 
V5. Average shrub canopy height within 20 m radius of sampling point.  The mean shrub 
canopy height and habitat suitability categorization are shown in Figure 5. It is assumed in 
this categorization that canopy heights of less than 4 meters do not provide habitat for 
flycatchers, and that optimal habitat is reached at 6 meters. 

 
V6. Tree canopy cover within 20 m radius of sampling point. Based on the relationships 
among tree cover, shading and shrub growth, the tree canopy (woody vegetation > 10m in 
height) the habitat suitability scores shown in Figure 6 were developed. It is assumed that 
at high levels of tree canopy cover (>51%) shading is such that the surviving shrub layer 
will probably not be dense enough to provide high quality habitat.  
 
V7. Distance to standing or slow-moving water. The distance to water (defined as standing or 
slow moving water greater than 5 meters in diameter or 2 meters in width) and habitat 
suitability scores shown in Figure 7 were developed. It is assumed that even sites distant 
from water may provide low quality flycatcher habitat. This relationship is presented 
graphically in Figure 7. 



 

V8. Degree of soil waterlogging. On the lower San Pedro River and its confluence with the 
Gila River, southwestern willow flycatchers prefer nesting habitat that has at least moist 
soils, or, optimally, wet or waterlogged soils (Paradzick and Woodward pers comm.). Based 
on this the variable categorization shown in Figure 8 was developed: 
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Figure 1. Riparian shrub patch size (ha) and 
suitability index (SI) relationship
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Figure 2. Riparian shrub patch width (m) and 
suitability index (SI) relationship
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Figure 3. Percent shrub canopy cover and 
suitability index (SI) relationship 
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Figure 4. Shrub foliage density and suitability 
index (SI) relationship
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Figure 5. Mean shrub canopy height (m) and 
suitability index (SI) relationship
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Figure 6. Tree canopy cover and suitability index 
(SI) relationship

0

0.2

0.4

0.6

0.8

1

<10 10-25 26-50 51-75 >75

Percent Tree Canopy Cover

SI

 



 

Figure 7. Distance (m) to water and suitability 
index (SI) relationship
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Figure 8. Soil moisture and suitability index (SI) 
relationship
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Model application 
 
The eight variables described above were combined into an index of the overall assessment of 
the habitat suitability (HSI) of a particular patch of riparian habitat using the following 8th root 
algorithm (to limit the HSI scores to between 0 and 1): 
 

HSI = (V1xV2xV3xV4xV5xV6xV7xV8) 1/8 
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The HSI values obtained using this equation range between 0 and 1 (lowest and highest 
estimates of suitability, respectively). 
 
Field test results 
 
The draft HSI model was tested in the field in areas of known willow flycatcher breeding density 
(unpublished data – C. Paradzick and A. Woodward, Arizona Game and Fish Department). The 
results of the field test of the southwestern willow flycatcher model are presented in Figure 9. 
These results show that the predictions of the HSI model regarding habitat suitability are 
generally accurate (if it is assumed that breeding density is a reflection of at least short term 
habitat quality). Thus the HSI model developed for this study is a reasonable predictor of 
breeding habitat quality for the study species. 
 

Figure 9. HSI scores and breeding densities of 
southwestern willow flycatchers on San Pedro and Gila 

rivers
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Yellow-billed Cuckoo 
 
The yellow-billed cuckoo is a summer visitor to North America, wintering in Central and 
South America (Kaufman, 1996; Hughes, 1999). The western race is largely confined to riparian 
broad-leaved woodlands, particularly those dominated by mature cottonwoods or willows 
(Gaines, 1974; Hamilton and Hamilton, 1965; Hughes, 1999). They apparently avoid riparian 
habitats dominated by invasive salt cedar, Tamarix pentandra (Laymon and Halterman, 1987).   



 

It is likely that, at most, 600 pairs of yellow-billed cuckoos breed in Arizona, with 50-100 of 
these in the SPRNCA (Laymon and Halterman, 1987; Krueper, 1997). Rapid population 
decreases and range reductions of western yellow-billed cuckoos have recently prompted efforts 
(thus far unsuccessful) to have the race listed under the Endangered Species Act. 
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No previous HSI models existed for yellow-billed cuckoo in any part of its breeding range. 
Therefore, a model was developed to evaluate the potential effects of climate change to the biota 
of the riparian systems of the SPRNCA. The components and structure of this model were 
initially based on a literature review of the habitat preferences and patterns of use of yellow-
billed cuckoos. This resulted in a draft model which provided a focus for discussions with 
researchers in Arizona, and model modification in the field. It was then tested in the SPRNCA at 
sites with known cuckoo breeding densities. Based on the comments of species experts and the 
field test results, the draft model was modified, resulting in this version. 
 
The final yellow-billed cuckoo HSI model incorporates eight variables: continuity and 
width of habitat patch, shrub  density (canopy cover), tree and shrub canopy heights, 
cottonwood/willow dominance in tree canopy, cottonwood/willow/ash/walnut/Baccharis 
dominance in shrub canopy, salt cedar and/or mesquite dominance in the shrub 
understory. The numerical relationships between each of the variables and habitat 
suitability are the core of the habitat model. These were developed from information in the 
scientific literature (e.g., Hughes, 1999; Gaines and Laymon, 1984; Laymon et al., 1997; 
Laymon and Halterman, 1989), and from conversations and field visits with yellow-billed 
cuckoo researchers working in the SPRNCA. They are described below and in Figures 10 
through 17. 
 
V1. Linear continuity of riparian forest or shrub habitat. In the SPRNCA, riparian shrub or 
tree linear patches that are relatively unbroken over at least 200 meters provide higher 
quality cuckoo habitat than more fragmented habitats. To accommodate this, the  
categorization shown in Figure 10 was developed.  
 
V2. Width of riparian forest patch. Based on data presented in Laymon and Halterman 
(1989) and observations at sites of known breeding density in the SPRNCA, the patch 
width and habitat suitability categorizations shown in Figure 11 were developed. It is 
assumed that the relationship between patch width and habitat suitability is approximately 
linear and that riparian strips narrower than 50 m do not provide good habitat for the 
species.  
 
V3. Percent shrub canopy cover in 50 m radius of sampling point. Based on the results 
reported in Gaines and Laymon (1984) and observations at sites with known breeding 
densities of cuckoos on the SPRNCA, the shrub cover and habitat suitability 
categorizations shown in Figure 12 were developed. It is assumed in this categorization that 
the relationship between % cover and habitat suitability is approximately linear except at 
very low percent shrub covers where a further reduction will result in a disproportionate 
effect on habitat suitability.  
 
V4. Average shrub canopy height within 50 m radius of sampling point. Based on observations 
made at the SPRNCA in areas of known cuckoo breeding density, the shrub canopy height 
and habitat suitability categorizations shown in Figure 13 were developed. 



 

 
V5. Average tree canopy height within 50 m radius of sampling point. Based on the results 
reported in Gaines (1977), Gaines and Laymon (1984), and observations made at the 
SPRNCA in areas of known cuckoo breeding density, the tree canopy height and habitat 
suitability categorization shown in Figure 14 were developed. It is assumed that the 
relationship between tree canopy height and habitat suitability is approximately linear. It is 
also assumed that even low canopy heights may have some habitat value. 
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V6. Cottonwood/willow dominance in tree canopy within 50 m radius of sampling point. Based 
on the results reported in Laymon and Halterman  (1985), the cottonwood/willow 
dominance in the tree canopy and habitat suitability categorizations shown in Figure 15 
were developed. It is assumed that the relationship between % dominance and habitat 
suitability is approximately linear. It is also assumed that very low representations  of these 
species (<10%), provide at best marginal habitat for yellow-billed cuckoos.  
 
V7. Cottonwood/willow/ash/walnut/seep willow percent dominance (relative cover) in shrub 
layer within 50 m radius of sampling point. Based on the results reported in Gaines and 
Laymon (1984) and observations made at the SPRNCA in areas of known cuckoo breeding 
density, the shrub cover and habitat suitability categorizations shown in Figure 16 were 
developed. It is assumed that the relationship between % dominance and habitat suitability 
is approximately linear except at very low percent shrub covers where a further reduction 
will result in a disproportionate effect on habitat suitability. It is also assumed that less 
than 10% dominance, provides only extremely marginal habitat for yellow-billed cuckoos.  

 
V8. Percent dominance (relative cover) of salt cedar and/or mesquite in the shrub canopy within 
50 m radius of sampling point. The relationships between representation of salt cedar and/or 
mesquite in the vegetation community and habitat suitability shown in Figure 17 are 
assumed. It is assumed in this categorization that the relationship between % dominance of 
salt cedar/mesquite and habitat suitability is not linear but that increasing dominance by 
salt cedar or mesquite has a disproportionate effect on habitat suitability. It is also assumed 
that the highest dominance by salt cedar and/or mesquite (>70%) will constitute extremely 
marginal habitat for yellow-billed cuckoos.  



 

Figure 10. %  Linear continuity of riparian forest or shrub 
over 200 m and SI relationships

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

>90 70-90 50-70 30-50 <30

%  continuity

SI

 

 339

 

Figure 11. Riparian forest patch width and 
suitability index (SI) relationship
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Figure 12. Percent shrub canopy cover and 
suitability index (SI) relationship 
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Figure 13. Average shrub canopy height and 
suitability index (SI) relationship
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Figure 14. Average tree canopy height and 
suitability index (SI) relationship
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Figure 15. Cottonwood/willow dominance in tree 
canopy and suitability index (SI) relationship
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Figure 16. % dominance by willow and/or 
cottonwood in shrub canopy and suitability index 

(SI) relationship
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Figure 17. Percent dominance by salt cedar and/or 
mesquite in shrub canopy and suitability index (SI) 

relationship
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Model application 
 
The eight variables described above will be combined into an index of the overall assessment of 
the habitat suitability (HSI) of a particular patch of riparian forest habitat using the following 8th 
root algorithm (to limit the HSI scores to between 0 and 1): 
 

HSI = (V1xV2xV3xV4xV5xV6xV7xV8) 1/8 
 
The HSI values obtained using this equation will range between 0 and 1 (lowest and highest 
estimates of suitability, respectively). 



 

Field test results 
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The draft yellow-billed cuckoo HSI model was tested in the SPRNCA in areas of known yellow-
billed cuckoo breeding density ( unpublished data – M. Halterman, Bureau of Land 
Management).  The results of the field test of the western yellow-billed cuckoo model are 
presented in Figure 18. These results show that the predictions of the HSI model regarding 
habitat suitability are generally accurate (if it is assumed that breeding density is a reflection of at 
least short term habitat quality). Thus the HSI model developed for this study is a reasonable 
predictor of breeding habitat quality for the study species. 
 

Figure 18. Linear densities of pairs of yellow-billed 
cuckoos and HSI scores
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Conclusions 
 
Hitherto, HSI models have largely been utilized to quantify the quality of existing habitat for 
wildlife species, without reference to how that habitat may have been altered in the past or how it 
might be altered in the future. In this study, we are using HSI models as part of an integrated 
modeling approach to estimate the habitat quality gain or loss for a variety of indicator species 
due to future climate change and aquifer management decisions. In effect, the HSI models are 
being utilized as part of an ecological risk assessment (ERA), except that the stressors are not the 
traditional ERA contaminants but are climatic changes and land-use policies, and the outcomes 
are not toxicity or physiological impairment but changes in habitat quality and carrying capacity. 
Other reports in this volume detail how HSI might be used as part of traditional ERA, however, 
the experience of this project has identified a number of areas in which these models could be 
profitable integrated into the process. These include: 
 

• Determining the extent that wildlife may actually use, or avoid, the site or contaminated 
portions thereof, and therefore, their exposure risk. 



 

• Determining the extent to which existing wildlife habitat may be altered by site 
remediation.    
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• Focusing remediation on areas of lower habitat value. 
• Evaluating the extent to which proposed remediation activities might incur net benefits 

(due to contamination being removed) or costs (due to loss of habitat) through 
remediation. 

 
One of the main limitations of the HSI models that are currently available is that relatively few 
have been developed. Also, most of those that have been developed have not been field-tested. 
Nevertheless, the development and testing of  HSI models for ERA (focussed on species that 
typically occur in such assessments) could be accomplished relatively easily and quickly. 
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Final Report 

 
This document is a final report that describes the hydrologic work activities undertaken through a 
contract with the American Bird Conservancy on a project entitled “Potential Effects of Climate 
Change on Biodiversity and Riparian Wildlife Habitat of the Upper San Pedro River.”  The work 
includes a series of tasks to modify an existing groundwater flow model developed under the 
Alternative Futures Study (Steinitz et al., 2003).  The modifications have been made to allow the 
groundwater flow model to be used to evaluate climate change conditions on the groundwater 
system of the Upper San Pedro River Basin. 
 
This document describes the study area, the existing Alternative Futures Model, the 
modifications made to that Alternative Futures model to enhance its use for climatic change 
evaluation, and the development of the software necessary to carry out the modifications (an 
example of the software documentation is included in an Appendix).   
Ultimately, the major modeling packages were seasonalized but due to spatial scale issues the 
model was not fine enough within the riparian/river area to accurately predict depth to 
groundwater maps at the scale required for the avian analysis.  To achieve this level of spatial 
detail, a new model (using the Alternative Futures model as its bases) is required.  The 
development of a new model is beyond the scope of this project.  However, work on this model 
is underway but lack of funding is delaying its completion.  At the present time, the new 
groundwater flow model for climatic change evaluation could be ready for scenario application 
by August 2006.   



 

Study Area 
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The San Pedro Basin is located in the northern portion of Sonora, Mexico and southeastern 
Arizona (Figure 1).  The basin is traditionally divided into two sections, the  
 
 

 
Figure 1. Location of study area (adapted from MacNish et al., 2000) 

 
Upper and Lower San Pedro Basins, which are separated by the geologic formation known as 
“The Narrows.”  This study includes the Upper San Pedro Basin and a portion of the Lower San 
Pedro Basin.  The Upper San Pedro Basin is that portion of the watershed elevated above “The 
Narrows” extending southward into Mexico.  The portion of the Lower San Pedro Basin 
included in the study extends north from “The Narrows” to the Redington stream gauge, also 
known as the Redington sub-basin.   
 
The San Pedro River, beginning with its headwaters in northern Sonora, Mexico, near the city of 
Cananea, flows northwards from Mexico into the southeastern portion of Arizona, to its 
confluence with the Gila River.  The river is perennial in many places and intermittent in others.  
A major tributary, the Babocomari River, is also perennial in places.  A few small intermittent 
streams also contribute to the San Pedro River, but the majority of contributing drainages are 
ephemeral. 
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Existing Model 
 
Only a portion of the watershed of Upper San Pedro Basin was modeled because a good portion 
of the basin is mountainous and composed of non-aquifer materials. In Figure 2 the red outlined 
area is the watershed boundary and the blue areas are the modeled areas. 
 
Conceptual and Numerical Models 
 
The groundwater model of the Upper San Pedro Basin (Goode and Maddock, 1999) required two 
developmental phases: the creation of a conceptual and numerical model.   
 
Conceptual Model 
 
The creation of the conceptual model was accomplished through the utilization of Geographic 
Information System (GIS) software, namely ArcView, used primarily to view and create point, 
line, and polygonal shapes.  The conceptual model was conceived has having four layers. 
 

 
Figure 2.  Conceptual model layers of the Upper San Pedro Basin 

 
Layer 1 consisted of the hill slope areas away from riparian areas. Layer 2 includes both the 
Upper Basin fill of the regional aquifer, and the floodplain aquifer.  Layer 3 loosely corresponds 
to the lower basin fill of the regional aquifer system.  Layer 4 represents the consolidated 
sediments 305 meters (~1000 feet) below the ground surface. 
 
Numerical Model 



 

The creation of a numerical model was accomplished by the infusion of the conceptual model 
into a 3D finite difference grid used in MODFLOW groundwater software from the U.S. 
Geological Survey (Harbough and McDonald, 1996).  MODFLOW computes the water mass 
balance and the hydraulic head (water level) for each cell within the grid.  The infusion of the 
two models (conceptual and numerical) was allowed through the use of Department of Defense 
Groundwater Modeling System (GMS, 1999) software.  
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Stress Periods 
 
The time period for groundwater modeling began with predevelopment conditions, or “steady 
state.”  Steady state conditions were assumed to exist in 1940.  The steady state was used as the 
initial condition for the subsequent transient analysis.  The transient simulation applied historical 
and current information of pumping stresses to the system from 1940 to 1997 aggregated into 
twenty three stress periods (Table 1).   
 

Table 1. Stress periods 

Stress Period Years 
1 1940-41
2 1942-45
3 1946-50
4 1951-63
5 1964-66
6 1967 
7 1968 
8 1969-72
9 1973-76
10 1977 
11 1978-85
12 1986 
13 1987 
14 1988 
15 1989 
16 1990 
17 1991 
18 1992 
19 1993 
20 1994 
21 1995 
22 1996 
23 1997 

Model Areal Recharge 
 
The primary sources of areal recharge into the San Pedro Basin are from mountain front recharge 
and infiltration of irrigation waters. 

Mountain Front Recharge 
 
The groundwater recharge into the San Pedro Basin occurs along the mountain front.  Mountain 
front recharge is the water that infiltrates into the zone of coarse alluvium that extends from the 
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base of the mountain into the basin.  Water flows downward through the unsaturated zone in a 
broad band paralleling the mountain front.  The width of the recharge zone is dependent on the 
nature and magnitude of the runoff from the consolidated rock areas.  Infiltration takes place in 
the coarse grained unconsolidated sediments.  For the Alternative Future study, an equation 
developed by Anderson et al (1992) was used to determine regional mountain front recharge 
amounts.  Figure 3 present the distribution of precipitation to the watershed and rates of 
mountain front recharge assigned to the boundary cells of the groundwater flow model. 
Agricultural Recharge 
 
Agricultural Recharge 
 
Agriculture is a major water user in the basin, especially along the floodplain where water is 
used mostly for irrigation.  The water used for irrigation may be applied in a number of ways 
including flood, furrow, and sprinkler methods.  Each of these methods provides water for plant 
use as well as water evaporation.  The water not consumed by plants and evaporation percolates 
through the soil and recharges the aquifer beneath.  For the Alternative Future study, it was 
assumed that the ratio for consumed water to recharged water is 70:30, where 70% of irrigation 
water is consumed and 30% of the water is recharged into the underlying aquifer.   

 

 
Figure 3.  Mountain front recharge cells and contributing basins 
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For the Alternative Future study, the agricultural lands where recharge occurs were determined 
by 1997 satellite coverage information concerning land use.  Agricultural lands are seen as 
polygons.  These polygons include both currently active agricultural lands as well as those lying 
fallow. 
 
A recharge rate for each polygon was computed using the pumping rate for all irrigation wells 
within 300 meters of a polygon.  The pumping rate for all of these wells were added together and 
then divided by the area of their associated polygon.  This irrigation rate was then reduced by 
70%, leaving 30% of the total irrigation rate to be applied to the polygon as recharge. 
 
For the Alternative Future study, all agricultural recharge cells were located in layer 2 of the 
model.  Figure 4 shows the irrigation wells, agricultural polygons, and agricultural recharge cells 
and their respective locations within the Upper San Pedro Basin. 

 
Figure 4.  Agricultural recharge cells with associated pumping wells and recharge 

polygons 
 
 
Riparian Evapotranspiration 
 
Riparian areas exist along the floodplain of the San Pedro River.  For the Alternative Future study, the 
areal extent of the riparian area was determined from satellite coverages of the San Pedro Basin from 
1997 (the extent of the riparian area in 1940 is assumed to be the same as 1997).  It is generally 
accepted that phreatophytes, groundwater-using plants, only exist along the floodplain due to the 
relatively shallow water table conditions.  There are three types of phreatophytic vegetative cover, 
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significant to this study, defined within the riparian area: cottonwood-willow (Populus fremontii and 
Salix gooddingii), Mesquite bosque (Prosopis velutina), and a mixture of the two types.  There are 
other types of vegetation suspected of using groundwater along the floodplain, namely tamarisk and 
saccaton grass, however they are not considered within Alternative Future study as they were deemed 
insignificant on the regional scale.  
 
Figure 5 presents the distribution of riparian and agricultural vegetation for the Alternative 
Futures modeled area.  The Alternative Future study assumed that evapotranspiration is modeled 
as an annual flux term.  The evapotranspiration is treated as head-dependent in a piecewise linear 
fashion that starts at an extinction depth and monotonically approaches a maximum 
evapotranspiration rate (see Figure 6).   
 
The evapotranspiration rates for each vegetative type were assigned to their respective polygons.  
Evapotranspiration rates were assigned to model cells based on the percentage of that polygon 
type contained within the model cell.  The percentage was then multiplied by the 
evapotranspiration rate, giving the evapotranspiration rate for that particular cell.  This process 
was completed for all cells containing any portion of riparian vegetation polygons.  Figure 7 
shows the model cells overlain by riparian vegetation polygons. 



 

 
Figure 5.  Riparian and agricultural areas 
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Figure 6.  Traditional MODFLOW flux curve for evapotranspiration 
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Figure 7.  Evapotranspiration cells and associated riparian vegetation polygons 

 
The actual extinction depth of the root zone in the riparian area is five meters, however, to 
compensate for the large cell size, an additional five meters was added to compensate for the 
averaging of vertical elevation variances within each cell.  An extinction depth of ten meters was 
assigned for the riparian areas.  Figure 8 gives a schematic representation of this procedure. This 
procedure increases the availability for water in the riparian area, but created an improper 
extinction depth that was never exceeded.  



 

 
Figure 8.  Adjustment of extinction depth for evapotranspiration cells 
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Groundwater Pumping 
 

The distribution of groundwater pumped wells is presented in Figure 9.  The different 
colored dots in the figure represent different water use types within the basin. The water use 
types used in the basin are stated below. 

 

• Public Supply Wells 

• Irrigation Wells 

• Domestic Wells 

• Stock Wells 

• Industrial Wells 

• Commercial Wells 

• Institutional Wells 

The pumping rates for all types of well were average annual values. 



 

 
Figure 9.  Distribution of well by type used for simulation 
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Modifications to Existing Model 
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Seasonalizing the annual groundwater model for the Upper San Pedro basin allows for a more 
accurate estimation of water budget, and better assessment of anthropogenic and climatic 
changes on riparian vegetation.   
 
Seasonalization 
 
Climate change can exhibit trends that produce long term variation in boundary conditions over 
the years, and/or by seasonal changes that redistribute the inflows or outflows of the boundary 
conditions within the annual cycle.  The long term variations can be treated by trend analyses, 
however, to redistribute seasonal inflows and outflows, the model must be seasonal. 
 
The Alternative model was not seasonal; instead, it was based on aggregated annual averages for 
stream base flow, evapotranspiration, mountain front recharge, and groundwater pumping.  
Examination of precipitation records indicates that the Upper San Pedro Basin has four seasons: 
rainy seasons in the summer and winter, and dry seasons in the fall and spring. Based on this 
information the annual Alternative futures model was converted into a four season model.  The 
seasons are defined in table 2. 
 

Table 2.  Upper San Pedro groundwater model seasons 

Season Months 
Spring April - May 

Summer June - September 
Fall October - November 

Winter December - March 
 

 
Seasonal values for stream base flow, and agricultural pumping were initially determined by 
factoring the annual-averaged volumes into seasonal averaged volume components based on 
local climatic conditions, and converting these components to multiplicative seasonal scale 
factors (Maddock and Vionnet, 1998).  The product of the seasonal scale factor times the annual 
average rate produces the seasonal rate.  Figures 10, 11 and 12 present the seasonal scale factors 
for streamflow and agricultural pumping. 

 
The seasonal variations in base flow, evapotranspiration and agricultural groundwater pumping 
reoccur from year-to-year, and produce a wave like behavior.  The lateral penetration of the 
wave is dampened within the porous media by an affect know as skin depth (Maddock and 
Vionnet, 1998) which is a function of hydraulic conductivity of the porous material.  For most 
aquifer systems, short term waves like those produced by seasonal variation dampen out with in 
five to ten miles of the wave source.  Because of the distance between where the mountain front 
recharge enters the Upper San Pedro Basin and the riparian areas is greater than ten miles, 
mountain front recharge does not affect the periodicity of the riparian unit and was not initially 
treated as being seasonal.   
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Figure 10. Four season scale factors for streamflow 

 
 

 
Figure 11.  Four season scale factors for evapotranspiration 

 
 

 
Figure 12.  Four season scale factors for agricultural groundwater pumping 

 
 
The climatic change of seasonal variation can be simulated by adjusting the scale factor curves 
under the constraint that the area under the readjusted curve is equal to the area under the one 
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season or annual curve.  Increase in annual climatic condition is treated separately using trend 
analysis. 

 
Steady Oscillatory 
 
The predevelopment steady-state analysis performed in the Alternative Futures Study to serve as 
initial conditions for the transient analysis is no longer valid.  In particular, the steady state 
analysis produces a single hydraulic head and mass balance for the numerical model’s cells.  
Since there are four seasons, four initial states of the flow system are needed, one for each 
season.  To determine the four initial states, we assumed that the natural recharge process vary 
through the four seasons, but repeat from year to year.  A transient flow model is used to impose 
the four season period conditions over a large number of cycles.  As the numerical model 
processes through the cycles, any non periodic portions diminish and the periodic solution 
becomes more dominant.  When the non-periodic portions are absent, the seasonal heads and 
fluxes begin to repeat from cycle to cycle, a steady-oscillatory solution is said to be achieved.   
 
For this project, a steady oscillatory solution was determined assuming periodic stream base 
flow, agricultural pumping and evapotranspiration.  The first attempt at the steady oscillatory 
solution assumed the traditional MODFLOW approach to evapotranspiration described in a 
previous section of this report. 
 
Modified Stress Periods 
 
The starting point for analysis of climatic change is assumed to be the year 2000.  The historical 
flow processes from the years 1940 through 2000 had to be simulated, because during this period 
of time, regardless of seasonalization, the Upper San Pedro Basin is in transient states due to the 
groundwater development.  Therefore, a historical seasonal analysis was undertaken using the 
steady oscillatory solution for the seasonal initial condition.  Thus the number of stress period 
jumped from 23 (which started in 1940 and ended in 1997) to 240 (four seasons from 1940 to 
2000).  The 240 stress period solution is used as the initial condition to the climatic change 
simulation.     
 
Data Entry Programs 
 
The data entry requirements for the climatic change groundwater flow model are horrendous and 
required development of a number of data entry software.  These data entry software are called 
preprocessors.  All of the preprocessors were developed within the Windows® environment.  
The preprocessor for evapotranspiration will be discussed in a later section. 
 
PreProSTR 
 
The first preprocessor to be developed was PreProSTR, a software that provides easy of data 
entry into the Stream-Aquifer Module of MODFLOW.   In particular, the software allow the 
easy entering of periodic seasonal stream flow data and expedites the determination of 
oscillatory solutions, particularly since it may take as may as 400 cycles (1600 stress periods) to 
achieve a steady oscillatory solution. 



 

 PreProWEL 

 361

 
This software provides easy entry into the Well Module of MOFLOW.  There are seven 
classifications of wells used by our study: Public Supply Wells, Irrigation Wells, Domestic 
Wells, Stock Wells, Industrial Wells, Commercial Wells, and Institutional Wells.  In addition, 
any specified flux boundary condition is simulated by wells.  The software categorizes the wells 
by type, and provides easy entry of location and amount of pumping.  This software, like 
PreProSTR, allows the easy entering of periodic seasonal data and expedites the determination of 
oscillatory solutions. 

PreProRCH 
 
This software provides easy entry into the Recharge Module of MOFLOW.  The application of 
water for agricultural will produce periodic recharge to the aquifer. The software provides easy 
entry of location and amount of recharge to the aquifer.  This software, like PreProSTR and 
PreProWEL, allow the easy entering of periodic seasonal data and expedites the determination of 
oscillatory solutions. 

 
Modifications of Evapotranspiration Module 
 
Because riparian and wetland systems contain a disproportionate share of regional biodiversity 
and play a dominant role in the regional water and energy balance, if these ecologically 
significant systems are to be modeled, a MODFLOW package that properly reflects the eco-
physiology of riparian and wetland ecosystems needed to be developed. Traditionally, the ET 
source term is treated as head-dependent in a piecewise linear fashion that starts at an extinction 
depth and monotonically approaches a maximum ET rate.  While this quasi-linear relationship 
may hold true for evaporation, it does not accurately reflect the relationship between riparian 
transpiration and groundwater conditions.  Furthermore, ET processes generally vary between 
plant types, making it necessary to determine variations by type.  To improve the ability to 
determine riparian evapotranspiration and predict ecosystem response to changing environmental 
conditions, a Riparian ET (RIP-ET) package for MODFLOW-96 (Harbough and McDonald, 
1996) was developed that attempts to simulate evapotranspiration from the water table that lies 
beneath riparian/wetland systems in a manner that reflects their ecology and physiology. 
   
Plant Functional Groups 
 
Riparian and wetland ecosystems are composed of a variety of plant types and species.  The 
identification and use of plant functional groups can assist in reducing the enormous complexity 
of individual species and populations into a relatively small number of general recurrent patterns.  
This technique has emerged as a useful way to organize plant species that have similar impacts 
on ecosystem processes into manageable and meaningful categories (Williams et al., 1998).  
Plant functional groups are defined as non-phylogentic groupings of plant species that exhibit 
similar responses to environmental conditions and have similar effects on the dominant 
ecosystem processes.  In the Riparian ET package, plant functional groups are used to elucidate 
the interactive processes of plants (and plant ET) with groundwater conditions.  The model is 
designed to be flexible, with the user determining which sets of plant functional groups are 
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appropriate for the simulation and geographic region of the riparian/wetland system to be 
modeled. 
 
In the development of the Riparian ET Package, five basic functional groups are defined based 
on transpiration rates and processes, plant rooting depth, and drought tolerance. While the groups 
presented here are for semi-arid environments, the methodology can be applied universally.  The 
generalized plant functional groups are: obligate wetland, shallow-rooted riparian, deep-rooted 
riparian, transitional riparian and bare ground/open water.  The last category, while not a plant 
functional group, must be included to accurately model evaporation (non-transpiration) from the 
cell or active modeling area.  The evapotranspiration rates and range of groundwater elevations 
over which these groups exist differ for each plant functional group. 
   
Plant Functional Subgroups 
 
Plant size and density also play roles in determining evapotranspiration rates.  Large woody 
plants have different maximum rooting depths, hydraulic architecture and transpiration rates than 
smaller.  Furthermore, areas with dense configurations of both woody and herbaceous plants may 
show increased transpiration rates compared to sparse configurations.  Taken together, the plant 
functional group and plant size or density comprise a plant functional subgroup (PFSG).  
Examples of possible plant functional subgroups are: transitional riparian-large or wetlands-
medium density.  Table 3 presents the possible plant functional subgroups for this example.  This 
table is by no means exhaustive and is meant to be illustrative.  
 
 
 

Table 3. Subgroupings for plant functional groups, by size and density. 
Plant Group Size Densities Species Examples  

Obligate  N/A Low, medium, Cattail, Bulrush 
Wetland high 

Shallow-rooted N/A Low, medium, Curly dock, Cocklebur, 
Riparian high Deer grass 

Deep-rooted Small, medium, Low, medium, Cottonwood, Willow,  
Riparian large high Mesquite (bosque) 

Transitional Small, medium, Low, medium, Walnut, Hackberry, 
Riparian large high Sacaton, Sycamore 

 
Evapotranspiration rates and the range of groundwater elevations over which these groups exist 
differ for each plant functional group (Figure 13).  Streamside riparian corridors typically consist 
of multiple plant functional subgroups, each reacting differently to the hydrologic conditions.  A 
deeper water table may be ideal for a transitional riparian group, but near fatal to a wetland or 
herbaceous, shallow-rooted group.  Similarly, a high water table conducive to a wetland group 
may drown out the trans-riparian.  Even so, it is quite likely that a MODFLOW cell covering a 
riparian system will comprise a number of compatible plant functional groups.  Thus, the 
evapotranspiration loss from a riparian/wetland system is dependent on the plant functional 
subgroups present and on the groundwater depth.  Furthermore, as the region near the riparian 
system is urbanized, results of that development (such as increased groundwater pumping) may 
affect each group differently.   



 

ET Flux Rate Curves 
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The ET rate per area is called the ET flux rate.  Due to differences in sensitivity to water 
availability and rooting depth, ET flux rates in plant species and thus in the subgroups vary with 
groundwater depths.  Based on a literature review, field measurements and researcher input, 
preliminary ET flux rate curves were developed for the basic set of plant functional groups 
(Figure 13), (Maddock and Baird, 2003).  These curves provide the ET flux rate as a function of 
water table conditions (or hydraulic head).   

 
Figure 13.  Average ET flux rate curves for four plant functional groups: obligate wetland, 

shallow rooted (S-R) riparian, deep-rooted (D-R) riparian and transitional (Trans) 
riparian. 

 

Figure 14 illustrates a representative ET flux rate curve.  For each plant functional subgroup 
there is a water table elevation or extinction depth elevation (Hxd in Figure. 14) below which the 
roots can not obtain water and ET is nonexistent.  When the water table rises and water becomes 
available to the root system, the ET rates rise until they reach an average maximum ET flux 
(Rmax).  At higher water table elevations, the root systems become oxygen deficient and ET 
rates decline until the plants die of anoxia. The water table elevation associated with plant death 
is the saturation extinction depth elevation (Hsxd in Figure 14).  The decrease in ET flux rates 
resulting from high water tables has not been considered in previous MODFLOW 
Evapotranspiration Packages.  Although Figure 14 shows Hsxd below the land surface elevation, 
it need not be; it can be at, or above the land surface elevation for some subgroups.  For example, 
some wetland species may tolerate as much as a meter of standing water above the land surface. 



 

 
Figure 14.  Generic ET flux rate curve 
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For the purpose of modeling, the distance between the two extinction depths is called the active 
root zone depth (Ard).  The saturated extinction depth (Sxd) is measured with respect to the land 
surface elevation, HSURF.  If Hsxd is below the land surface elevation, Sxd is positive; if it is 
above, Sxd is negative. 
 
The maximum ET flux rate (Rmax) is the measured average head-dependent ET rate, not a 
measured peak ET rate.  For plants that have a saturation extinction depth, Rsxd = 0.  For bare 
ground or open water, Rsxd equals the evaporation rates, and a shallow, more appropriate, 
extinction depth should be applied.  
 
ET Flux Rate Curve Linear Interpolation 
 
The Riparian ET Package does not use the continuous curve of Figure 14, but instead uses an 
approximation based on linear segments as illustrated in Figure 15.  The ET flux rates reported in 
the literature are in various sets of units (e.g. cm/sec, feet/day, liters/day, kg/(m2-sec); the latter 
units need to be adjusted by the density of water to be dimensionally correct).  To help alleviate 
problems that might occur with a particular choice of units, the curve segments are read into the 
RIP as dimensionless.  They are converted during the simulation to units consistent with other 
MODFLOW packages based on the units of Rmax and Ard.  The Rmax (L/T) and Ard (L) units 
must match the length and time units used elsewhere in the simulation.  A more detail 
description of the package can be found in the user manual (Maddock and Baird, 2003). 



 

 
 Figure 15.  Hypothetical segmented ET flux curve.      

 365

Plant Coverage 
 
The use of this package requires having information about the distribution of the plant functional 
subgroups within the active modeling areas.  Not all of a MODFLOW cell is likely to contain 
active riparian or wetland habitat, nor is a cell likely to contain all of the possible plant functional 
subgroups.  Furthermore, the amount of canopy coverage (or coverage of flux area) may change 
from cell to cell.  The Riparian ET Package requires a fractional coverage for each of the plant 
functional subgroups present for a cell to simulate the mixture.  For bare areas not supported by 
shallow water tables, ET rates can be excluded from the cell area or assigned flux rates of zero 
(e.g. the non-habitat area in Fig. 16).  The fractional cover within a cell has three components: 1) 
fraction of active habitat, 2) fraction of plant functional subgroup, and 3) fraction of plant canopy 
or flux area. 
 
Fraction of active habitat  
 
The fraction of active habitat refers to the fraction of the cell that contains wetland or riparian 
habitat.  Since cell sizes in MODFLOW may be quite large (e.g., square kilometer), only a 
fraction of cell will contain the habitat (see Figure 16).  The fraction of active habitat (fAH) is 
defined as 

=
area of active habitatfAH

area of cell
 



 

 
Figure 16.  Area of active habitat in a cell 
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Fraction of a subgroup in the cell 
 
The active habitat area in a cell may be composed of a variety of plant functional subgroups (see 
Figure 17).  The fraction of ith plant functional subgroup is defined as 

=( ) area subgroup ifSG i
area of active habitat  

 

 
Figure 17.  Area associated with plant functional subgroups 

 
Fraction of plant canopy or flux area
 
Within any habitat, plant functional subgroup canopy or plant cover rarely equals 100 percent 
(Figure 18).  Percent canopy or plant cover may vary, depending on habitat type and resource 
availability.  To accurately determine ET the area of canopy cover or plant cover is required, as 
most flux rates are evaluated on canopy or plant cover.  Note that for open water areas the 
fraction of plant coverage is equal to one.  The fraction of plant coverage is defined as, 

 

 

=( ) canopy area for subgroup ifPC i
area subgroup i  



 

 
Figure 18.  Area associated with canopy 
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Fractional Coverage 
 
The fractional coverage of the ith plant functional subgroup in a cell (fCov(i)) is given by the 
equation, 

fCov( )i = fAH × ×fSG( )i fPC( )i  
The components of fractional cover can be determined using a combination of GIS techniques, 
aerial photography and ground verification.  If a plant functional subgroup is not present in a 
cell, its fraction is entered as zero. Fractional cover has not been included as a variable in 
previous MODFLOW Evapotranspiration packages. 
 
Land Surface Elevations 
 
Within the model area, the land surface elevation (HSURF) will vary from cell to cell.  It may 
also vary within a cell.  The magnitude of this change is important.  If HSURF varies on the 
same order of magnitude as the extinction depths within the cell, the ET calculations will be 
affected.  The user has an option of either assigning a single HSURF for the average surface 
elevation of the cell, or assigning an HSURF value for each plant functional group within a cell.  
If a single value of HSURF is used, the average surface elevation of the cell is used to calculate 
Hxd (see Figure 8).  If HSURF is assigned for each plant functional subgroup, the actual surface 
elevation of the habitat within the cell is used to calculate Hxd.  It should be noted that a 
MODFLOW model assumes that the water table elevation is constant within the cell boundary. 
 
Status 
 
The evapotranspiration package, which is called RIPET, is now complete and fully documented.  
The American Bird Conservancy has been supplied with copies of the software, examples and 
the documentation of this program. 
 
Preprocessor for Evapotranspiration 
 
The preprocessor for the new riparian evapotranspiration package is called PreRipET, and is a 
Windows program.  PreRipET designed to help you create a riparian evapotranspiration module 
data file for MODFLOW-96 or MODFLOW-2000.  The documentation for PreRipET is 
complete and included in Appendix A.   



 

 
Evapotranspiration Package for the San Pedro 
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The original MODFLOW ET package is being replaced by RIP-ET to determine seasonal ET.  
Updating the ET package required two steps.  The first task was to determine the appropriate 
plant functional groups for the river and then to develop ET curves for these groups.  Based on 
data collected by ARS, our work, and literature values, seasonal curves were developed for the 
following plant functional groups: 
 

Cottonwood/Willow 
Mesquite 
Sacaton 
Saltcedar 
Emergent 
Evaporation (summer and winter). 
 

Table 4 shows the calculated seasonal ET rates (in mm/day) for these groups.  Figures 19 
through 21 illustrate their correlation with groundwater depth. 
 
Table 4. Seasonal ET rates for Upper San Pedro plant functional groups. 
 Mesquite Cottonwood Saltcedar Sacaton Evap Emergent 
 mm/day      
April/May 1.31 2.84 2.00 1.19 7.48 3.00 
June/Sept 4.29 4.20 4.80 3.34 6.73 3.50 
Oct/Nov 1.48 0.68 2.00 1.45 4.29 1.50 
Dec/March 0.00 0.00 0.00 0.00 3.77 0.00 

 
 
Next a vegetation map of the entire upper San Pedro basin needed to be created.  This task turned 
out not to be a trivial undertaking.  Within the SPRNCA relatively good mapping exists.  
However, the SPRNCA represents only a small portion of the basin.  Maps from BLM, and EPA 
were merged with the SPRNCA maps to form one coverage file.  The vegetation data associated 
with these coverages then needed to be converted into coverage data for the appropriate plant 
functional groups.   
 
These tasks completed, PRE-RIP-ET was used to generate the new ET package.  This package is 
complete and ready to be employed in the new model. 
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Figures 19-21.  Seasonal transpiration rates for the dominate USP plant 
functional groups.  Scales are equivalent to better show seasonal changes. 
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Additional Modifications 
 
Prior to the seasonalization of this model, an improved version of the groundwater program, 
MODFLOW-2000 was released.  To use MODFLOW-2000 the basic MODFLOW package 
needed to be modified, adding top and bottom elevations to the aquifer layers and converting 
various flow parameters such as transmissivity to conductance.  These changes were completed 
and new layer coverages created and imported into MODFLOW.   A MODFLOW-2000 steady-
state oscillatory model with the new values was completed and the groundwater budget values 
checked against the original Goode and Maddock model and found to be in agreement.  It was at 
this point that problems with scale and ground elevations were determined.  The original model 
was completed with MODFLOW-96.  In this version of MODFLOW, surface elevation aren’t 
used, instead the program uses layer thickness.  In converting to MODFLOW-2000, it became 
apparent that the stream surface elevations did not coincide with the ground surface elevations.   
 
Using more recent 10 meter DEMs, river elevations were sampled and a new stream coverage 
file created.  Additional river nodes were added for more accuracy.  This file was imported into 
MODFLOW, the existing river diversion and tributaries were joined to the river and corrections 
made.  
 
Monthly stream gage records were obtained for 1943 to present.  The annual stream flow values 
used in the Goode and Maddock model were then allocated seasonally based on weighted 
averages of the monthly stream gage records.  The original annual flow value and the subsequent 
seasonal flow values for San Pedro River and tributaries are illustrated in table 5.   
 

   Table 5.  Annual and seasonal base flow values for San Pedro River and 
tributaries. 
 Annual April/May June/Sept Oct/Nov Dec/March 
 m3/day m3/day m3/day m3/day m3/day 
Ash 978.6302 81.20417 2039.195 415.1892 645.7699 
Hot Springs 6238.768 517.6766 12999.87 2646.831 4116.784 
Paige 978.6302 81.20417 2039.195 415.1892 645.7699 
San Pedro 0     
Babo 0     

 
 
A Problem of Scale 
 
The finite difference grid applied to the original model region paralleled the predominant flow 
direction of the San Pedro River with finer resolution near the river and near high-density well 
occurrences.  The cell sizes ranged from 2.26x105 m2 to 2.09x106 m2 in areal extent.  The 
discretization of the system was developed for a different set of concerns and questions.  These 
cell sizes were more than adequate for the original purpose of the model.  To address the current 
concerns of avian nesting and depth to groundwater at very fine scales the model proved to be 
inadequate.  To accurately predict depth to water at the scale required to answer these concerns a 
new model is required.  Development of a new San Pedro model is beyond the scope and 
monetary support of this grant.   



 

Due to the discrepancy between the model scale and the “question” scale, it was necessary to 
produce an interim product.  Sufficient changes to the annual model were completed to make the 
resulting groundwater elevations comparable to the river elevations.  The 2001 conditions were 
then projected into the future.   
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A New Seasonal Model 

 
While the creation of the new model is beyond the scope of this project, the need for this model 
is obvious.  Using the existing Goode and Maddock model as the bases, a new four season model 
with finer resolution is currently being constructed.  To complete this model, new data sets need 
to be created for the mountain front recharge and well packages.  The evapotranspiration and 
stream packages described above will be used with some modifications.  A new steady 
oscillatory model must first be developed to establish the predevelopment state and then seasonal 
pumping can be applied. 
 
Mountain Front Recharge 
 
The annual model of the Upper San Pedro basin uses an average rainfall rate rather than rates 
that reflect the oscillation of the seasons.  Riparian and wetland plants along the San Pedro are 
dependent upon groundwater levels remaining within the active root zone of the plant.  Annual 
rates can mask the true seasonal water stress of the San Pedro’s riparian and wetland species.  In 
addition to the temporal variation in rainfall, there is also a spatial variation to precipitation 
resulting in unequal distribution of recharge.  Therefore, a new data set based on historical 
precipitation data was created rather than attempt to modify the existing data 
 
PRISM precipitation data was obtained for the United States portion of the basin.  Within the 
Mexican portion of the basin, original precipitation values were used as no other source was 
located.  Using the CRWR-Prepro program the major streams and sub-basins within the Upper 
San Pedro basin were delineated.  One of the most difficult parts of determining mountain front 
recharge is determining what portion of the precipitation actually recharges the groundwater 
aquifer.  The Anderson equation is considered the best approach for the San Pedro.  The original 
Anderson Equation is: 

 
Log Qrecharge = - 1.40 + 0.98Log P 

 
where P is the precipitation in excess of 8 inches per year.  The equation is designed for large, 
high elevation basins.   
 
Several methods of applying a seasonal factor to this equation were explored.  The first was to 
determine the amount of excess precipitation that fell within the entire valley and allocate that 
amount based on weighted seasonal averages for each sub-basin.  The second was to break down 
the minimal eight inches of precipitation into seasons by getting the inches per day 
(8/365=.0219178) and then multiplying by the number of days in each season.  The seasonal 
equivalent to the annual 8 inches then becomes: 
 

• Spring = 61 days > 1.337 inches/season or 3.400 cm/season 
• Summer = 122 days >2.674 inches/season or 6.792 cm/season 



 

• Fall = 61 days >1.337 inches/season or 3.400 cm/season 
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• Winter = 121.25 days >2.658 inches/season or 6.750 cm/season. 
 
The two methods yielded similar total recharge volumes but different allocation patterns.  The 
second method was chosen and resulted in recharge in the winter, summer and fall seasons.  
Seasonalizing the recharge resulted in a 12% reduction in recharge from the Goode and Maddock 
model.  Using a Recharge program created by C. Dragoo the excess volume of water per 
individual sub-basins is applied to the adjacent MODFLOW recharge cells.    
 
Well Package 
 
Seasonalizing the well package is a major undertaking.  Each of the various well types has a 
different seasonal pattern.  Work on seasonalizing this package is still in the early stages.   
 
Calibration 
 
Once the new packages have been completed the seasonal model will need to be calibrated. At 
the present time, the new groundwater flow model for climatic change evaluation could be ready 
for scenario application by August 2006.   



 

ATTACHMENT 6 – Evapotranspiration/Hydrology Publications 
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6.1 – Simulation riparian evapotranspiration: a new methodology and application for 
groundwater models 
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6.2  Linking riparian dynamics and groundwater: an ecohydrological approach to modeling 
groundwater and riparian vegetation 
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6.3  Rip-ET Evapotranspiration Users Manual 
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6.4 RIP-ET Preprocessor Users Manual 
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