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Abstract

The Upper San Pedro River Basin in southeastern Arizona
is well known for its avian diversity; however, water use
by Sierra Vista, Fort Huachuca, and agriculture in the
basin threatens to lower its water table. This, in turn, could
alter vegetation in the basin in a way that would nega-
tively impact habitat currently supporting nesting of the
endangered Southwestern Willow Flycatcher (Empidonax
trailii extimus) and foraging for a large number of resident
and neotropical migratory birds during the breeding sea-
son and migration. We determined the range of potential
Alternative Future growth patterns for the basin (Alterna-
tive Futures) and compared them for their relative impacts
on a suite of environmental parameters including hydrol-
ogy, biodiversity, and landscape vegetation pattern. The
intent is to inform decision makers of which potential
Alternative Future would have the greatest and least im-
pacts on those parameters. This paper has been adapted
from Alternative Futures for Changing Landscapes: The
Upper San Pedro River Basin in Arizona and Sonora by
Steinitz et al., published by Island Press, 2003 (800-828-
1302).
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Introduction

The Upper San Pedro River Basin is one of North Amer-
ica's most diverse and well-known avian habitats (Arias et
al. 1999). Over 400 avian species have been documented
in the basin (Krueper 1999), and the riparian corridor
along the river supports an estimated 1 to 4 million
neotropical migratory birds annually during migration
(Arias et al. 1999). The San Pedro is the last undammed
perennial desert river in the Southwest, but its future
existence is threatened by continued growth and
agriculture in its watershed (Arias 2000, Kingsolver 2000,
Varady et al. 2000).

In 1988, the United States Congress created the San Pedro
Riparian National Conservation Area in recognition of
this ecosystem’s unique biological significance. However,
the protection afforded by this action does not guarantee
the river’s long-term viability as habitat. Changes in land
tenure, depth of the water table, and the volume of river
surface flow, all can greatly impact riparian vegetation
and the animal species that live in the region.
Understanding the processes that relate land use and
development to groundwater recharge, stream flow,
vegetation, and habitat is of critical importance to the land
management of the entire region.

This study explored how variations (Alternative Futures)
in urban growth and change in the Upper San Pedro River
Basin might influence the hydrology and biodiversity of
the area over the next 20 years. Because of its
international, regional, and local importance, and the
intense controversy surrounding planning issues, the
Basin has been well studied in recent years (Arias et al.
1999, BLM 1998, Krueper et al. 2003, Steinitz et al.
2003). This report seeks to contribute to the public debate
in three ways: one, by considering the Sonora and Arizona
portions of the river basin as a single area; two, by
investigating the widest range of policy issues that have
been raised by stakeholders in the past; and three, by
adding spatial and temporal dimensions to anticipated
changes and their impacts.

Urbanization and agriculture are the major environmental
stresses affecting the San Pedro River Basin (Arias 2000,
Varady et al. 2000). Direct impacts on hydrology and
habitat are caused by activities such as grading, paving,
plowing, grazing, irrigation and water use. Indirect effects
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include modified hydrology, fire suppression and
vegetation change. Indirect effects may remain unnoticed
by the casual observer, but their cumulative effects can be
as detrimental to biodiversity as the direct impacts. Both
direct and indirect impacts were assessed, with each
impact assessment revealing one aspect of how an
Alternative Future was predicted to change the landscape.

Study Area

The study area included the Upper San Pedro River Basin
from its headwaters near Cananea, Sonora, northward
187.8 km to Redington, Arizona. Adjacent areas neces-
sary for the maintenance of regional biodiversity also
were included. In total, the analysis covers 10,660 km?,
centered on the northward-flowing San Pedro River. The
Upper San Pedro River Basin is a transition area between
the Sonoran and Chihuahuan deserts and is internationally
recognized for its biodiversity. It supports the second
highest land mammal diversity in the world (Arias et al.
1999), and it provides breeding habitat for more than 100
bird species (Krueper et al. 2003) and foraging or winter
habitat for over 250 more (Krueper 1999). Elevations
range from 900 to 2,900 meters, and annual rainfall aver-
ages 300 to 750 mm. Vegetation types include Chihua-
huan and Sonoran desert scrub, semi-desert grassland,
oak-woodland savanna, mesquite woodland, riparian for-
est, and coniferous forest. Because the watershed lies
partly in Sonora and partly in Arizona, it is subject to
widely different laws, regulations, and land-use practices.

Methods

To represent the dynamic processes at work in the
study area, a computer based Geographic Information
System (GIS) was used to organize spatially explicit
and publicly available data for the region. The database
was derived from available information on conditions
in the study area during 1997 to 2000 (hereafter 2000),
which defines the reference period against which im-
pacts of future change were measured.

We used a development model to evaluate the attrac-
tiveness of available land for five kinds of develop-
ment: commercial, urban, suburban, exurban (between
suburban and rural), and rural housing. It then simu-
lated the urbanization of the region under different
future scenarios. These were linked to a suite of proc-
ess models to describe and evaluate how certain
aspects of the landscape were affected under each sce-
nario. A hydrological model evaluated changes in head
configuration, loss of groundwater storage, stream
capture volume, and surface flows in the San Pedro
River. A vegetation model responded to changes in the
hydrologic regime, combined with changes in fire and

grazing management practices. Predictions of new
vegetation patterns then formed the basis for a three-
part assessment of regional biodiversity: a landscape
ecological pattern model, a Southwestern Willow Fly-
catcher habitat model (among other species in a larger
study), and a vertebrate species richness model.

Because no single vision of the future can be certain, it
is preferable to consider several Alternative Futures
that encompass a spectrum of possibilities. Therefore,
this study generated several variations of each Alter-
native Future (scenarios) and examined the resulting
range of Alternative Futures that the region might ex-
perience. The models were used to assess the potential
impact of each of the Alternative Futures and their sce-
narios relative to the 2000 baseline conditions. To help
generate the scenarios in Arizona, we developed a
questionnaire for local citizens based on three issues
currently being considered that are central to public
debate in the region: development, water use, and land
management. The answers, interpreted into a set of as-
sumptions and choices about policy, became the range
of future scenarios. A similar set of questions regarding
Sonora was submitted to the Mexican population of the
basin. The input provided three basic future
scenarios—Planned, Constrained, and Open—that
were projected to 2020 via a development model. We
then varied each main scenario two or three times to
test outcome comparisons. None of the scenarios con-
sidered the impact of treated effluent and storm water
recharge projects proposed by the city and Fort.

The Planned scenario was based on the interpretation
of existing planning documents and land-use practices
of the region. It assumed: (1) a population increase as
currently forecast of 95,000 by 2020; (2) 80 percent of
the population would be in urban homes, 15 percent in
suburban, 5 percent in rural; (3) Fort Huachuca retain-
ed its current size, and growth in Sonora was moderate;
(4) domestic per capita water consumption decreased
20 per cent from public and water company sources
and 40 percent for individually owned sources; (5)
irrigation within one mile of the river was prohibited
and ranching within the basin’s public lands was pro-
hibited; (6) unprotected areas along the river between
the National Conservation Area and Mexican border
were purchased for conservation, and large natural
patches (>5,000 acres) and connecting natural corridors
were protected; (7) potential habitat for threatened and
endangered species was protected; and (8) basin scale
GAPS (from Arizona Gap Analysis) were not pro-
tected. Gap Analysis overlays maps of land cover and
species occurrence onto maps of protected areas using
GIS technology. The resulting maps show the
relationship between areas of biological significance
and the level of protection afforded these areas.
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Three variations of the Planned scenario were tested:

Test 1 — Planned compared to Planned-1 doubled the
projected population growth in the Arizona portion of
the basin.

Test 2 — Planned compared to Planned-2 projected
increased growth in Sonora, doubling the size of
Cananea and its associated mining.

Test 3 — Planned compared to Planned-3 compared the
current plans with policies that concentrated develop-
ment in the four current population centers: Sierra
Vista, Benson, Tombstone, and Bisbee, and discour-
aged it in rural and exurban areas. Growth was directed
mainly by the provision of infrastructure in advance of
development.

The second scenario, Constrained, investigates lower-
than-forecast population growth and tightly controlled
development zones. It assumed: (1) a 50 percent
smaller population than the currently forecast 78,500
by 2020; (2) 90 percent lived-in urban homes, 10 per-
cent in rural; (3) Fort Huachuca remained open but was
reduced significantly to approximately 1500 personnel;
(4) domestic per capita water consumption decreased
by 20 percent for all users; (5) elimination of all irri-
gated agriculture and ranching on state lands in the
basin; (6) unprotected areas from the S.P.R.N.C.A to
the Mexican border were purchased for conservation,
Mexico managed an extension of the S.P.R.N.C.A,,
and large habitat patches (>5,000 acres) and connecting
natural corridors were protected; (7) potential habitat
for threatened and endangered species was protected;
and (8) basin scale GAPs were protected.

Two variations of the Constrained scenario were tested
against each other:

Test 4 — Constrained compared to Constrained-1 assessed
the effect of doubling the Fort’s population while con-
straining off-post development.

Test 5 — Constrained compared to Constrained-2 assessed
the effects of closing Fort Huachuca and dividing its land
between conservation and development. Since Con-
strained-2 had the lowest population forecast, it was ex-
pected to have the least impact on hydrology and habitats.
However, it increased attractiveness for development due
to the newly available land on the Fort and, therefore, also
continued to lower the water table. (Closure of the Fort
would likely result in protection for large portions of the
Fort’s undeveloped land.)

The third scenario, Open, anticipated greater than fore-
cast population growth and low-density development
across the region. It assumed: (1) the population in-
creased to 115,000 by 2020, 50 percent more than cur-
rently forecast; (2) 60 percent of the population lived in

rural homes, 15 percent in urban, 15 percent in subur-
ban, and 10 percent in exurban; (3) Fort Huachuca was
closed and all its facilities and land were used for eco-
nomic growth; growth in Sonora was moderate; (4)
domestic per capita water consumption remained at
1995 levels; (5) an irrigation non-expansion area in the
basin was created; existing irrigation continued, but
proposed irrigation within one mile of the river was
prohibited; (6) ranching in the basin continued at cur-
rent levels, and leasing of state land for conservation
was not allowed; (7) areas along the river south of the
National Conservation Area to Mexico were purchased
for conservation; and (8) potential habitat for endan-
gered but not other species was protected, and no areas
were protected for species diversity or GAPs based on
Arizona GAP Analysis.

Two variations of the Open scenario were tested
against each other:

Test 6 — Open compared to Open-1 assessed the effects
of closing most of Fort Huachuca when development
controls were reduced and population growth in the
area was higher than forecast. Open-I increased the
attractiveness for development because of the newly
available increase in land. Under the Open-1 scenario,
the minimum exurban lot size was increased to 16 ha.

Test 7 — Open compared to Open-2 assessed the effects
of the highest population growth when development
controls were reduced. Populations for the Arizona
portion and the Fort doubled, and Sonora experienced
high growth as Cananea doubled in population. This
produced the greatest level of groundwater depletion.

Results

Applying the process models to the scenarios for 2020
and comparing the results with the reference period
(2000) yields impact assessments. The three Open
scenarios were the most attractive to development. They
provide the largest area of developable land from which to
choose, resulting in lower land prices and housing costs.
They also had the greatest negative impact on groundwa-
ter storage and recharge, substantially accelerated the
drying of the San Pedro River, increased vegetation loss,
and reduced all of the measures of potential wildlife
habitat and visual quality. The Open scenarios resulted in
a diffuse pattern of development, and the lowest level of
environmental sustainability.

The three Constrained scenarios, which directed most
future development into existing developed areas, sub-
stantially reduced attractiveness for developers. These
scenarios could alter current development practices, but
were dependent upon changes in the nature of the
housing market. They had the lowest negative hydro-
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logical impacts, reducing the rate of loss of groundwa-
ter. The Constrained scenarios also resulted in the least
loss or greatest gains in habitat types, and in the least
harmful impacts on visual quality. This could improve
species diversity in the region, and benefit those spe-
cies that depend on this habitat such as the
Southwestern Willow Flycatcher.

The four Planned scenarios’ impacts were between those
of the Open and Constrained scenarios, but were closer to
the latter. The Planned scenarios were attractive to
developers, except where urban development is limited to
land within current sewer service areas. They resulted in
reduced loss of groundwater, but the water table continued
to lower. Planned scenarios caused environmental and
visual impacts that generally represented a slow decline in
several important qualities of the region.

The impacts caused by variations in specific assumptions
and policies within the scenarios were tested by
comparison of selected scenarios. In all cases, the impact
assessments were made from a regional perspective, but
were also shown with locally varied impacts in maps
accompanying the broader study (Steinitz et al. 2003).

Test 1 — Planned compared to Planned-1. Despite the
policy assumption of reduced municipal and industrial
water demand per capita, the increased population in
Planned-1 overwhelmed the assumed water savings. The
loss of groundwater storage over 20 years increased from
22,600 acre-feet/year to 27,300 acre-feet/year, and the
water captured from the river over 20 years increased
from 27,600 m3/day to 30,100 m’ /day (table I). There
were reductions in large natural habitat patches (>5,000
acres) and Southwestern Willow Flycatcher habitat of 0.9
and 6.5 percent, respectively (table 2).

Test 2 — Planned compared to Planned-2. Because of
increased groundwater pumping and water use in Sonora,
the rate of lowering of the water table increased. Loss of
groundwater storage after 20 years was 9,100 acre-
feet/year more than for Planned (table I). These impacts
would be experienced in Arizona by irrigators as well as
in Sonora by ranchers. However, the hydrological impacts
due to Sonora were small relative to the potential for
impacts from Arizona users due to water-use policy
choices in that state. Changes in ecological characteristics
were similar to the first test.

Test 3 — Planned compared to Planned-3. The policy
to concentrate development in existing population
centers had hydrological and other environmental ad-
vantages. Development zones improved attractiveness
for urban and suburban development because of avail-
able infrastructure. They also reduced the attractiveness
for rural development by reducing the amount of avail-
able land. The problem of compensation for develop-
ment rights was not addressed. Regionally significant
impacts included a small 0.7 percent increase in area
for large habitat patches, but a sizeable 206 percent
increase (3,100 to 6,400 ha) in Southwestern Willow
Flycatcher habitat compared to Planned (table 2).

Test 4 — Constrained compared to Constrained-1. The
hypothetical doubling of the Fort’s population had adverse
but minor impacts on groundwater. There was a 10
percent increase in loss of groundwater storage, but only a
little more than 1 percent increase in capture from the
river (table 1). The Constrained scenario showed a 71
percent increase in flycatcher habitat over the 2000
baseline, and doubling the Fort’s population did not
change this. There were small decreases in large habitat
patches from the baseline of 0.6 percent and 2.3 percent

Table 1— Changes in hydrology and vegetation under the ten scenarios.

Hydrology Vegetation
Loss from Change in Change in
groundwater agricultural  municipal/ Capture Length Changein Change in
storage over pumping industrial from river of dry riparian  grassland
20 yr over 20 yr pumping over over 20 yr river  vegetation vegetation
(ac-ft/year) (m’/day) 20 yr (m’/day) (m’/day) (km) (ha) (ha)
Baseline 2000 39,000 113,000 94,600 38,300 7.7 9,600 372,000
Planned 22,600 21,000 91,900 27,600 2.6 12,500 325,900
Planned-1 27,300 21,000 112,500 30,100 2.6 12,300 325,600
Planned-2 31,700 23,700 125,400 30,200 3.4 12,300 325,600
Planned-3 23,400 20,600 94,000 27,300 2.6 12,600 326,000
Constrained 16,600 2,300 93,200 20,900 2.6 13,100 326,000
Constrained-1 18,250 2,300 99,800 21,200 2.6 13,100 326,000
Constrained-2 14,100 2,300 85,600 21,100 2.6 13,100 326,000
Open 42,100 106,800 109,700 38,100 39.5 7,300 321,600
Open-1 43,600 106,800 113,800 37,500 38.0 7,250 321,600
Open-2 53,300 109,900 144,600 38,300 40.8 7,300 321,300
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Table 2— Changes in ecological characteristics under the ten scenarios.

Landscape ecology

Single species potential habitat

Species richness

Change in Change in mean
Southwestern Change in number vertebrate
Willow potential habitat species detectable
Change in area of Flycatcher for all endangered from one location
large patches (ha) habitat (ha) species (ha) over one year
Baseline 2000 688,000 9,600 136,300 167.7'
Planned 681,500 3,100 137,500 168.3
Planned-1 678,400 2,900 137,400 168.1
Planned-2 678,700 2,900 137,300 168.2
Planned-3 686,400 6,400 137,500 168.3
Constrained 683,800 16,400 137,800 168.6
Constrained-1 672,500 16,400 137,800 168.6
Constrained-2 672,500 16,400 137,800 168.6
Open 620,500 7,400 133,100 166.7
Open-1 586,500 7,600 133,000 166.6
Open-2 638,000 7,400 133,000 166.8

'Source: Arizona Gap Analysis Program.

respectively for the Constrained and Constrained-1
scenarios. The Fort and city’s proposed effluent treatment
and storm water recharge projects were not included in
calculating the Constrained Alternative Futures. The Fort
has certified in formal consultation with the U.S. Fish and
Wildlife Service that its groundwater withdrawal will be
fully mitigated by 2011.

Test 5 — Constrained compared to Constrained-2. Since
Constrained-2 removed all agricultural pumping in the
basin and had the lowest municipal pumping, it had the
most favorable hydrological impacts (table 1). All
Constrained scenarios resulted in similar increases in
flycatcher habitat (table 2). The loss of large habitat
patches was the same as Constrained-1. Even with the
least hydrological impact, Constrained-2 also continued to
lower the water table. However, regional storm water and
effluent recharge projects now proposed were not
evaluated during the 1997 to 2000 study period.

Test 6 — Open compared to Open-I. Loss of
groundwater storage for the Open scenario was 8 percent
more than baseline, but Open-I was greater at 11.8
percent. The Open scenario captured 0.5 percent less
water from the river than baseline, and Open-1 decreased
this further to 2 percent. Open-1 showed the largest
adverse impact on large habitat patches of all scenarios
with a decrease of 14.8 percent over the baseline,
compared to 9.8 percent for the Open scenario. The
riparian habitat impacts were similar: Open-I/ showed a
24.5 percent decline in flycatcher habitat compared to 24
percent for Open. The decline in potential habitat for all

endangered species was slightly more for Open-1, but all
showed slightly less than 2.5 percent declines (fable 2).

Test 7 — Open compared to Open-2 assessed the impact
of the largest population growth when development con-
trols were reduced. The populations in the Arizona portion
and Fort Huachuca doubled, and Sonora experienced high
growth with the doubling of Cananea’s population. As
anticipated, Open-2 produced the highest negative im-
pacts on hydrology with a 36.6 percent increase in loss
from groundwater storage due mainly to increased mu-
nicipal and industrial water use. Capture of water from the
river was the highest of all scenarios at 38,300 m*/day,
even though this was similar to the 2000 baseline. Open-2
showed a 7.3 percent loss in large habitat patches com-
pared to 9.8 percent for Open. Open-2 showed a similar
reduction in flycatcher habitat compared to Open.

Discussion

A full understanding of the maps and tables produced
by the simulation of the ten scenarios into Alternative
Futures for 2020 and the seven tests of policy
sensitivity is necessary before detailed strategies can be
chosen, as amplified in Steinitz et al. (2003). However,
there are some informative generalizations that can be
made from the results shown here. The evaluation of
scenarios was based on considering the following as
positive impacts: slowing the decline of groundwater
storage, slowing the drying of the river, retaining or
improving wildlife habitats, maintaining or improving
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Figure 1— Study area showing Upper San Pedro River Basin.

species richness, improving attractiveness for develop-
ers, and maintaining the beauty of the landscape.

The most important findings involved the fundamental
factor for life in an urbanizing desert: water. All of the
scenario-generated Alternative Futures, even those that
are most restrictive of population growth and water
use, resulted in overall loss of groundwater storage and
decreased stream flow in the San Pedro River. All
scenarios resulted in a lowering of the water table near
Sierra Vista and Cananea, with a severe drop in level
around Sierra Vista of 10 to 15 m. However, the
scenarios that most restrict irrigated agriculture result-
ed in water table gains to the north of St. David (on the
river 10 km south of Benson, fig. /). The San Pedro
River continued to lose flow under the Open and Plan-
ned scenarios, and in the Open scenarios, the riparian
habitat continued to decline. The region’s recent gov-
ernmental and non-governmental organization effort,

the Upper San Pedro Partnership, is developing a re-
gional water management plan that shows great
promise in reversing the aquifer’s decline. Not con-
sidered for the scenarios were USPP projects just now
underway to infiltrate treated effluent and storm water
into the water table. Follow-up efforts are needed to
evaluate the impact of these projects.

There will be an increasingly fragmented pattern of
habitat patches that will cause decline in the habitat
quality of the region’s landscape. This effect is particu-
larly noticeable in alternatives that create development
on and around the lower slopes of the mountains.
Habitat for pronghorn (Antilocapra americana sono-
riensis) declined in all the scenarios, as groundwater
losses and changes in grazing and fire management
caused the region’s extensive grasslands to decline.
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While the scenarios produced a generally negative set
of impacts, there is considerable variation, especially
between the extremes produced by the Constrained and
Open scenarios. The Open scenarios resulted in an ac-
celerated decline in all environmental impact measures.
Although they included more developable land, they
were not more attractive to developers due to a lack of
infrastructure. The Constrained scenarios would see
slower but continued lowering of the water table, a
slowing of the processes of decline in the San Pedro
River, and improved wildlife habitats. Because it had
the lowest forecast population, Constrained-2 had the
lowest impact on hydrology and habitats as expected.
The Planned scenarios produced futures that lie be-
tween the other two, but were closer to the Constrained
scenarios in impacts. The Planned scenarios most
closely resembled the current Cochise County Plan,
and the most likely 2020 projections for Sonora. Com-
paring all the Alternative Futures revealed that policy
decisions affecting irrigated agriculture in Arizona will
cause the greatest impacts on the region’s hydrology
and ecology.

The second most significant policy is local govern-
mental control of development. Population growth in
Arizona, with its accompanying municipal and indus-
trial water demands, will be the second largest con-
sumer of water in the future. It is informative to
compare the two scenarios that differ most in their im-
pacts, Constrained-2 and Open-2. Open-2 is expected
to have the highest harmful impact on the hydrology
and environment of the region. It had the most rapid
depletion of groundwater of any of the Alternative Fu-
tures. However, comparing the hydrological impacts of
all Open scenarios in table 2 revealed those for Open-2
are not much worse than impacts of other Open sce-
narios. This led to the conclusion that encouraging
population growth and relaxing development
constraints are very powerful influences on potential
negative environmental impacts.

Third in significance is growth policy in Sonora. The
high growth assumed for Sonora in Planned-2 and
Open-2 resulted in greater impacts than the lower
growth scenarios. However, these differences were
small when compared to the effects of agricultural and
development policies in Arizona.

The effect of Fort Huachuca on the region was tested
by selecting one of three policy choices in each sce-
nario. It would either continue as at present, double in
size of on-base population, or be closed. Closing most
of the Fort was desirable for developers because of the
subsequent increase in available land. But for suburban
and exurban development, attractiveness decreased be-
cause larger lot sizes under that scenario used up the
best available land faster. While local consequences in
Sierra Vista may be large, when taken in the context of

the entire Upper San Pedro River Basin, the variation
associated with Fort Huachuca is small when compared
with variations caused by agriculture and urbanization
in the Arizona portion of the basin.

These findings were not unexpected. The projected
future of the Upper San Pedro River Basin is one that
will bring environmental crises closer to more people
in the region. We do not propose solutions. Many peo-
ple have views on the problems facing the region and
on the policies that will influence change. The complex
assessment of costs and benefits related to policy deci-
sions is beyond the scope of this study. Responsibility
for making the critical choices about the future of the
region lies in Mexico and Sonora, and in the United
States and Arizona, and with the present and future
residents of the Upper San Pedro River Basin.

Critical choices will be made over the next twenty
years that will determine whether or not the most at-
tractive areas—both for conservation and develop-
ment—will continue to be attractive. The land
allocations made in the study represent our best pro-
jections about where development is likely to occur
under the various scenarios, and what some of the most
important environmental impacts might be. Patterns
may change depending on people’s preferences for
housing, agriculture, and policy choices. If the people
who live in the San Pedro Basin care deeply about
preserving areas that will almost certainly be developed
in the absence of protection, they must act now.
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