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Abstract Desert springs, often the sole sources of water
for wildlife and cattle, support wetland and wetland/upland
transition ecosystems including rare and endemic species.
In the basin and range province in Nevada, USA, springs in
the Great Basin and Mojave deserts are sustained by
interconnected deep carbonate and shallow basin-fill
aquifers which are threatened by proposed groundwater
withdrawal to sustain rapidly expanding urban areas, a
common problem in arid regions worldwide. This paper
draws on historic groundwater data, groundwater model-
ing, and studies of environmental controls of spring
ecosystems to speculate on the potential effects of
groundwater withdrawal and water table decline on spring-
supported vegetation. The focus is on springs in the Great
Basin and Mojave deserts representative of those that may
be affected by future, planned groundwater withdrawal.
Groundwater withdrawal is expected to reduce spring dis-
charge directly through reduced flows from the shallow
basin-fill aquifer or through reduction of the hydraulic head
of the deep carbonate aquifer. This flow reduction will
truncate the outflow stream, reducing the areal cover of
wetland and wetland/upland transition vegetation. Lower-
ing the local water table may also reduce the amount of
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upland phreatophytic vegetation by causing water levels to
drop below plant rooting depths. Percolation of salts to
surface soils may be reduced, eventually altering desert
shrub cover from halophytes to nonhalophytes. The extent
of these effects will vary among springs, based on their
distance from extraction sites and location relative to
regional groundwater flow paths. On-site monitoring of
biotic variables (including cover of selected hygrophytes
and phreatophytes) should be a necessary complement to
the planned monitoring of local hydrologic conditions.
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Introduction

Wetlands, riparian areas, and other types of freshwater- and
groundwater-dependent ecosystems can be affected by off-
site activities that alter the hydrologic cycle (Pringle 2000,
2001; Burk and others 2005). Such activities include
watershed land use changes that affect recharge and other
surface water processes, and water extractions that affect
subsurface flow paths and other groundwater processes.
Maintaining the requisite connectivity between ground-
water and surface water resources to sustain freshwater
biota is a difficult challenge not only legally but also
politically. It also poses a challenge to scientists from an
array of disciplines to understand all of the linkages needed
to model ecological impacts of off-site hydrologic
alterations.

Spring ecosystems are one of several groundwater-
dependent ecosystems that increasingly are being affected
worldwide by local and regional groundwater withdrawals
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(Brussard and others 1999; Burk and others 2005; MacKay
2006). Protection of such isolated spring wetlands, critical
habitat for many endemic and threatened species, has
become a key conservation issue (Tiner 2003; Deacon and
others 2007) (see special issue of Werlands on isolated
wetlands, September 2003). In arid regions, these spring
environments often are “island” ecosystems surrounded by
xerophyte-dominated deserts and may be the sole source of
water for most biota. The springs usually are dependent on
a limited water source supplied by a complex hydrologic
system of basin-fill and/or deep regional aquifers and local
watershed recharge. Spring areas usually include the spring
orifice area and outflow stream or springbrook. These two
systems often support distinct and different assemblages of
plants (Jackson and Allen-Diaz 2006), particularly where
the spring orifice area is a pool or has been modified by
human activity for agricultural or recreational purposes.

Anthropogenic alteration of subterranean hydrosystems
is considered one of the greatest threats to long-term sus-
tainability of groundwater-dependent ecosystems of many
arid and semi-arid regions throughout the world (Shepard
1993; Grimm and others 1997; Danielopol and others 2003;
Munch and Conrad 2007), including those in the Great
Basin and Mohave deserts in the United States (Brussard
and others 1999; Tiner 2003; Deacon and others 2007). For
example, groundwater withdrawal may significantly reduce
the shallow water table, leading to a decline or eventual
elimination of spring flow (Fiero and Maxey 1970; Dudley
and Larson 1976; Hendrickson and Minckley 1985;
Schaefer and Harrill 1995; Mudd 2000; Burk and others
2005). This, in turn, will affect the aquatic, wetland, and
phreatic biota dependent on the range of spring-associated
water sources.

Hydrologic alteration, along with other anthropogenic
activities, has altered not only desert spring vegetation in
North America and other continents (Pavleko and others
1999; Mudd 2000; Fairfax and Fensham 2003) but also
wetland vegetation associated with desert lakes and playas,
for example, Owens Valley in the Great Basin Desert of
eastern California (Schultz 2001; Elmore and others 2003).
In Owens Valley, groundwater pumping near springs
resulted in reduced plant species richness and shifts from
marsh vegetation to more drought-tolerant species (Perkins
and others 1984). Pumping also caused a decrease in
vegetation cover and an increase in mortality of phreato-
phytic shrubs (Sorenson and others 1991). Water table
declines that follow from groundwater withdrawal also can
affect riverine riparian vegetation in arid regions (Strom-
berg and others 1992, 1996; Scott and others 1999;
Shafroth and others 2000; Horton and Clark 2001; Eamus
and Froend 2006).

The extent of the impact by groundwater withdrawal on
springs and other freshwater ecosystems depends on the
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cumulative effects of withdrawal activities relative to the
magnitude of groundwater recharge (Winter 1988). For
example, water tables and plant cover in the Owens Valley
have fluctuated in tandem in response to changes in annual
groundwater extraction rate and weather patterns (Elmore
et al. 2006). Groundwater levels declined rapidly in the
Owens Valley in the 1970s, a result of increasing
groundwater pumping and drought which caused the
mortality of phreatophytic vegetation. In the 1980s,
groundwater levels rose, a result of increased recharge
owing to wet weather and decreased pumping because of
lower water demand (Schultz 2001). Water levels in Devils
Hole, part of Death Valley National Park adjacent to Ash
Meadows National Wildlife Refuge (NWR) and habitat for
an endangered desert pupfish species (Cyprinidon nevad-
ensis), declined from 1969 to 1972 due to agricultural
groundwater pumping from the regional aquifer (Dudley
and Larson 1976; Minckley and Deacon 1991; Dunham
and Minckley 1998). Adjudication by the U.S. Supreme
Court finally settled this issue (United States v. Cappaert
1976), but again there is concern about the influence of
pumping activities for municipal use on desert pupfish and
other biota at the Refuge.

Nevada, central to the Great Basin and northern Mojave
deserts in the western United States, has one of the fastest-
growing populations of all the states. This growth has
created a demand for water, as Las Vegas, Nevada’s largest
urban center, and other expanding desert cities outgrow
their present water supply, primarily water from the state’s
Colorado River allotment. Water sources targeted for
development include groundwater basins under distant
Great Basin valleys which presently are primarily tapped
for agriculture. Natural springs, a critical resource for
wildlife and ranching, exist throughout the proposed
pumping area and the ecological effects of groundwater
withdrawal on them are not fully understood. In addition to
affecting biota at Ash Meadows NWR and nearby areas
including the Desert NWR and Pahranagat NWR (all in the
Great Basin Desert or Great Basin/Mojave Desert transi-
tion), potential groundwater pumping may affect biota in
other areas such as White Pine County in east-central
Nevada and Lincoln County in southeastern Nevada.

The objective of this paper is to address the following
questions: (1) How has groundwater withdrawal from dis-
tant basins affected local water tables and associated flows
at springs of the Great Basin and Mojave deserts? And (2)
How might changes in water tables and spring flow affect
spring-associated plant communities? As the foundation of
our understanding of the response of spring vegetation to
alteration of spring associated hydrology, we have devel-
oped a conceptual model based on review of hydrologic
and ecological studies showing the relationships among
groundwater and other hydrologic resources, groundwater
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withdrawal, soil condition, and plant communities (Fig. 1).
Based on our responses to the above questions and pro-
jections of effects of groundwater withdrawal, we also
suggest additional information needed to allow for quan-
titative prediction of ecological impacts of distant
groundwater pumping on these springs?

To address the first question, we draw from hydrologic
modeling studies (Schaefer and Harrill 1995; Belcher
2004; Tumbusch and Plume 2006) and analyses of effects
of historic groundwater withdrawal from areas with springs
(Dudley and Larson 1976; Pavleko and others 1999; Leake
and others 2000). Understanding the interconnections
within these hydrological systems and potential changes in
the regional aquifers resulting from groundwater with-
drawal is critical to addressing questions on vegetation
response. For the second question, we draw from studies on
effects of groundwater withdrawal on springs and wetlands
(Perkins and others 1984; Grootjans and others 1988; Davis
1993), including those few studies that are specific to
spring-sustained wetland and riparian vegetation in the
Great Basin and Mojave deserts in Nevada (Castelli and
others 2000). In particular, we refer to our studies that
examine spatial patterns of vegetation across moisture
gradients at springs of different sizes, as a basis for
extrapolating how vegetation might change over time as
water table depths and spring discharge change in response
to hydrologic alterations.

Using linear models on relationships between commu-
nity wetland indicator scores (WIS) and water table levels,
we project how plant communities might change in com-
position. WIS weights each species within a sample plot by
its cover percentage and wetland indicator status (obligate
wetland is 1, facultative wetland is 2, facultative is 3,
facultative upland is 4, and upland is 5) (USFWS 1997),
resulting in a community wetland indicator score of
between 1 and 5 (i.e., wetland to upland). Data used to

develop the models were obtained through sampling her-
baceous and woody vegetation in plots associated with
shallow groundwater wells placed across several transects
at spring sites in Spring Valley in the Great Basin in east-
central Nevada, and Ash Meadows NWR and Lake Mead
National Recreation Area (NRA) in the Great Basin/Mo-
jave Desert transition in southern Nevada. All spring sites
are representative of locations that may be impacted by
future groundwater withdrawal. We apply the general
predictions of hydrologic change resulting from ground-
water withdrawal to these areas through interrelating
knowledge of spring dynamics with historic evidence of
groundwater decline (Pavleko and others 1999; Leake and
others 2000; Tumbusch and Plume 2006) and models of
water table decline (Schaefer and Harrill 1995; Faunt and
others 2004).

How Has Groundwater Withdrawal from Distant
Basins Affected Local Water Tables and Associated
Flows at Springs of the Great Basin and Mojave
Deserts?

To address this question we review information on
groundwater systems and historic responses of groundwa-
ter to withdrawal and modeling of groundwater extraction
in the Great Basin/Mojave deserts region of North
America.

Groundwater Systems of Eastern Nevada, USA

Most groundwater systems that will be used to satisfy the
expanding water needs of urban Nevada are located in
eastern Nevada and western Utah (Fig. 2). Most of eastern
Nevada is part of the Basin and Range province (Hunt
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Fig. 2 Map of eastern Nevada,
USA, showing location of study
springs (stars), outline of
regional flow systems (dashed
lines), regional groundwater
flows (open arrows), and
potential well cluster locations
for groundwater withdrawal for
urban use (circles)
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1974), in which groundwater flow systems occur in indi-
vidual basins or in two or more hydraulically connected
basins (Plume 1996; USGS 1997). One main aquifer type
in eastern Nevada is Cenozoic valley or basin-fill (Fenelon
and Moreo 2002). Much of the groundwater in this region
flows through these basin-fill deposits, with mountains
serving as boundaries of some of the flow systems. Another
aquifer type is Paleozoic carbonate rock, which commonly
underlies the basins and provides hydraulic connections
under mountains between basins (Dettinger 1969; Plume
1996). Groundwater flow in this aquifer is from east-central
Nevada and western Utah near Spring Valley south toward
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Ash Meadows, Death Valley, and Lake Mead (Fig. 2)
(Dudley and Larson 1976; Dettinger and others 1995;
Prudic and others 1995; Laczniak and others 1996; Plume
1996; Thomas and others 1996). Approximately two-thirds
of this flow is discharged into the Muddy River Springs
north of Lake Mead NRA, and about one-third to springs in
Ash Meadows NWR (Dettinger 1969). None of it dis-
charges at Lake Mead NRA springs. However,
groundwater in the Virgin River subflow system in south-
eastern Nevada and southwestern Utah, a subsystem of the
Colorado River regional flow system, apparently dis-
charges at larger springs in Lake Mead NRA (Prudic and
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others 1995). Many springs are sustained, at least proxi-
mately, by the basin-fill aquifer. The carbonate aquifer, the
aquifer most likely to be tapped for urban use, is consid-
ered the ultimate water source for regional springs, through
its replenishment of the basin-fill aquifer. It also directly
supports some springs.

Historic Response of Groundwater Levels to Urban,
Agriculture, and Mining Withdrawal

Groundwater decline and fluctuation is not a recent phe-
nomenon in Nevada. Agriculture and mining were
dependent on available groundwater from artesian wells
early in the 20th century and later from wells drilled into deep
regional aquifers. Groundwater use in the first half of the 20th
century lowered water tables in several parts of the state by as
much as 10 to >50 m (Leake and others 2000). The Death
Valley regional flow basin, which lies west of Las Vegas and
includes Ash Meadows NWR, has had water table fluctua-
tions of >10 m, resulting from wet/dry climate cycles and
periodic suspension of groundwater withdrawal for agri-
culture (Belcher 2004). One of the better-documented
consequences of groundwater withdrawal is in the Las Vegas
Valley, where extensive water extraction from the aquifer
and tapping of artesian wells dried up local springs and
lowered the water table by >100 m in some areas (Pavleko
and others 1999). In central Nevada from 1950 to 2005 water
tables declined 15 to 30 m in Diamond Valley, with the level
of one well dropping from near surface (~1 m) to ~25 m.

Dudley and Larsen (1976) studied the effects of local
groundwater withdrawal from 1969 to 1972 on springs and
water table levels in Ash Meadows and nearby Devil’s
Hole. At the peak of withdrawal the water table at Devil’s
Hole dropped from 0.42 to 1.12 m, while other wells
declined 0.1 to 0.2 m. Discharge from springs at Ash
Meadows was greatly influenced by the 1969-1972
pumping, for example, Jack Rabbit Spring declined from
2000 m*/day (0.0231 cm) to 0; Collins Spring, from 42 to
21 m3/day (0.00049 to 0.00024 cm), a 50% reduction; and
Fairbanks Spring discharge was reduced about 10% (8600
to 7800 m3/day; 0.0995 to 0.0902 cm).

Pumping Simulations and Groundwater Withdrawal
Analyses: Response of Water Tables

A recent study modeled simulated effects of proposed
groundwater pumping in eastern Nevada from two aquifer
layers—the deep (lower) carbonate layer and the upper
shallow basin-fill layer—in areas proposed for future
withdrawals for urban use (Schaefer and Harrill 1995). The
model showed that withdrawal from either carbonate or

basin-fill aquifers tapped storage in the carbonate layer,
which is water that otherwise would discharge to spring-fed
streams or be lost as ET. After 7 years of simulated
pumping following a hypothetical groundwater withdrawal
schedule, the upper basin-fill aquifer north of Lake Mead
(Muddy River area) declined ~0.3 m, while 18 years of
simulated pumping in Spring Valley, east-central Nevada,
resulted in the shallow aquifer decline of up to 3 m. Other
analyses of effects of proposed groundwater withdrawal by
the Southern Nevada Water Authority (SNWA), one using
the Schaefer and Harrill (1995) model and one the Durbin
model developed for SNWA (Durbin and Bond 1998),
reported at a Spring Valley Water Rights Hearing, Sep-
tember 11-25, 2006, that the water table in the alluvial
aquifer in Spring Valley could decline by as much as 60 m
following more than 75 years of extraction (exhibits at
http://www.water.nv.gov/hearings/
spring%20valley%20hearings).

Although the deep carbonate aquifer that supports springs
from Spring Valley south to Ash Meadows NWR does not
support springs at Lake Mead NRA, groundwater from the
Virgin River subregion aquifer in southeastern Nevada dis-
charges at several larger springs in Lake Mead NRA (Prudic
and others 1995). Groundwater withdrawal proposals to tap
this aquifer have been challenged by the U.S. National Park
Service in 1998, while in 2006 the U.S. Bureau of Land
Management announced its intent to prepare an Environ-
mental Impact Statement for production wells tapping this
aquifer to supply water to nearby Mesquite, NV, another
rapidly growing area in southern Nevada.

Faunt et al. (2004) modeled effects of simulated
pumping from 1960s through 1990s, in the Death Valley
regional groundwater flow system located in south-central
Nevada. They showed that, for areas near Ash Meadows
NWR, simulated pumpage of <500 to >10,000 m*/day
could result in a water table decline of a few meters at
locations 15 to 20 km from the pumpage site to as much as
10 to 25 m near the pumps.

Pumping Simulations and Groundwater Withdrawal
Analyses: Response of Spring Flows and Outflow
Distance

The extent to which flow of springs is predicted to decrease
seems strongly dependent on the distance of the pumping
source from the spring (Schaefer and Harrill 1995). Some
springs may be unaffected; others, however, showed slight
to substantial declines after more than 100 years of simu-
lated pumping. For example, Schaefer and Harrill’s model
showed a decrease in flow of almost 10% for the Muddy
River complex, a decrease of 14% for Pahranagat Valley
springs, and a decrease of 2% for the Ash Meadows
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complex, all areas that may be affected by future ground-
water withdrawal.

Outflow Distance

The greater the regional groundwater decline and associated
reduction in spring discharge, the greater should be the
corresponding decline in length of the outflow stream.
However, the relationships between spring discharge and
outflow distance have not been quantified and likely vary
with surface morphology of outflow streams. We have found
that outflow distance at springs with low discharge rates
(<0.0002 cm) is usually not >200 m, while outflow distance
at springs with large discharges (>0.01 cm) can be many
kilometers, often terminating in reservoirs or larger rivers.

How Might Changes in Water Tables and Spring Flow
Affect Spring-Associated Plant Communities?

Groundwater inflows interact with local geomorphologic
features to create gradients of soil moisture, salinity, and
depth to groundwater near the spring orifice and along the
outflow channel, thus supporting a mosaic of plant com-
munities at Great Basin and Mojave Desert springs
(Fig. 1). Vegetation response to changes in spring flow and
water tables will vary among the different zones, which
include the wetland (hydroriparian) zone near the orifice,
usually with standing water; the wetland/upland transition
(mesoriparian) zone along the margin of the outflow
stream; and the surrounding phreatophytic-upland and
upland zones. Spatial patterns of water quality (soil water
salinity, in particular) and water quantity both will change

Fig. 3 Diagram showing the
gradient of plant communities
from wetland to upland and,

in response to groundwater withdrawal, thereby affecting
abundance patterns of halophytes vs. nonhalophytes and
hygrophytes vs. xerophytes within these zones. Vegetation
change would be expected to occur along a continuum as
wetland and wetland/upland transition areas shrink later-
ally and longitudinally, and various species undergo
reductions in cover and ultimate loss as spring discharge
declines and basin-fill water tables drop (Fig. 3). Although
wetland area has not been quantified as a function of spring
discharge, observations suggest that wetlands at large
springs extend considerably farther downstream than at
small springs. Even though large springs may lose exten-
sive amounts of wetland and wetland/upland transition
area, small springs are expected to lose a higher percentage
of such areas in response to decline in spring discharge.

Wetlands

If, following groundwater withdrawal, the spring continued
to flow, but at a reduced volume, the orifice pond would
continue to exist, but wetlands supported by the outflow
stream would be greatly truncated. The amount of area
suitable to support herbaceous wetland species such as
those of Eleocharis, Carex, Juncus, and Phragmites would
be greatly reduced and the area covered by these species
would shrink back toward the orifice area. As wetlands
recede, species least tolerant of drying conditions such as
Eleocharis rostellata at southern springs and Eleocharis
palustris and Berula erecta at northern springs would be
extirpated first. Some of these wetland species may survive
at low cover and be intermixed with wetland/upland tran-
sition species but they will not form high-cover, monotypic
stands as they presently do. These species might then be
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replaced by transition species, such as Anemopsis califor-
nica and Iva acerosa, or phreatophytic-upland species,
such as Distichlis spicata, especially at the extreme ends of
the outflow stream.

Wetland/Upland Transition

The plant community in the wetland/upland transition will
be affected both by changes in mean water table depth
during the growing season, which presently ranges from
<0.5 to ~1.5 m, and its degree of intra-annual fluctuation
(~0.5 m). Woody species in this zone that tolerate greater
water table fluctuations, such as Atriplex lentiformis,
Prosopis glandulosa, Isocoma acradenia, and Artemisia
tridentata, presently grow in adjacent uplands; these might
be expected, over decadal time scales, to replace the less
tolerant obligate and facultative wetland trees and shrubs.
The obligate and facultative wetland woody species, such
as Salix exigua, Baccharis emoryi, Baccharis salicifolia,
Pluchea sericea, and Tamarix ramosissima, might decline
in stature or become extirpated in a fashion similar to
woody riparian species in the semi-arid West, which show
physiological and morphological responses such as reduced
growth in adults and dieback in saplings with a declining
water table (Scott and others 1999; Shafroth and others
2000; Cooper and others 2003). As the quantity of outflow
water available for wetting soils and diluting salts along the
outflow channel margin declines or is eliminated, the
transition areas should become more saline. This would
cause reductions in nonhalophytic plants that are sensitive
to conditions with elevated EC such as species of Salix and
Populus (Shafroth and others 1995) and expansion and/or
encroachment of upland halophytes such as Atriplex spp.
and Suaeda moquinii (Burk and others 2005).

If the outflow stream continued to flow to the normal
extent expected of large springs with extended outflows,
but the flow volume was reduced, the width of influence of
the stream might be reduced and woody plants along the
wetland/upland transition, such as species of Prosopis,
Pluchea, and Baccharis, would have reduced cover com-
pared to their present extent. Continued groundwater
withdrawal may reach a point when flow ceases and all
wetland and wetland/upland plant communities that exist
today are extirpated and replaced by upland vegetation.

Phreatophytic-Upland

Vegetation in the upland zones immediately adjacent to the
areas influenced by the outflow stream may be affected by
water table decline via two mechanisms. First, upland
phreatophytes may be replaced by nonphreatophytes as

water levels exceed their rooting zones. Declining or
fluctuating water tables have been shown to greatly reduce
productivity of phreatophytes such as Atrriplex spp.,
Chrysothamnus nauseosus, Distichlis spicata, and Sporo-
bolus airoides, especially in high-porosity soils (Naumburg
and others 2005). The water table in areas of the study
springs occupied by upland phreatophytes was near the
ground surface (<1 to >2 m among springs) and underwent
intra-annual water table fluctuations from <0.5 to >1.5 m
as measured in monitoring wells. Groundwater withdrawal
could cause water tables to decline by a few meters to tens
of meters during the dry season. Although some woody
phreatophytic species such as Prosopis glandulosa, Atri-
plex canescens, and Sarcobatus vermiculatus may have
very deep root systems (e.g., ~6 to >15 m) (Robinson
1958; Nilsen and others 1983; Freckman and Virginia
1989; Canadell and others 1996; Gibbens and Lenz 2001),
others such as Chrysothamnus spp. are more shallowly
rooted (<4 m) and might be more affected by declining
water tables (Reynolds and Fraley 1989; Hartle and others
2006). Species such as Larrea tridentata and Artemisia
tridentata with shallower root systems (~2 m) are mostly
dependent on shallow soil water and would be expected to
replace deeper rooted phreatophytic species (Richards and
Caldwell 1987; Caldwell and Richards 1989; Freckman
and Virginia 1989; Hartle and others 2006). Rooting depth
also varies widely among herbaceous species. Distichlis
spicata (found in the wetland/upland transition and phre-
atophytic-upland zones) and Sporobolus airoides (found in
the wetland/upland transition zone) have root depths from
<1 to >4 m and >5 m, respectively, based on water table
depths (Robinson 1958), and effective rooting depths of ~
2 m (Elmore and others 2006). Such species would better
survive water table decline than herbaceous species in
wetland zones (e.g., Anemopsis californica), most of which
have shallow root systems (<1 m).

Second, declining shallow water tables may reduce the
amounts of salts and water wicked to the surface by cap-
illary action, potentially altering the chemistry of surface
soils in upland areas. Should surface salinity decrease, the
species composition of the extensive phreatophytic-upland
zone might change from salt-tolerant halophytes (e.g.,
Sarcobatus vermiculatus) to either low-salt-tolerant species
such as Chrysothamnus nauseosus or salt-intolerant species
(e.g., Artemisia tridentata) (Dodd and Donovan 1999).

In concert, the net effect would be shifts from halo-
phytes dependent on capillary-fringe water to
nonhalophytes dependent on ambient precipitation. For
example, if groundwater declines below the extent of roots
of phreatophytic halophytes such as Allenrolfea occiden-
talis, Atriplex confertifolia, Sarcobatus vermiculatus, and
Suaeda moquinii, often several meters deep, these woody
species, which presently characterize the landscape around
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the springs, would be replaced by shallower rooted non-
halophytes such as Larrea tridentata in southern spring
areas, Artemisia tridentata in northern spring areas, and
low-salt-tolerant Chrysothamnus nauseosus (Weber and
Hanks 2006) in both areas. Plant communities with these
species are common throughout the Mojave (southern) and
Great Basin (northern) deserts, where soils are not saline.
Potential conversion of halophytic to nonhalophytic spe-
cies is not expected to occur with initial water table
decline, but if groundwater withdrawal continues for an
extended period such as a century or more based on
anticipated groundwater extraction schedules, the transition
may become apparent in that longer time frame. Much of
the Great Basin Desert presently has extensive stands of
nonhalophytic Artemisia tridentata and these might be
expected to expand over time.

Hydrologic and Vegetation Changes at Representative
Spring Locations

Three spring locations in Nevada, USA, studied for their
potential response to groundwater decline, represent
examples of different spring habitats found within the
Great Basin and Mojave deserts. These are Spring Valley
in east-central Nevada and Ash Meadows NWR and Lake
Mead NRA in southern Nevada.

Spring Valley, White Pine County, Nevada, USA

Historic data show water table declines of 10-30 m or more
during the latter half of the 20th century in east-central
Nevada south of the Spring Valley study area (Leake and
others 2000), while models based on Las Vegas ground-
water withdrawal schedule suggest declines of >3 to 60 m
in the water table in the Spring Valley area after several
decades to a century of pumping. This level of decline in
water table will greatly alter the spring vegetation and
cause the vegetation composition bordering the outflow
stream to change along a water-availability gradient
(Table 1, Fig. 3).

Using a linear model on relationships between herba-
ceous community wetland indicator scores (WIS) and
water table levels at Spring Valley (Model 1), we can
project how the herbaceous plant communities might
change in composition.

Model 1 : Herb WIS (Spring Valley : May — June)
=0.786 + 1.085 Water Table Depth (August)
[n=17, R*= 0.427, p < 0.01]

Using the above model, we find that the WIS will increase
by about 1 unit with each meter of decline in the water
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table. For example, a wetland/upland transition zone her-
baceous community with a WIS of 2 at the Spring Valley
study springs includes species of Carex, Juncus, Pucci-
nella, Sporobulus, and Distichlis. Following a 2-m water
level decline, this community might shift to one with a
WIS of 4, equivalent to a phreatophytic-upland community
vegetated by species such as those of Descurainia, Dis-
tichlis, and Puccinellia (Table 1). Although we could not
produce a significant model for woody WIS change for
Spring Valley because most woody species were upland
species with low cover, a decline in the water table in this
area would affect shallow rooted woody phreatophytes
including “swamp cedar,” an ecotype of Rocky Mountain
juniper (Juniperus scopulorum) that thrives on a high water
table and saline soils and is found in few places in the
Great Basin Desert (Bostick and others 1975). In addition,
if the salinity of the upland soil surface declines, woody
upland species might shift from phreatophytic halophytes
such as Atriplex confertifolia and Sacrobatus vermiculatus
to woody nonhalophytes such as Artemisia tridentata
(Table 1).

Water table declines would cause the Spring Valley
spring flows to concomitantly decline and outflow streams
to shorten, thereby gradually reducing the cover of wetland
and wetland/upland transition vegetation as the outflow
stream truncates. Most springs at Spring Valley presently
have small discharge and limited outflow, and modeling by
Schaefer and Harrill (1995), and others using their model,
project future spring discharge declines for Spring Valley
as well as other areas in eastern Nevada following several
decades of groundwater extraction.

Ash Meadows Springs

Springs at Ash Meadows NWR are dependent on the local
basin-fill aquifer, which is recharged by water from the
deep aquifers to the north. Other sources of groundwater
issuing from springs in Ash Meadows are from the Spring
Mountains just north of Ash Meadows and Pahranagat
Valley more than 100 km northeast (Fig. 2) (Winograd and
Friedman 1972; Osmond and Cowart 1982). Although no
more groundwater withdrawal will occur at Ash Meadows
NWR, groundwater pumping from aquifers that support
Ash Meadows springs could lower the shallow water table
at Ash Meadows and/or reduce discharge at many of the
springs. Modeling of earlier groundwater pumping in the
area, a possible measure of future influences of ground-
water use, indicates possible water table declines of <1 to
>3 m and spring flow reduction by as much as 50%
(Dudley and Larson 1976; Faunt and others 2004).

A reduced discharge will truncate plant communities
dependent on the outflow stream, a response that will
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Table 1 Herbaceous and woody plant species characteristic of community types at Spring Valley, Nevada, with wetland indicator status for each

species and wetland indicator score range for each community type

Wetland Community type
indicator -
status Wetland, Wetland/ upland Phreatophytic Upland,
1-2 transition, 2-3 upland, 3-5 3-5
Herbaceous species
Berula erecta (Huds.) Coville OBL X
Carex nebrascensis Dewey OBL X
Eleocharis palustris (L.) Roemer & J.A. Schultes OBL X
Eleocharis pauciflora (Lightf.) Link OBL X
Nasturtium officinale Ait. f. OBL X
Poa pratensis L. FACU X
Juncus balticus Willd. FACW X X
Carex stenophylla Wahlenb. UPL X X
Sporobolus airoides (Torr.) Torr. FAC X X
Ivesia kingii S. Watts. UPL X X
Puccinellia lemmonii (Vasey) Scribn. FAC X X
Distichlis spicata (L.) Greene FAC X X X
Descurainia sophia (L.) Webb ex Prantl UPL X X
Lappula redowskii (Hornem.) Greene UPL X
Woody species
Rosa woodsii Lindl. FAC X
Juniperus scopulorum Sarg. UPL X
Artemisia tridentata Nutt. UPL X X X
Chrysothamnus albidus (M.E. Jones ex Gray) Greene UPL X
Chrysothamnus nauseosus (Pallas ex Pursh) Britt UPL X
Atriplex confertifolia (Torr. & Frem.) S. Wats. UPL X X
Sarcobatus vermiculatus (Hook.) Torr. UPL X X

Note. Wetland indicator status: OBL, obligate wetland; FACW, facultative wetland; FAC, facultative; FACU, facultative upland; UPL, upland

initially be more obvious at small springs. The decline in
the water table will change the composition of the plant
communities. For example, Model 2, based on May her-
baceous plant community data from Ash Meadows, shows
that with each 1-m decline in water table, the herbaceous
community WIS will increase by about 1 unit (similar to
patterns for Spring Valley).

Model 2 : Herb WIS (Ash Meadows : May)
=1.697 4+ 1.061 Water Table Depth (May)
[n=21, R*=0.325, p < 0.01]

Consequently, a decline of >2 m may shift herbaceous
vegetation outside the outflow stream area from wetland/
upland transition to upland, that is, from one including
species of Anemopsis, Eleocharis, Juncus, Phragmites and
Sporobolus to one characterized by species of Distichlis
and Descaurainia (Table 2). Several rare, endemic herba-
ceous species associated with springs and outflow streams
in Ash Meadows NWR may be threatened by changes in
shallow water tables and reduced outflows (Morefield

2001). These include Centaurium namophilum Revel, Bro.
& Beatley, Grindelia fraxinopratensis Reveal & Beatley,
and Cordylanthus tecopensis Munz & Roos.

For woody plant communities (Model 3) it would take a
decline of ~2 m to increase the woody community WIS by
1 unit. Consequently, woody vegetation bordering the
wetland outflow area may be more resistant to water table
decline. However, it appears that change will occur as
woody species respond to declining water tables. For
example, using Model 3, a woody community with a WIS
of ~3 is associated with a water table depth of ~1 m,
whereas a woody community with a WIS of 5 is associated
with a water table of ~4.4 m.

Model 3 : Woody WIS (Ash Meadows)
= 2.490 + 0.576 Water Table Depth(August)
[n= 21, R> = 0.317, p < 0.01]
Recognizing that wetland status rankings apply more to

wetland than upland species, it is notable that the
compositional shift between a WIS of 3 and a WIS of 5
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Table 2 Herbaceous and woody plant species characteristic of community types at Ash Meadows NWR, with wetland indicator status for each

species and wetland indicator score range for each community type

Wetland Community type
indicator
status Wetland, Wetland/ upland Phreatophytic Upland,
1-2 transition, 2-3 upland, 3-5 4-5
Herbaceous species
Scirpus americanus Pers. OBL X
Typha domingensis Pers. OBL X
Anemopsis californica (Nutt.) Hook. & Arn. OBL X X
Eleocharis rostellata (Torr.) Torr. OBL X X
Lythrum californicum Torr. & Gray OBL X X
Juncus mexicanus Willd. ex J.A. & J.H. Schultes FACW X X
Muhlenbergia asperifolia (Nees & Meyen ex Trin.) Parodi FACW X X
Carex praegracilis W. Boott FACW X
Nitrophila occidentalis (Moq.) S. Wats. FACW X
Phragmites australis (Cav.) Trin. ex Steud. FACW X
Sporobolus airoides (Torr.) Torr. FAC X X
Iva acerosa (Nutt.) R.C. Jackson FACU X X
Distichlis spicata (L.) Greene FAC X X
Thelypodium integrifolium (Nutt.) Endl. ex Walp. FAC X
Descaurainia spp. UPL X
Woody species
Salix exigua Nutt. OBL X
Salix gooddingii Ball FACW X
Tamarix ramosissima Ledeb. FACW X
Fraxinus velutina Torr. FACW X
Prosopis pubescens Benth. FAC X
Baccharis emoryi Gray FACW X X
Pluchea sericea (Nutt.) Coville FACW X X
Atriplex lentiformis (Torr.) S. Wats. FAC X X
Prosopis glandulosa Torr. FAC X X
Suaeda moquinii (Torr.) Greene FAC X X X
Allenrolfea occidentalis (S. Wats.) Kuntze FACW X
Atriplex confertifolia (Torr. & Frem.) S. Wats. UPL X
Chrysothamnus nauseosus (Pallas ex Pursh) Britt UPL X
Lycium pallidum Miers UPL X
Isocoma acradenia (Greene) Greene FACU X X
Larrea tridentata (Sesse & Moc. ex DC) Coville UPL X

Note. Wetland indicator status: OBL, obligate wetland; FACW, facultative wetland; FAC, facultative; FACU, facultative upland; UPL, upland

is equivalent to a shift in a community with primarily
facultative and facultative upland species including, for
example, Atriplex confertifolia, Prosopis pubescens and
Suaeda moquinii to a community with facultative upland
and upland plants with species such as Atriplex
confertifolia, Lycium pallidum, Chrysothamnus
nauseosus, and Larrea tridentata (Table 2). Several of
these woody species, although not considered to be species
associated with wetlands, still had an affinity to wetland or
near-wetland areas at the Ash Meadows springs. A possible
decline in soil salinity resulting from water table decline
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might result in an upland woody community composed of
species of Larrea, Chrysothamnus, and possibly Fraxinus
velutina rather than halophytes such as species of Atriplex
and Suaeda.

Lake Mead, Nevada Springs
Groundwater that sustains flow in springs in Lake Mead

NRA is mostly derived from local precipitation, which
recharges a local carbonate aquifer and shallow basin-fill
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aquifers, which in turn support springs (Pohlmann and
others 1998). Consequently, shallow water tables in the
Lake Mead area may vary temporally in response to local,
mountain precipitation and have greater seasonal fluctua-
tions than those at Spring Valley or Ash Meadows. The
other source of water for some large springs at Lake Mead
NRA is a subregional groundwater flow system (Prudic and
others 1995). This aquifer is being considered for urban
use, which, if developed, may directly influence spring
discharge and associated shallow groundwater in Lake
Mead NRA.

We have developed WIS models for Lake Mead NRA
spring areas. The herbaceous WIS model (Model 4)
indicates that a decline in the water table of ~0.75 m
will increase the herbaceous WIS by 1 unit. It would take
a decline of ~1.5 m to make a major shift in species
composition from a wetland/upland transition to an
upland herbaceous plant community. This would include
a shift from species of Anemopsis, Phragmites, and
Sporobolus to a monospecific community of Distichlis
spicata (Table 3).

Model 4 : Herb WIS (Lake Mead)
=1.014 4 1.328 Water Table Depth (August)

[n=19, R*=0.366, p < 0.01]

The woody WIS model (Model 5) shows that it would
take a decline in the water table similar to that for the
herbaceous decline to shift the woody community by 1
WIS unit, that is, a decline of ~0.80 m.

Model 5 : Woody WIS (Lake Mead)
=1.652 + 1.238 Water Table Depth (August)
[n=19, R*= 0.500, p < 0.001]

A decline of ~1.5 m would also shift the woody plant
community from wetland/upland transition with mostly
facultative wetland and facultative plants such as species of
Baccharis, Pluchea, Prosopis, and Tamarix to phreato-
phytic upland with a possible mixture of facultative
wetland and upland plants, for example, species of Plu-
chea, Prosopis, Atriplex, and Suaeda (Table 3). The
overlap of species indicates that the shift in woody

Table 3 Herbaceous and woody plant species characteristic of community types at Lake Mead NRA, with wetland indicator status for each

species and wetland indicator score range for each community type

Wetland Community type
indicator
status Wetland, Wetland/ upland Phreatophytic Upland,
12 transition, 2-3 upland, 3-5 3-5
Herbaceous species
Eleocharis rostellata (Torr.) Torr. OBL X
Scirpus americanus Pers. OBL X
Juncus mexicanus Willd. ex J.A. & J.H. Schultes FACW X
Solidago confinis Gray FACW X
Anemopsis californica (Nutt.) Hook. & Arn. OBL X X
Phragmites australis (Cav.) Trin. ex Steud. FACW X X
Sporobolus airoides (Torr.) Torr. FAC X X
Distichlis spicata (L.) Greene FAC X X
Woody species
Baccharis salicifolia (Ruiz & Pavon) Pers. FACW X
Populus fremontii S. Wats. FACW X
Tamarix ramosissima Ledeb. FACW X
Prosopis pubescens Benth. FAC X
Allenrolfea occidentalis (S. Wats.) Kuntze FACW X X
Pluchea sericea (Nutt.) Coville FACW X X
Isocoma acradenia (Greene) Greene FACU X X
Prosopis glandulosa Torr. FAC X X X
Suaeda moquinii (Torr.) Greene FAC X
Atriplex confertifolia (Torr. & Frem.) S. Wats. UPL X
Encelia farinosa Gray ex Torr. UPL X
Larrea tridentata (Sesse & Moc. ex DC) Coville UPL X

Note. Wetland indicator status: OBL, obligate wetland; FACW, facultative wetland; FAC, facultative; FACU, facultative upland; UPL, upland
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community composition may not be great and that species
classified as facultative or upland, for example, may have
overlapping environmental tolerances. However, a greater
decline in the water table might, over time, also reduce
surface salinity and drive the upland areas around the
springs to a nonphreatophytic, nonhalophytic woody
community characterized by Larrea tridentata, Encelia
farinose, and possibly Prosopis spp. (Table 3).

A reduced discharge at the Lake Mead NRA springs will
have consequences similar to those projected for Ash
Meadows NWR. Table 3 shows wetland species that may
be impacted by a reduction or loss of discharge.

Discussion

Historic and recent studies of groundwater withdrawal
document decline of local and regional water tables
throughout much of eastern and southern Nevada, USA.
Many of these are located in urban or agricultural areas
where spring flows have terminated (Pavleko and others
1999). The magnitude of the decline varies spatially but
potential for additional water table decline is real if
expanding human activities increasingly use groundwater.

Projection of actual consequences of water table decline
is dependent on how much and where the water is har-
vested. In our analysis of the impacts of potential future
groundwater withdrawal from regional and shallow basin-
fill aquifers in the Great Basin and Mojave deserts of the
United States, we have speculated on vegetation responses
to water table decline based on our studies of species—water
table relationships. These aquifers are primary drivers of
spring hydrology and thus alteration of these aquifers and
their associated water tables is also expected to alter sur-
face flows (Fiero and Maxey 1970; Dudley and Larson
1976; Burk and others 2005) and soil moisture near springs
in this arid region of North America.

Our present understanding of potential impacts of
groundwater withdrawals from supporting aquifers on water
tables at desert spring ecosystems has been informed pri-
marily by groundwater models, increasingly an important
tool, although historic data are also important inputs.
Hydraulic models using potential future or known past levels
of groundwater pumping have projected potential changes in
water tables in different regional aquifers (Schaefer and
Harrill 1995; Faunt and others 2004). However, few models
project changes in spring discharge, a key linkage to
understanding effects of groundwater withdrawal. Quanti-
fication of the relationship between reduced flow and length
of outflow stream is also missing and, along with impacts on
spring discharge, an important area of desert spring research.

As regional groundwater pumping drives reductions in
spring discharge and local water tables, it will modify
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vegetation in the spring area (Perkins and others 1984;
Sorenson and others 1991). Our projections of truncation of
the lateral and longitudinal extent of the wetland and
wetland/upland transition areas, declines in areal cover of
hydrophytic vegetation, and composition shifts toward
drought-tolerant species have been documented globally
for other wetland and riparian ecosystems affected by
dewatering (Stromberg and others 1996; Fairfax and Fen-
sham 2003; Cooper and others 2006; Earmus and others
2006; Elmore and others 2006; MacKay 2006). Spatial
patterns of soil water quality (salinity, in particular) also
may change in response to reduced spring discharge and
shallow water table decline resulting from groundwater
withdrawal. In the wetland and wetland/upland transition
zones along the outflow stream, halophyte cover might
increase where less water is available to dilute saline soils.
In the phreatophytic-upland zone, reductions in soil salin-
ity, a response to reduced capillary rise of salts from the
declining shallow water table, may drive shifts toward
nonhalophytes. Increased salinity at the ground surface is a
common consequence of elevated water tables created by
agricultural irrigation in semi-arid and Mediterranean cli-
mate regions; western and southeastern Australia are
examples (Cramer and Hobbs 2002; Dogramaci 2004).
Solutions to the salinity problem and reclamation of saline
areas for agriculture often include lowering of the shallow
water table (Nulsen and Henschke 1981; Norman 1995;
Anderies 2005). Thus, reduced surface salinity may be an
expected response of regional groundwater withdrawal for
urban expansion in the Great Basin and Mojave deserts.
One caveat to this projection is that many of the saline soils
in these deserts have existed for millennia, thus changes
resulting from percolation of salts into the soil following
rain events will be long-term. However, many desert areas
with nonhalophytic plant species (e.g., Larrea in the Son-
oran Desert in North America) have a petrocalcic horizon
(caliche) several decimeters deep, a result of salt leached
from the surface over time (McAuliffe 1994).

To increase our predictive capacity, increased under-
standing is needed on hydrologic thresholds for vegetation
change. Although vegetation change will occur along a
continuum from wetland to upland, it will occur as toler-
ance levels with respect to soil moisture reduction, and
water table depth or seasonal fluctuation of the water table
are exceeded for the dominant plant taxa that occupy dif-
ferent zones at or near the spring. Community-wide spatial
gradient studies have clarified some relationships, but
knowledge of water depth tolerance ranges for dominant
taxa of the different zones of the springs should be refined
through experimental manipulation of water levels
(Naumburg and others 2005), population-focused studies
along spatial hydrologic gradients (Groeneveld and Or
1994), and monitoring studies.
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Table 4 Consequences of hydrological changes at Great Basin and Mojave Desert springs: comparison of large and small springs

Change Primary consequences Secondary consequences Large spring change Small spring change
Groundwater Reduced discharge Reduced outflow length and Potential great loss of Small loss of wetland and
decline width wetland and wetland/ wetland/upland transition

Lowered capillary
fringe

Discharge + Outflow stream length
or — change

Wetted area width
change

Wetland to wetland/upland
transition or wetland/upland
transition to upland shift

Reduced “wicking” of salts by
capillarity

Altered extent of wetland/
upland transition community

Altered extent of wetlands

upland transition
communities

Extensive loss of wetland
area

Upland shift from
halophytes to
nonhalophytes

Potential great change in
wetland/upland transition
community

Potential extensive wetland
area change

communities

Small loss of wetland area

Upland shift to
nonhalophytes

Small change in wetland/
upland transition
community

Small wetland area change,
but a high percentage of

Discharge
terminated

No pool or outflow
stream upland transition

Communities

Loss of wetlands and wetland/

total

Conversion from wetland to
upland species and
community

Conversion to upland
species and communities

The response of the vegetation at the desert springs to
regional groundwater pumping will vary as a function of
many factors including spring size, soil traits at the spring,
rate and magnitude of expected groundwater decline,
magnitude of change in spring discharge, and degree of
dependence on spring discharge on local vs. regional
groundwater sources (Table 4). Of the springs we exam-
ined, one set was highly influenced by local hydrology and
on the fringe of the potential impact zone from urban
groundwater pumping, another was in the groundwater
flow path of possible pumping locations, and another was
located within a high groundwater withdrawal impact zone.
Regional maps of the distributions of desert springs,
overlaid on maps of expected groundwater declines in
relation to anticipated pumping locations, would be a
helpful regional planning tool.

Using our conceptual model (Fig. 1), we show the many
hydrologic relationships and linkages to soils and plant
communities that need to be understood to be able to make
definitive statements about the magnitude of hydrologic
change that will lead to changes in spring-associated veg-
etation. Using the model, one can also identify the
pathways of influence following changes in one or more of
the hydrological factors, for example, the deep carbonate
aquifer, and which spring ecosystem functions and plant
communities might be altered. Although the conceptual
model can be used to guide identification of important
attributes to study, on-site monitoring will be critical for
detecting impacts. Plans are in place to monitor local
hydrologic conditions at several desert spring sites because
in 2006 when the Department of the Interior withdrew its

protests of the SNWA groundwater withdrawal proposal
for Spring Valley, it stipulated extensive and intensive
hydrologic monitoring and management programs.

In addition to abiotic monitoring to achieve ecological
sustainability of the spring areas through appropriate water
management, we emphasize the importance of directly
monitoring measures of ecosystem function for which
biotic response is one metric (Earmus and others 2006;
Lake and Bond 2007). Biotic monitoring has been planned
in other arid locations where off-site groundwater depletion
affects are a concern, and these, along with our studies,
might be used for guidance (Stromberg and others 2006).
Vegetation data, often used for resource management
decisions, are recommended for evaluating disturbance at
desert springs (Fleishman and others 2006). Vegetation
monitoring also has been highly ranked by several of the
U.S. National Park Service Inventory and Monitoring
Networks, as vegetation combined with other indicators
provides key data on ecosystem health. Long-term vege-
tation monitoring data are capable of providing early
warning signs of impending changes in ecosystem pro-
cesses. Vegetation also integrates information on geology,
soils, hydrology, and climate (Fig. 1) and thus sampling of
plant communities can provide sensitive metrics for
assessing ecological changes over time at different spatial
scales. To ensure that scientific information is appropriate
for policy and management (MacKay 2006), it is important
that monitoring and analysis be designed to test for mag-
nitudes of change in vegetation rather than just existence of
change (Morrison 2007), a phenomenon that can occur
under disturbance and/or nondisturbance conditions.
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