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Comments on Effects of Proposed Groundwater Withdrawal in Eastern 
Nevada on Desert Springs and Associated Ecosystems  

Prepared by Duncan T. Patten, PhD.  Research Professor, Montana State University 

Summary: The increased demand for water in arid regions has resulted in proposed groundwater 
withdrawal from aquifers underlying these regions of the West, including eastern Nevada. 
Groundwater withdrawal is expected to alter the hydrology of these regions in turn affecting 
desert springs and the ecosystems they support. The purpose of this report is to address these 
possible effects, especially those changes that is likely to take place in the plant communities 
supported by the springs. Two possible hydrological changes will alter the plant communities. A 
reduction in spring discharge will reduce the amount of wetlands and riparian communities 
associated with the spring ecosystem. A lowering of the water table is expected to alter the 
composition of the plant communities which grade from wetlands, through wetland/upland 
transition (riparian) to uplands. Alteration and/or loss of these plant communities will, in turn, 
reduce or negate the ecosystem services they offer to this arid region.  

Background: Overview of Great Basin Desert springs and their ecosystem services.  

Wetlands, riparian areas and other types of freshwater ecosystems can be affected by off-
site activities that alter the hydrologic cycle (Pringle 2000, 2001, Burk et al. 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 not only a difficult challenge legally but also politically.  

Spring ecosystems are one type of wetland that increasingly are being affected by local 
and regional groundwater withdrawals (Brussard et al. 1999, Burk et al. 2005).  Protection of 
such isolated wetlands, critical habitat for many endemic and threatened species, has become a 
key conservation issue (Tiner 2003) (see special issue of Wetlands on isolated wetlands, 
September 2003). In deserts, these spring environments are “island” ecosystems surrounded by 
xerophyte-dominated deserts and may be the sole source of water for most biota. The springs 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 the complex hydrology underlying desert areas is considered 
one of the greatest threats to long-term sustainability of aquatic ecosystems of many desert 
ecosystems (Shepard 1993, Grimm et al. 1997) including those in the Great Basin and Mojave 
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Deserts (Brussard et al. 1999, Tiner 2003).  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, Burk et al. 2005, Myers 2011c).  This, in turn, will affect the aquatic, 
wetland, and phreatic biota dependent on the range of spring-associated water sources. The Draft 
BLM EIS (BLM 2011) agrees with this statement in that it states when using the 10-foot 
drawdown contour as a frame of reference to identify water dependent resources within the 
drawdown area, "Drawdowns of less than 10 feet could reduce flows in perennial springs or 
streams that are controlled by discharge from the regional groundwater flow system, which in 
turn could potentially cause declines in the diversity and abundance of associated riparian flora 
and fauna that may only be able to tolerate water declines on the order of a few feet." 

Hydrologic alteration, along with other anthropogenic activities, has not only altered 
desert springs and associated biota in North America and other continents (Fairfax and Fensham 
2003) but also wetland vegetation associated with desert lakes and playas, for example, Owens 
Valley in eastern California (Schultz 2001, Elmore et al. 2003). In Owens Valley, groundwater 
pumping near springs resulted in reduced species cover, lower species richness, and shifts from 
marsh vegetation to more drought tolerant species (Perkins et al. 1984). Pumping also caused a 
decrease in vegetation cover and increase in mortality of phreatophytic shrubs (Sorenson et al. 
1991).  Water table declines that follow from groundwater withdrawal also can affect riverine 
riparian vegetation in arid regions which may include riparian communities along spring outflow 
channels (Stromberg et al. 1992, Stromberg et al. 1996, Scott et al. 1999, Shafroth et al. 2000, 
Horton and Clark 2001). These riparian communities depend on a shallow alluvial water table 
that is dependent on stream water or shallow groundwater (Lite and Stromberg 2005) 

The extent of impact by groundwater withdrawal on springs and other freshwater 
ecosystems depends on the 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 rapidly declined in the Owens 
Valley in the 1970s, a result of increasing groundwater pumping and drought (LADWP/Inyo 
County 1990), causing 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 and habitat for an endangered desert 
pupfish species (Cyprinidon nevadensis), declined from 1969-1972 due to agricultural 
groundwater pumping from the regional aquifer (Dudley and Larson 1976, Minckley and Deacon 
1991, Dunham and Minckley 1998). Adjudication by the Supreme Court finally settled this issue 
(United State v. Cappaert 1976) but now there is concern about the influence of pumping 
activities for municipal use on desert pupfish and other biota at the Refuge. 
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The Great Basin and adjacent Mojave deserts, a complex Basin and Range landscape 
with mountains interspersed with dry desert valleys, contains many isolated spring supported 
wetlands.  There is limited literature on the ecology of these springs with the exception of that on 
pupfish, amphibians, and invertebrates (Dudley and Larson 1976, Anderson and Deacon 2001, 
Hershler and Sada 2002). Description of spring vegetation and environmental controls is limited; 
however, most studies reveal the importance of both water availability and water quality (salinity 
in particular) on vegetation. For example, Bolen  (1964)  found soil salinity to strongly influence 
vegetation zonation in salt marshes in Utah. Bradley (1970) found shifts in plant community 
zonation occur in response to shifting environments associated with water availability. He 
(Bradley 1972) also found water availability to be the decisive influence of standing crop in 
marsh vegetation in California. Minshall et al. (1989) identified several environmental factors 
(including salinity and water availability) as influences on saline wetlands and thermal springs. 
Naumberg et al. (2005) demonstrated the importance of water table fluctuation in conjunction 
with soil texture on productivity of several desert spring herbaceous species.  

Patten et al. (2008a) analyzed the effects of groundwater decline on Great Basin and 
Mojave Desert spring plant communities. They found that often a groundwater table decline of 
no more than a meter or less might change the plant community from one characteristic of 
wetlands to one more commonly found in the upland transition zone. This change becomes 
crucial to the dynamics of the spring ecosystem as the wetland community usually supports a 
much broader array of species than the uplands, some species being endemic to particular spring 
areas.  

 I. Springs with Large to Small Discharge. 

 Springs in Nevada vary in flow rate and coverage of outflow water. Consequently, they 
support a diverse assemblage of plant communities including wetlands, riparian areas, 
wetland/upland transition zones and, where there is a connection between outflow water and 
shallow groundwater, phreatophytic upland communities.  These plant communities in turn 
support a broad array of invertebrate and vertebrate populations.   

Much of my research has included comparisons of small and moderately large  springs (e.g., 
Patten et al. 2008a) as well as studies of ecosystem dynamics of arid land riparian systems (e.g., 
Patten 1998). In the following table (Table 1), I have added additional large springs to a list of 
our research springs in Nevada. The table shows the outflow discharge for each spring.  
Discharge of the larger springs is measured by USGS flow gages, while smaller spring discharge 
was measured using temporary flow constriction "dikes" and V-notch weirs.  

 The springs with large discharges (ca. 4 cfs or greater) tend to support extensive 
downstream riverine oriented plant communities (e.g., wetlands and riparian communities), 
while those with small discharges tend to support limited wetlands and some wetland/upland 
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transition communities.  Reduced flows and lowered water tables, to be discussed later, will alter 
the extent and composition of these communities.  
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Table 1. Study springs and a few additional large springs indicating their location and 
approximate discharge (Q cms/cfs). 

 

Spring Location           Q (cms/cfs)  
_______________________________________________________________ 

Crystal     Near Hiko, NV   0.32/11.2 

Big Springs  Near Baker, NV   0.10/3.7 

   N Channel   

Fairbanks# Ash Meadows NWR   0.120/4.3   

Collins# Ash Meadows NWR   0.0016/0.05  

Jackrabbit# Ash Meadows NWR   0.05/1.77  

Meriwether*# Ash Meadows NWR   0.005/0.177  

Rogers# Lake Mead NRA   0.045/1.60  

Corral# Lake Mead NRA  0.0002/0.0071  

Blue Point# Lake Mead NRA   0.016/0.55  

Scirpus# Lake Mead NRA  0.0002/0.0071  

Leopard Frog#* Spring Valley, NV  0.0005/0.0177  

Rose#* Spring Valley, NV  0.00015/0.0053 

   4WD Spring+       

Thorne# Railroad Valley, NV  0.0004/0.0141  

Christian# Railroad Valley, NV  0.0001/0.0035  

 
# Research springs (Patten et al. 2008a) 

* Names given to unnamed springs used in Patten et al. (2008a) 

+ Name given by monitoring agency 
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II. Basic Landscape of Desert Springs Describing the Various Components of the Spring 
Ecosystem. 

The following discussion of the vegetation and landscapes at various springs of different sizes in 
the Great Basin and northern Mojave Deserts is presented to offer a brief overview of the areas 
that may be affected by hydrological modifications in the area.  A more comprehensive overview 
of some of these areas is offered by Charlet (2007) in his report titled: "Effects of Groundwater 
Transport from Cave, Delamar, and Dry Lake Valleys on Terrestrial Ecosystems of Lincoln and 
adjacent Nye and White Pine Counties, Nevada". In this report Charlet not only discusses the 
various components of these desert ecosytems including plants, wildlife, etc. but also mentions 
rare species that might be affected by modified hydrology. He emphasizes that groundwater 
withdrawal in these areas will have a ripple effect into areas like the Pahranagat Valley that are 
dependent on the groundwater from the adjacent valleys.  
 
 
 A. Orifice area (size, flows, etc.)  

The orifice area of desert springs is normally associated with the rate of flow. For example, 
Crystal Spring near Hiko has a large ponded area surrounded by riparian vegetation. At a small 
spring like Rose in Spring Valley the orifice area is a pond that is about 5 m across. This spring 
orifice area pond, as for many small springs in areas where there is ranching, has been altered to 
collect water for stock watering. In some cases the actual orifice has been "tapped" and piped to 
watering troughs. Very few of the springs I have visited still maintain what probably was the 
original orifice pond or outflow area, most having been altered to gather water for livestock, 
agriculture, mining, or recreation and/or maintenance of downstream ponds or lakes.  

 Small springs often support wetlands within a saturated ground surface near the orifice, 
or when the orifice pond is deep, marginal wetlands and emergent plants such as reeds and 
cattails.  

 

 B. Outflow stream (size, flows, distance from orifice, etc.) 

The length of the outflow stream or springbrook is dependent on the amount of discharge and the 
density of wetland and riparian vegetation along the spring outlet. Large springs, using Crystal 
Spring near Hiko, NV as an example, flow along an outlet channel lined by riparian vegetation 
and then through the Pahranagat Valley (now covered with sparse forests and grassland), which 
is also fed by Hiko and Ash Springs. It supports two lakes at the upper end of the valley (Nesbitt 
and Frenchies), and ends in Upper and Lower Pahranagat Lakes at the south end of the valley 
which are part of the Pahranagat National Wildlife Refuge. Fairbanks Spring in Ash Meadows 
has an outflow stream that extends several miles into a large slough. Rogers Spring in Lake 
Mead NRA flows all the way to the Colorado River. In contrast to these three relatively large 
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desert springs, Rose Spring in Spring Valley flows about 150 m from the orifice, the length of 
this flow dependent on season (ET loss) and cattle intrusion into the outflow wetlands where 
they puncture an impervious clay layer below the wetland vegetation causing seepage into the 
soil below the clay layer.  

 

III. Vegetation Associated with Large to Small  Springs.  

 A. Wetlands 

Small springs such as Rose Spring in Spring Valley support a wetland in both the orifice area 
and outflow channel (even though it is short).  Immediately at the orifice the wetland may be 
dominated by watercress (Rorippa nasturtium-aquatica), whereas elsewhere the wetland 
community is composed of an extensive array of herbaceous species such as Eleocharis 
palustris, Berula erecta, Carex nebrascensis,Veronica anagallis, Mimulus guttatus, Carex 
nebrascensis, Carex stenophylla, Juncus balticus,and Puccinellia lemmonii. 

Large springs such as Crystal may also have watercress (Rorippa nasturtium-aquatica) near the 
orifice area as well as many of the same wetland herbaceous species found in small springs in the 
same climatic zone (desert type).  

  B. Riparian and wetland/upland transition areas 

Small springs, for example Rose spring in Spring Valley, often do not have a distinct riparian 
plant community but rather a wetland/upland transition community. This transition plant 
community often does not include herbaceous species beyond the wetland border. Woody 
species are limited and may include Woods Rose (Rosa woodsii) and Big Sagebrush (Artemisia 
tridentata). These two species are not phreatophytic nor halophytic but depend on shallow fresh 
water from the outflow stream.  Swamp cedar (Juniperus scopularum) may also be found in this 
transition area but more often in the phreatophytic zone. The species is a "unique" ecotype of the 
Rocky Mountain juniper (Billings 1954) found only in White River Valley and Spring Valley. It 
grows where there is a shallow water table, quite different than the typical habitat of this species 
as a semi-arid upland species.  The location where swamp cedar is found in Spring Valley is now 
a Natural Area Park based on the almost unique nature of the location of this ecotype. It was 
evaluated for possible registered landmark designation in 1970 (McLane 1970) and Bostick et al. 
(1975) included this in an inventory of natural landmarks for the Great Basin for the National 
Park Service. Charlet (2007) in his report on effects of groundwater withdrawal in this area also 
mentions the importance of this ecotype and its location.  

Large springs, for example Crystal Spring near Hiko, NV and Fairbanks Spring at Ash Meadows 
NWR support distinct riparian communities around the orifice pond as well as along the outflow 
channel.  Although outflow from Crystal is greatly modified, there is still some riparian 
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vegetation. The upper portion of Pahranagat Creek has a border of ash trees (Fraxinus sp. ) and 
cottonwood (Populus fremontii).  At Fairbanks, the channel and adjacent floodplain support 
stands of mesquite (Prosopis pubescens), Goodings and sandbar willow (Salix gooddingii and 
Salix exigua), and Salt Cedar (Tamarix ramosissima).  

 

 C.  Adjacent uplands (phreatophytic and non-phreatophytic; halophytes and non- 
  halophytes) 

Small springs such as Rose Spring and neighboring springs in Spring Valley occur in a landscape 
dominated by phreatophytic and upland species. The phreatophytes may be linked to the same 
water source that creates shallow groundwater, possibly creating the spring flow.  The 
pheatophytic communities include herbaceous salt grass (Distichlis spicata) and a woody 
community composed of swamp cedar (Juniperus scopularum), greasewood (Sacrobatus 
vermiculatus), and rabbit bush (Chrysothamnus nauseosus, Chrysothamanus albidus).  In some 
locations the non-phreatophytic shrub big sagebrush (Artemisia tridentata) is common. 
Geasewood, one of the more common phreatophytes in the Great Basin is also one of the main 
sources of evapotranspiration from the shallow groundwater. Nichols calculated the transpiration 
discharge from shallow groundwater (Nichols 1993) and determined that this discharge was 
related to the depth to groundwater (Nichols 1994).  

Large springs such as Crystal Spring near Hiko often dominate the valley they flow through, 
supporting riparian communities which may quickly grade into upland plant communities. The 
upland plant community in the Pahranagat Valley  is typical of the Mojave Desert dominated by 
creosote bush (Larrea tridentata) and burroweed (Ambrosia dumosa).   These are species 
common in the warmer deserts unlike the desert species found in Spring Valley which is in the 
Great Basin Desert. 

 

IV. Water Sources for Springs  

Groundwater systems of eastern Nevada.  Most groundwater systems that are being targeted to 
satisfy projected future water needs of urban Nevada are located in eastern Nevada and western 
Utah.  Most of eastern Nevada is part of the Basin and Range province (Hunt 1967) in which 
groundwater flow systems occur in individual 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 ground water 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 in this aquifer either flows from east-central Nevada and western Utah near Spring 
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Valley south toward Ash Meadows, Death Valley and Lake Mead (Dudley and Larson 1976, 
Dettinger, et al. 1995, Prudic et al. 1995, Laczniak et al. 1996, Plume 1996, Thomas et al. 1996) 
or to Snake Valley and thence to the Great Salt Lake Basin (Welch et al. 2007). Approximately 
two-thirds of the flow south towards Death Valley 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 discharges at Lake Mead NRA springs.  However, groundwater in the Virgin 
River subflow system in southeastern Nevada and southwestern Utah, a subsystem of the 
Colorado River regional flow system, apparently discharges at some springs in Lake Mead NRA 
(Prudic et al. 1995). Many springs are sustained, at least proximately, by the basin-fill aquifer. 
The carbonate aquifer, however, is considered the ultimate water source for regional springs, 
through its replenishment of the basin-fill aquifer. It also directly supports some springs.  

Elliot et al. (2006) in characterizing the water sources of Great Basin National Park also 
discussed their susceptibility to groundwater withdrawal in neighboring Spring Valley. Myers 
(2011a, b) has evaluated water sources for springs in the Spring Valley and Snake Valley areas. 
In his evaluation of these water sources he has used models to project possible groundwater 
withdrawal effects in these areas (Myers 2011c) . The amount of water table decline is relative to 
location of wells and length of water withdrawal.  For evaluation of effects of groundwater 
withdrawal on spring plant communities,  the decline in water table (i.e., drawdown) is most 
relevant.  Basing his projections on several time scenarios (e.g., 75 and 200 years of pumping), 
Myers shows that drawdown may exceed 100 ft (ca. 30m) in areas near the wells but may also be 
about 5 ft (ca. 1.5 m) some distance away (e.g., as far as Snake Valley). For this discussion, 
consideration of the minimal drawdown should be considered (as the models showing changes in 
plant communities with water table decline later in this report indicate that small changes in 
water table may relate to distinct changes in plant composition).  

 

V. Response of Plant Communities to Changes in Flows and Groundwater Depths.  

Spring flows directly support wetlands and also contribute to shallow groundwater along the 
outflow stream necessary for riparian plant communities. Each of these plant communities has 
characteristic species as described earlier. However, because they are dependent on some 
component of the hydrology of the spring location, any change in that hydrological component is 
likely to result in a response of the associated plant community.  The two primary alterations in 
the hydrology of a spring location are a reduction or cessation in flow at the spring orifice and a 
decline in the local water table resulting from reduction in spring flow or withdrawal of 
groundwater from the aquifer that supports the spring flow and phreatophytic vegetation in the 
area.  

The following diagram (Figure 1) shows some of the plant species that compose the plant 
communities across the gradients from wetland to upland for small desert springs. These have 
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been explained earlier. In the diagram below, woody species are bolded.  The diagram also 
shows the changes in plant associations that are likely to take place as water resource changes 
(i.e., groundwater declines and/or spring flow terminates) influence the response of various 
species.  

 

 

Figure 1. Diagram showing the gradient of plant communities from wetland to upland and thus 
potential changes in vegetation resulting from groundwater decline. If spring flow is terminated 
vegetation will change to upland; however, if spring flow is reduced wetland/transition 
vegetation may replace wetland. Typical species found at each vegetation zone are listed for 
Great Basin and Mojave Desert springs. Woody species are bold italics (From Patten et al. 
2008a).  

 

In addition to addressing changes in associations of plants at different zones across the spring 
landscape as shown in the above figure, I looked at changes in wetland community status using a 
Wetland Indicator Score (WIS) across the spring landscape. Obligate wetland species have a 
wetland status of 1, while facultative wetland species are 2, facultative species are 3, facultative 
upland species 4 and upland species 5. A plant community is often a mix of these different types 
and thus has a WIS status ranging from 1 to 5. A plant community composed solely of wetland 
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plants has a WIS of 1, whereas most communities are a mix of species with WIS values ranging 
from 1 to  5.  As the plant community is exposed to a changing hydrology (e.g., declining water 
table), the WIS will shift as the plant association changes. Table 2 demonstrates the potential for 
these changes across WIS levels for Spring Valley springs.  

Using the WIS concept and relating plant community WIS scores to associated groundwater 
levels measured with groundwater monitoring wells, we found we could develop a model that 
indicates that with a certain amount of decline in groundwater there was a potential associated 
change in WIS. For example, the model for herbaceous communities at Spring Valley was:  

 Herb WIS = 0.786 + 1.085 Water Table Depth [n=17, R2= 0.427, p≤0.01] 

Using the above model, we find that the WIS will increase by about one unit with each meter 
decline in water table. For example, a wetland/upland transition zone herbaceous community 
with a WIS of 2 at the Spring Valley study springs includes species of Carex, Juncus, 
Puccinella, Sporobulus and Distichlis. Following a 2-meter 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, Distichlis and Puccinellia (Table 2). 

BLM in its EIS (BLM 2011) supports this concept of change when it states that a decline 
of less than 10 feet (ca. 3 m) could reduce flows in perennial springs or streams that are 
controlled by discharge from the regional groundwater flow system, which in turn could 
potentially cause declines in the diversity and abundance of associated riparian flora and fauna 
that may only be able to tolerate water declines on the order of a few feet. 
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From Patten et al. 2008a.  

 

 

 

VI. Potential Short Term and Long Term Effects of Groundwater Withdrawal.  

Using Figure 2 below, one can visualize what may happen to the various plant communities 
associated with springs in a Great Basin valley when groundwater withdrawal occurs. Figure 2 
illustrates the dependency of many of the plant communities on either or both available spring 
outflow and shallow groundwater.  

 Community Type

Wetland

Wetland/ 
Upland 
Transition

Phreatophytic 
Upland Upland

Community Wetland Indicator Score Range 1-2 2-3 3-5 3-5

Herbaceous Species

Wetland 
Indicator 
Status

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

Table 2. 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 indicator status: Obligate Wetland 
(OBL), Facultative Wetland (FACW), Facultative (FAC), Facultative Upland (FACU), Upland (UPL).
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Figure 2. Model of dynamics of Great Basin springs showing hydrological inputs, connections 
among several flow paths and resulting vegetation types (see text for descriptions of the 
vegetation types). The diagram can be used to illustrate the potential impacts of groundwater 
withdrawal from the deep carbonate layer. Connections (or flows) between it and the basin-fill 
aquifer and spring orifice would decline or terminate depending on the magnitude of the 
groundwater withdrawal. Most vegetation types dependent on water from the deep aquifer would 
change to upland type communities (from Patten et al. 2008b). 

 A. Wetlands 

The wetland communities at most springs are dependent on an inundated area which occurs in 
the spring orifice area or outflow stream. Reductions in spring flows may maintain the ponding 
at the orifice area, albeit, the area may be reduce. Reduced flows will truncate the length of the 
outflow stream. Consequently, any reduction in flow will reduce the amount of wetland, an 
ecosystem that is habitat for many species. Groundwater withdrawal over time may cause the 
spring flow to cease. With no surface water, all wetlands will be lost. Although there are few 
examples of this phenomenon, some springs in the Great Basin that supported springs in the 
early 1900s no longer exist because of long-term groundwater withdrawal by agriculture in the 
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area.  Figure 3 shows a spring area that no longer supports a wetland because of flow 
termination.  

 

 

 

 

 

 

 

 
  

 

Figure 3. Gotchell Spring at Lake Mead NRA where flows have terminated and upland 
vegetation grows in spring outflow channel. 

 

 B. Riparian and/or Wetland/Upland Transition 

The riparian areas on the edges of spring orifice ponds and along outflow streams are dependent 
on the shallow water table supported by the outflow stream and also, perhaps, by shallow 
groundwater associated with the basin fill. Both of these hydrological sources are dependent on 
the aquifers within the deeper carbonate layer and basin fill. As pointed out above in the 
discussion on groundwater systems of eastern Nevada, these two water sources may be 
connected through upward movement of water from carbonate aquifer into the basin fill . There 
are thresholds below which many riparian species can no longer survive (Lite and Stromberg 
2005). Herbaceous riparian species will not survive if the water table they are dependent on 
declines only a few cm, whereas large woody riparian species such as cottonwood or mesquite 
may tolerate water table drawdown of several meters (5-7 meter depth is about the maximum 
these species can tolerate, although mesquite has been found with much deeper roots in non-
riparian situations.  Only large springs support large woody riparian species along their outflow 
streams, consequently, changes in volume and length of outflow may directly affect the footprint 
of these species as the water table declines with distance from the channel.  
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 C.  Phreatophytic uplands 

Phreatophytic upland species are found throughout much of the Great Basin in areas where there 
is relatively shallow groundwater either within the valley fill or perched on impervious substrate 
layers away from water sources other than natural precipitation and shallow recharge flows from 
adjacent mountains. A disruption of this available shallow water, potentially a consequence of 
lowering the local water table following groundwater withdrawal, will reduce the amount of 
water available to a level below that which is required by the phreatophytic plant community and 
thus reduce plant cover of phreatophytes.  Patten et al. (2008a) projected that, over many decades 
a loss of phreatophytic plant cover will be followed by invasion of non-phreatophytic species 
(both grass and shrubs).  Some of the phreatophytes are also halophytes and we project that with 
a declining water table and loss of its associated capillary lift of salts to the soil surface, the 
halophytes may also be lost over time as natural precipitation leaches the salts from the surface 
soils, depositing them at some layer (sometimes referred to as a caliche layer) below the root 
distribution of non-halophytic plants.  

 D. Non-phreatophytic uplands  

The non-phreatophytic plant communities of the Great Basin and northern Mojave Deserts have 
established on soils with only natural precipitation as a water source that has been present for 
millennia. Consequently, there is little likelihood that the non-phreatophytic plant community 
will change as a result of groundwater withdrawal and the associated groundwater level decline.  

Table 3 summarizes some of the possible changes that may occur at large and small springs 
following groundwater withdrawal in the spring locations. Althought this summary primarily 
relates to effects near groundwater withdrawal locations, some of these effects are expected to 
also take place in the "downslope" region of a deep aquifer as deep groundwater is withdrawn in 
the "upslope" region of that deep aquifer. The White River Flow System and the Great Salt Lake 
Regional Flow System are two examples of extensive deep aquifers that, if affected by 
groundwater withdrawal at the "upper end", will affect availability of groundwater at the 
"downslope end". Myer's (2011 a,b,c) and BLM (2011) discussions of several aquifers in Nevada 
and how they support regional springs are good examples of this potential phenomenon.   
 
Table 3 has two primary components. One deals with changes in hydrology, for example, 
reduced discharge, declining water table and reduced wetting of spring and outflow areas. These 
hydrological changes, important as water sources for wildlife and livestock,  become of greater 
importance when they are related to changes in spring associated plant communities, that is, 
wetlands and wetland/upland transtion (riparian) communities. These two plant community types 
are considered some of the most valuable and threatened plant communities in the United States 
(Patten 1998, Zedler and S.Kercher 2005, Heinz Center 2008).  In arid regions, these 
communities support over 75% of animals species at some stage in their life cycle (Naiman et al. 
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1993, Patten 1998). Consequently, a significant alteration in regional hydrology has a cascading 
effect on plant communities and associated animal populations.  
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Table 3. Consequences of hydrological changes at Great Basin and Mojave Desert springs. 
Comparison of large and small springs. 

From Patten et al. (2008a)  

Change Primary 
Consequences 

Secondary 
Consequences 

Large Spring 
Change 

Small Spring Change 

Groundwater decline Reduced discharge Reduced outflow 
length and width 

Potential great loss 
of wetland and 
wetland/upland 
transition 
communities 
 

Small loss of wetland 
and wetland/upland 
transition 
communities 

 Lowered capillary 
fringe 

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

Extensive loss of 
wetland area 

Small loss of wetland 
area 

  Reduced “wicking” 
of salts by 
capillarity 

Upland shift from 
halophytes to non-
halophytes 

Upland shift to non-
halophytes 
 

Discharge increase 
or decrease 

Outflow stream 
length change 

Altered extent of 
wetland/upland 
transition 
community 

Potential great 
change in 
wetland/upland 
transition 
community 
 

Small change in 
wetland/upland 
transition community 

 Wetted area width 
change 

Altered extent of 
wetlands 

Potential extensive 
wetland area 
change 

Small wetland area 
change, but a high 
percent of total 

Discharge 
terminated 

No pool or outflow 
stream 

Loss of wetlands 
and wetland/upland 
transition 
communities 

Conversion from 
wetland to upland 
species and 
community 

Conversion to upland 
species and 
communities 
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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

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.

Keywords Great Basin Desert � Mojave Desert �
Springs � Wetlands � Vegetation � Hydrology �
Groundwater � Water table � Salinity

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 Wetlands 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

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

Environmental Management

123



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. 1 Conceptual model of

processes that interact and affect

development of plant

communities at Great Basin and

Mojave Desert springs.

Groundwater withdrawal from

the carbonate aquifer directly

and indirectly affects other

hydrological attributes (broad

arrows), which in turn affect

soils and other factors that

support plant communities
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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

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 m3/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 m3/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

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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Fig. 3 Diagram showing the

gradient of plant communities

from wetland to upland and,

thus, potential changes in

vegetation resulting from

groundwater decline. If spring
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if spring flow is reduced,

wetland/transition vegetation
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zone are listed for Great Basin
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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 Atriplex 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 C2 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 (B4 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 C3 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 ðSpring Valley : May� JuneÞ
¼ 0:786þ 1:085 Water Table Depth ðAugustÞ
½n¼ 17; R2¼ 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

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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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 ðAsh Meadows : MayÞ
¼ 1:697þ 1:061 Water Table Depth ðMayÞ
½n¼ 21; R2¼ 0:325; p � 0:01�

Consequently, a decline of C2 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 ðAsh MeadowsÞ
¼ 2:490 þ 0:576 Water Table DepthðAugustÞ
½n¼ 21; R2 ¼ 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

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

indicator

status

Community type

Wetland,

1–2

Wetland/ upland

transition, 2–3

Phreatophytic

upland, 3–5

Upland,

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
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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

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

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

indicator

status

Community type

Wetland,

1–2

Wetland/ upland

transition, 2–3

Phreatophytic

upland, 3–5

Upland,

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
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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 ðLake MeadÞ
¼ 1:014þ 1:328 Water Table Depth ðAugustÞ
½n¼ 19; R2¼ 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 ðLake MeadÞ
¼ 1:652þ 1:238 Water Table Depth ðAugustÞ
½n¼ 19; R2¼ 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

indicator

status

Community type

Wetland,

1–2

Wetland/ upland

transition, 2–3

Phreatophytic

upland, 3–5

Upland,

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

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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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.

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

decline

Reduced discharge Reduced outflow length and

width

Potential great loss of

wetland and wetland/

upland transition

communities

Small loss of wetland and

wetland/upland transition

communities

Lowered capillary

fringe

Wetland to wetland/upland

transition or wetland/upland

transition to upland shift

Extensive loss of wetland

area

Small loss of wetland area

Reduced ‘‘wicking’’ of salts by

capillarity

Upland shift from

halophytes to

nonhalophytes

Upland shift to

nonhalophytes

Discharge +

or –

Outflow stream length

change

Altered extent of wetland/

upland transition community

Potential great change in

wetland/upland transition

community

Small change in wetland/

upland transition

community

Wetted area width

change

Altered extent of wetlands Potential extensive wetland

area change

Small wetland area change,

but a high percentage of

total

Discharge

terminated

No pool or outflow

stream

Loss of wetlands and wetland/

upland transition

Communities

Conversion from wetland to

upland species and

community

Conversion to upland

species and communities
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Abstract. The conversion of large natural basins to managed watersheds for the purpose
of providing water to urban centers has had a negative impact on semiarid ecosystems,
worldwide. We view semiarid plant communities as being adapted to short, regular periods
of drought; however, human induced changes in the water balance often remove these
systems from the range of natural variability that has been historically established. This
article explores vegetation changes over a 13-yr period for an entire water management
area in eastern California. Using remotely sensed measurements of vegetation live cover,
a recent vegetation map, field data and observations, precipitation records, and data on
water table depth, we characterize the responses of xeric, phreatophytic, and exotic Great
Basin plant communities. Despite the complexity of plant communities and land-use history,
our technique was successful in identifying discrete modes of response. Differences in
vegetation response were attributable to available groundwater resources (modified by water
management activities), annual precipitation, and land cultivation history. Fifty-one percent
of our study area, including phreatophytic and xeric communities, showed unchanging
vegetation conditions and had experienced relatively minimal human disturbance. Nineteen
percent of the area exhibited a linear decline in live cover during a drought when ground-
water pumping lowered water tables. In portions of these areas, the decline in native
phreatophytic cover was followed by an increase in exotic, nonphreatophytic species when
the drought ended; in the remainder, cover was suppressed. Finally, vast regions that had
been significantly disturbed showed live cover changes that were amplified with respect to
precipitation, indicating the presence of exotic annuals. We view the increase in exotic
species across the entire study area to be indicative of a fundamental shift in ecosystem
function from one buffered from drought by stable ground water conditions to one sensitive
to small changes in precipitation. The tools and techniques used here are applicable wherever
large regions of land are being managed in an era of changing environmental conditions.

Key words: exotic annuals; Great Basin; land-use/land-cover change; Owens Valley, California;
phreatophytic plants; remote sensing; water resources.

INTRODUCTION

Diversion, exportation, and inter-basin transfers of
water within arid environments have increased in fre-
quency and quantity over the past century. Naturally
flowing waterways and untapped aquifers are increas-
ingly rare, and water extraction has led to regional
groundwater depletion in many areas, worldwide.
These practices typically result in adverse ecological
impacts to aquatic, riparian, wetland, mesic, and phre-
atophytic systems naturally dependent on that water
(Davies et al. 1992, Naiman et al. 1993, Naiman and
Turner 2000, Postel 2000). Climate change projections
for the next century predict that annual precipitation
patterns may change dramatically (IPCC 2001). Pre-
cipitation is likely to become more unevenly distributed
spatially and temporally making it necessary for water
managers to increase water storage during wet periods

Manuscript received 10 January 2002; revised 12 June 2002;
accepted 17 June 2002. Corresponding Editor: J. S. Baron.

4 E-mail: Andrew Elmore@Brown.edu

then increase extraction during dry periods (Field et
al. 1999). Such changes could result in further decou-
pling of water resources from natural systems already
stressed by human water extraction. In regions where
extraction exceeds recharge, balancing the need for wa-
ter against the conservation of natural ecosystems pre-
sents a daunting challenge.

Numerous studies have documented the detrimental
effects of hydrologic alterations on vegetation (e.g.,
Smith et al. 1991, Stromberg and Patten 1992, Busch
and Smith 1995, Nilsson and Berggren 2000, Vander-
sande et al. 2001). Nevertheless, most studies occurred
relatively recently (Rosenberg et al. 2000). Therefore,
few have directly influenced existing water manage-
ment policies, and hydrologic alterations designed to
provide water for power, agriculture, or urban use often
disregard the long term consequences of changes in
surface and groundwater availability on vegetation and
other community processes at or near the point of origin
(Pringle 2000). With a few exceptions (e.g., Stromberg
et al. 1996, Castelli et al. 2000, Horton et al. 2001),
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most studies of the effects of hydrologic alterations on
vegetation have examined impacts in riparian, spring,
or obvious wetland areas. Few studies have monitored
long term changes throughout broader areas within wa-
tersheds. Away from riparian zones, old terraces, ba-
sins, flats, and parts of alluvial fans often contain phre-
atophytic species dependent on groundwater for sus-
tained biomass and recruitment (Bryan 1928, Sorenson
et al. 1991, Or and Groeneveld 1994, Le Maitre et al.
1999).

Water use decisions often affect large portions of
land, and the breadth of the resulting impacts are dif-
ficult to characterize using a small number of field sites.
To better understand the magnitude of water manage-
ment decisions, we must broaden our field of view to
entire landscapes, then incorporate the best available
data on environmental parameters to construct mech-
anistic models. With the advent of satellite data to re-
cord conditions such as vegetation cover, a wealth of
a posteriori information has become readily available.
The merits of using remote sensing data for regional
analyses of vegetation are generally recognized (Wood-
well et al. 1984, Tueller 1987, Woodward 1996). How-
ever, researchers using these data must account for the
vegetation response by assembling and analyzing data
on pertinent environmental conditions. Through the
process of collecting regional-scale environmental data
and analyzing them with remote sensing data, we have
the potential to extend our field-site-based understand-
ing of vegetation response to the regional scale.

Prior to developing models of vegetation change due
to water management decisions, vegetation changes
that have occurred in the absence of anthropogenic in-
fluences must be considered. Literature supports the
hypothesis that relatively intact semiarid vegetation is
tolerant of drought in the absence of anthropogenic
effects. For example, native vegetation in arid and
semiarid regions responds somewhat predictably to
variations in annual precipitation (Beatley 1974, 1975).
Data from tree rings, lake cores, and pack-rat middens
in the Eastern Sierra (California) show that over the
past 1000 yr the region has experienced 10- to 50-yr
droughts regularly, as well as single-year extreme
events (Graumlich 1993, Li et al. 2000), yet vegetation
communities have remained relatively static (Koehler
and Anderson 1995). Changes in natural vegetation that
have occurred as the result of climate change typically
occur slowly as species gradually expand, reduce, or
otherwise alter their ranges (e.g., Tausch and Nowak
1999, Rowlands and Brian 2001). Over the last decade,
field measurements of Owens Valley, California veg-
etation by Manning (2001) showed vegetation to be
relatively static in areas where anthropogenic modifi-
cation was minimal.

Vegetation stability can be disrupted by many an-
thropogenic factors, including burning, fire suppres-
sion, livestock grazing, hydrologic alterations, culti-
vation, and nonnative species introductions. Our study

focuses on the effects of hydrologic alterations, culti-
vation, and the associated colonization and spread of
exotic species. Other researchers have documented ad-
verse changes in phreatophytic and riparian vegetation
affected by declining water tables (e.g., Bryan 1928,
Sorenson et al. 1991, Stromberg et al. 1996, Le Maitre
et al. 1999, Manning 2001). Therefore, we expect
changes to occur in phreatophytic communities where
groundwater levels are manipulated. Agricultural prac-
tices often result in the introduction and spread of ex-
otic species through disturbance and supplemental in-
puts of water and nutrients to the surrounding plant
communities. Vast regions in the intermountain western
United States have been invaded by exotic species that
evolved under different selective pressures and as a
result use resources and respond to climate patterns in
novel ways (Young et al. 1972, West and Young 2000).

Owens Valley, California is an intensively managed
basin east of the Sierra Nevada Range. The Los Angeles
Department of Water and Power (LADWP) exports sur-
face and groundwater 400 km south to Los Angeles via
the LA Aqueduct. Recognizing the potential threat to
the valley’s environment, the Inyo County Water De-
partment (ICWD) began monitoring LADWP’s water
gathering activities in the mid-1980s through a char-
acterization of changes in vegetation cover and com-
position, depth to groundwater, and precipitation. In
this paper, we examine these monitoring data in con-
junction with a remote sensing derived database of per-
cent live cover (%LC) also dating from the mid-1980s
(Elmore et al. 2000). The objectives of this study are
to integrate remotely sensed data with detailed field
measurements, observations, and historical data to
identify regional patterns of vegetation change and to
determine the extent to which climate and hydrology
can explain those patterns.

SITE DESCRIPTION

Natural setting

Owens Valley is a hydrologically closed basin in
eastern California. The valley extends ;120 km from
north to south and is bordered on the west by the Sierra
Nevada and east by the White-Inyo Range (Fig. 1).
Naturally, water drains from the mountains to the
Owens River. Prior to LADWP water diversions,
Owens River flowed to its terminus at Owens Lake.
The Sierra Nevada forms a rain barrier, effectively di-
minishing precipitation from most winter storms. Me-
dian annual precipitation recorded at Independence
near the center of the valley is 13 cm. Each spring and
summer, however, abundant runoff from the melting
Sierra Nevada snow pack flows into the valley and
recharges groundwater aquifers. As a result, the
groundwater table on the valley floor is typically high
(Hollett et al. 1991).

Floristically and climatically, Owens Valley strad-
dles the boundary between the Great Basin and Mojave
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FIG. 1. Location of Owens Valley, California, and map of study area and major features.

Deserts. To best characterize the vegetation, we divide
the valley into two broad regions: (1) alluvial fan, a
sloping region with typically deep water tables domi-
nated by Mojavean and Great Basin xeric species, and
(2) valley floor, a relatively large (61 500 ha), flat, high-
water-table basin dominated by phreatophytes (Fig. 2).
LADWP owns nearly all land on the valley floor and
lower alluvial fans. Vegetation mapping performed by
LADWP during the mid- 1980s distinguished a variety
of plant communities as occurring in the valley (City
of Los Angeles and County of Inyo 1990a). These data
were further analyzed by Manning (1997) and promi-
nent features are discussed below.

Seven plant communities dominated by relatively
low cover of xeric species were identified, and com-
bined, they account for 34% of LADWP’s land area
(Table 1). Most xeric community parcels occur on the
lower alluvial fans, but pockets of ‘‘shadscale scrub’’

and ‘‘Great Basin mixed woody scrub’’ are interspersed
with meadows and phreatophytic scrub sites on the
valley floor, where they typically occupy old terraces
or dunes. Two plant communities identified as xeric,
‘‘big sagebrush’’ and ‘‘desert saltbush scrub,’’ com-
monly establish on deep groundwater areas previously
cleared for agriculture or other reasons.

Four phreatophytic scrub communities were identi-
fied, and they occupy 30% of the valley floor (Table
1). One of these, ‘‘rabbitbrush scrub,’’ often establishes
on abandoned cropland. Total cover averages 15%, rab-
bitbrush (Chrysothamnus nauseosus) is the most abun-
dant species, and the community is classified as phre-
atophytic by local land managers (depth to water av-
erages 3.9 m). It has since been recognized that at least
two subspecies of C. nauseosus occur in Owens Valley:
C. n. ssp. consimilis and C. n. ssp. hololeucus. In ad-
dition to differences in floral morphology, consimilis
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FIG. 2. Phreatophytic plant communities in Owens Valley are distributed on the landscape according to patterns of
groundwater availability. Meadow communities require shallow water tables, a mixture of shrubs and grasses occur at
intermediate water table depths, and shrubs dominate the deepest levels. Xeric shrub communities, as defined here, require
no groundwater resources. Exotic annuals can compete with varying success at any point on this gradient.

is characterized as growing in poorly drained alkaline
soils in valleys, whereas hololeucus occurs on well-
drained uplands (Anderson 1986, Hickman 1993). Sub-
species hololeucus is not known to be phreatophytic,
and it is commonly found in parcels classified as rab-
bitbrush scrub. Because no comprehensive study has
been performed on the distribution of different C. nau-
seosus subspecies, we continue to include rabbitbrush
scrub with the phreatophytic scrub communities. ‘‘Ne-
vada saltbush scrub’’ communities average 20% cover,
are located in regions with an average depth to water
of 2.9 m, and are dominated by a near monoculture of
Nevada saltbush (Atriplex lentiformis ssp. torreyi), a
native phreatophytic shrub. ‘‘Greasewood scrub’’ is a
widespread, low cover, intermountain vegetation type
dominated by greasewood, Sarcobatus vermiculatus,
which is a phreatophytic shrub. Average depth to water
below greasewood scrub communities is 3.4 m. Shad-
scale, Atriplex confertifolia, a nonphreatophytic spe-
cies, often grows in association with greasewood at
these sites, and other succulent members of the Chen-
opodiaceae typically occur. Contrary to its name, spe-
cies dominance in ‘‘Owens Valley desert sink scrub’’
is shared equally by native shrubs and grasses. Al-
though low in cover, species diversity is relatively high.
Phreatophytes such as alkali sacaton grass (Sporobolus
airoides) and greasewood dominate these sites, but
nonphreatophytic species are also abundant. Average
depth to water for desert sink scrub communities is 2.3
m.

Grass dominated meadow communities comprised
24% of the LADWP lands. The most frequently
mapped community type is ‘‘alkali meadow’’ (Table
1), and it is dominated by phreatophytic saltgrass (Dis-
tichlis spicata), alkali sacaton, or both species. Cover

averages 38% for alkali meadow, but ranges from 8%
to 85%. As their names suggest, ‘‘rabbitbrush mead-
ow’’ and ‘‘Nevada saltbush meadow’’ are alkali mead-
ows in which the two respective shrubs have become
dominant. Average cover and range in cover for these
shrub-invaded meadows is lower than for alkali mead-
ows. ‘‘Rush/sedge meadow’’ averages relatively high
cover and is dominated by saltgrass and wirerush (Jun-
cus balticus). Rush/sedge meadows are typically low-
lying areas that are occasionally irrigated directly or
indirectly (e.g., via tail water from irrigated fields or
seepage from waterways). Mid-1980s average water
table depths beneath the four major meadow commu-
nities averaged from 2 to 2.4 m. Densely vegetated
marsh and riparian communities occur near water
sources such as Owens River and active springs. These
highly visible and ecologically important communities
were mapped as covering only 3% of LADWP lands.

Differences in phenology occur between xeric and
phreatophytic communities. With a few exceptions
(e.g., sagebrush, Artemisia tridentata), many of the
common xeric species grow and flower in the spring,
then persist through the summer in a dormant state.
Growth of phreatophytic shrubs and grasses typically
begins in spring, and peak leaf area is achieved in early
summer. The phreatophytic species flower in mid- sum-
mer, making use of available groundwater, and remain
physiologically active until the first frost in early au-
tumn. Because most precipitation occurs in winter,
most native annual species flourish and complete their
life cycles in the spring of wetter years. In contrast,
the major exotic annual species continue growing in
summer, flowering and setting seed in late summer.

Many areas that were previously cultivated have
been recolonized by native shrubs; however, ;2498 ha
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TABLE 1. Plant communities as defined during a 1984–1987 vegetation survey performed by
the Los Angeles Department of Water and Power on their land holdings in Owens Valley.

Plant community† Exotics? Cultivated?
Parcels

(no.) Area (ha)

Nonnative and miscellaneous lands (10.0%)
Irrigated agriculture
Abandoned agriculture, barren
Urban
Permanent lakes and reservoirs
Intermittent ponds
Nonnative meadow
Alkali playa

X
C
C
C

C

220
80
68

8
20
11

154

4368
2498

910
158
755
206
154

Xeric scrub (33.6%)
Mojave creosote bush scrub
Mojave mixed woody scrub
Blackbrush scrub
Great Basin mixed scrub
Big sagebrush scrub
Desert saltbush scrub
Shadscale scrub

X
C
C

11
49
30

232
78
38

112

223
3628
1587

11 202
3870
1355
8453

Phreatophytic scrub (29.9%)
Rabbitbrush scrub
Nevada saltbush scrub
Desert sink
Desert greasewood scrub

X
X
X

C
C

82
85

199
89

3900
3330
9298

10 501

Meadow (23.6%)
Alkali meadow
Rabbitbrush meadow
Nevada saltbush meadow
Rush/sedge meadow
Alkali seep

X 479
29
33
67

1

17 764
747

1341
1452

8

Marsh (0.3%)
Transmontane alkali marsh 13 281

Riparian (2.6%)
Modoc-Great Basin cottonwood/willow

riparian forest
12 818

Mojave riparian forest
Modoc-Great Basin riparian scrub
Tamarisk scrub

13
29
15

399
819
267

Woodland (0.01%)
Black locust woodland C 2 8

Notes: Plant communities in which annual exotic species were sometimes dominant are noted
with ‘‘X.’’ Cultivated sites and community types that colonize following cultivation are noted
with ‘‘C.’’

† Plant community names follow Holland (1986).

remained virtually barren (with ,5%LC perennial na-
tive species when mapped) and are now dominated in
wet years by exotic annuals such as bassia (Bassia
hyssopifolia) and Russian thistle (Salsola tragus).
These areas were classified as ‘‘abandoned agriculture’’
(Table 1). A few parcels classified as other community
types were actually dominated by exotic annual spe-
cies. Table 1 lists plant communities in which exotic
annuals, specifically bassia or Russian thistle, were
dominant in some parcels.

Land and water management history

In Owens Valley, typical plant distribution patterns
following environmental gradients such as topography,
water table, salinity, and temperature have been dis-

rupted by recent and historical land use. Following set-
tlement in 1861, total cultivated and irrigated pasture-
land increased until about 1920. Water was diverted
from Owens River to supply this development (Sauder
1994). Census figures from 1920 showed the greatest
extent of agricultural development, reporting 9300 ha
of cultivated land and 21 700 ha of irrigated pasture
(Vorster 1992). Croplands dominated the northern val-
ley, near the town of Bishop, and livestock grazing
occurred throughout the valley.

In 1913, LADWP completed construction of its aq-
ueduct, which diverted water from Owens River and
its tributaries and exported it out of the valley to Los
Angeles. By the mid-1930s, LADWP had purchased
most of the land and water rights in the valley and local
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FIG. 3. Recent timeline for Owens Valley showing av-
erage annual precipitation (six gauges), total water export,
and total water extracted from groundwater resources. A pro-
nounced drought between 1987 and 1992 is exhibited ex-
plicitly or implicitly in all three quantities. As an indication
of the scarcity of water between 1987 and 1992, groundwater
extraction volumes nearly equaled total water export from the
valley at this time. Precipitation error bars show one standard
deviation from the mean.

agricultural production decreased sharply. In Owens
Valley today, ;4368 ha are routinely, but not consis-
tently, irrigated for crops and pasture (Table 1).

Los Angeles’s growing need for water led to the
operation of a second, parallel aqueduct in 1970, which
increased export capacity .60%. Since then, when sur-
face water was insufficient to fill the aqueduct, ground-
water was used. Groundwater pumping significantly
lowered water tables in many areas of the valley. In
particular, large changes in depth to water (DTW) were
documented during the most recent drought of the late
1980s and early 1990s (City of Los Angeles and County
of Inyo 1990b; ICWD, data on file). During this period
groundwater resources represented a large fraction of
total water exported (Fig. 3).

Only a few regions of Owens Valley remained rel-
atively unaffected by intense human disturbance and
hydrologic alterations over the past 100 yr. Two such
regions are located north of Big Pine (Fig. 1) and east
of Lone Pine. In our analysis, we consider vegetation
change in these two regions to more closely reflect
natural variations in ecosystem condition.

METHODS

Measurements of water resources

In Owens Valley, hundreds of monitoring wells exist
to measure DTW. Because they were installed at dif-
ferent times and for different reasons, the monitoring
wells are not systematically located, and they tend to
be concentrated near LADWP pumping wells. From
this group, we selected 171 shallow aquifer wells (pi-
ezometers) that were located in a wide range of plant
communities and which had sufficient data during our
study period. We used April DTW measurements be-
cause nearly all piezometers were read in April of each
year (they are read intermittently at other times of the
year). Highest water levels commonly occur during
April before groundwater tables decrease due to natural
processes (evapotranspiration) or extraction; thus these
readings should annually provide the most consistent
data on maximum groundwater resources available to
phreatophytic plants throughout the year.

LADWP, ICWD, and the National Oceanic and At-
mospheric Administration maintain 15 precipitation
gauges within or near the study area. Six of these gaug-
es possess records for the entire 1986–1998 study pe-
riod. Data from the others were used for specific anal-
yses.

Vegetation survey

Between 1984 and 1987 LADWP surveyed and pro-
duced a vegetation map of its Owens Valley land hold-
ings (90 300 ha). Areas of apparently homogeneous
vegetation were delineated on air photos, then field
measurements were made in these parcels using the
line point transect method (Heady et al. 1959, Bonham
1989). On average, five 33-m transects were run per
parcel and percent cover by species was recorded (City
of Los Angeles and County of Inyo 1990a). General
plant communities mapped during this survey (de-
scribed earlier) are summarized in Table 1 and Fig. 4B.

ICWD annually reinventoried up to 134 of the veg-
etation parcels in 1991–1998 to measure change since
the original survey. Parcels for reinventory were se-
lected to cover a range in proximity to well field areas
and included several control parcels not believed to be
affected by pumping. For ICWD/LADWP monitoring
purposes, data on parcel hydrologic changes are typi-
cally estimated based on values recorded at the nearest
piezometer and precipitation gauge locations (Manning
2001).

Remotely sensed data

Cloud-free Landsat Thematic Mapper data were ac-
quired during September of each year, 1986–1998. Pro-
cessing of these images followed Elmore et al. (2000).
The data set was coregistered to within one pixel, cal-
ibrated to a common spectral response using temporally
invariant surface features, georeferenced, and analyzed
for %LC using spectral mixture analysis (SMA). In
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FIG. 4. Maps showing the spatial extents of (A) the change in depth to water recorded by 171 piezometers between 1986
and 1992; (B) the plant community distribution mapped by LADWP during a 1984–1987 inventory; and (C) the distribution
of 13 vegetation response classes resulting from spectral mixture analysis (SMA) of Landsat TM data. Riparian communities,
which represent a relatively small area at this scale, have been added to meadow communities in (B). The two graphs in the
upper right show the 1986–1998 annual average percent live cover for each change class in (C). DTW, Precip, and NoChg
designate change classes representing depth to water dependent changes, precipitation dependent changes, and static vegetation
conditions, respectively (see Results: Linking environmental drivers).

SMA (Adams et al. 1986, Mustard and Pieters 1987,
Smith et al. 1990) the spectral properties of a given
pixel are modeled as a linear combination of the spec-
tral properties of fundamental, basic materials found
in the scene such as green vegetation and soil. These
materials are referred to as endmembers. The propor-
tion of each endmember required to model (through
linear addition) the spectral properties of a pixel is a
measure of the pixel area covered by that endmember.
In Owens Valley, four endmembers representing light
soil, dark soil, vegetation, and shade were found to best
model the total variance within pixels. Through a com-
parison with data from 33 permanent vegetation mon-
itoring sites representing phreatophytic shrub and
meadow communities, SMA estimates were found to
be accurate to within 4.0%LC. Furthermore, change in
live cover was found to be accurate to within 3.8%LC
(Elmore et al. 2000).

SMA processing resulted in a data set for the equiv-
alent of one million 28.5 3 28.5 m plots, in which the
%LC was measured every year for 13 yr. To simplify

this voluminous information we used a clustering tech-
nique to classify the surface into land cover units that
exhibited common response traits.

For the classification we developed parameters de-
signed to capture the dynamic range of vegetation re-
sponse. To account for net change, we calculated the
change in %LC since 1986 for each year between 1987
and 1998 thereby normalizing the annual estimate to
1986. In addition, we calculated the change in %LC
for each pair of consecutive years between 1986 and
1998. This parameter emphasizes the rate of change in
%LC, which may be characteristic of plant community
sensitivity to change. These calculations provided 24
variables. The mean pixel %LC was then added to the
data set to potentially group pixels with similar total
cover. This parameter might allow us to distinguish,
for example, a stable low-cover xeric community from
a stable, high cover meadow community. The standard
deviation of the pixel’s mean %LC was then added to
the data set as a measure of variability. Finally, each
pixel was assigned a value (between 1 and 29) based
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on the plant community it had been assigned to during
the LADWP vegetation survey (Table 1). Because we
were also concerned that a single parameter (possibly
larger in magnitude but not importance) might control
the classification scheme and drive the results toward
that response, we subtracted the parameter mean from
each data point then divided by the standard deviation
of that parameter. This process brought each of the 27
parameters, including the plant community parameter,
to a common mean and variance and ensured that the
classification algorithm would weight each parameter
the same throughout the analysis.

Using an unsupervised classification algorithm
called isodata (Tou and Gonzalez 1974) available in
many remote sensing software packages we clustered
the 27-parameter data set. The algorithm is designed
to form clusters (classes) the means of which are evenly
distributed in data space. Processing consisted of it-
eratively clustering the pixels using the minimum Eu-
clidean distance technique and recalculating class
means. We constrained the model to retrieve between
20 and 30 classes and the algorithm formed 23 classes
after 10 iterations. The isodata-clustering algorithm has
been found to be useful for generalizing data in many
different disciplines and applications (e.g., Vanderzee
and Ehrlich 1995, Host et al. 1996).

The resulting classification thus groups regions of
the valley demonstrating a similar response pattern
over the 13-yr period. Ten of the classes each covered
only small areas of the valley and appeared to be as-
sociated with actively tilled fields or urban centers, or
they resulted from remote sensing data errors. These
classes, totaling 9324 ha or ;10% of the study area
were removed from the analysis, thereby reducing the
number of change classes to 13. The average %LC
through time was calculated for each class.

The plant community assignment is one parameter
that was not remotely derived, and also may not be
available in other studies. To test the sensitivity of our
classification to this parameter we performed isodata
clustering procedures with the following variations: (1)
the plant communities were assigned values ordered
roughly according to water dependence (i.e., the order
in Table 1); (2) the plant community parameter was
removed; and (3 and 4) plant communities were as-
signed randomized values in two different runs. The
isodata clustering procedure was applied to each of
these data sets and an extensive analysis of the results
was completed for (1). For the other three classifica-
tions, we compared the results against (1) to determine
the stability of the result in terms of spatial pattern,
coherence of each class, and the similarity of the var-
ious modes of response that were separated by the al-
gorithm. Except where otherwise noted, references to
the change classification refer specifically to result (1).

Change class analysis

The 13 change classes were characterized according
to their plant community composition. By querying the

change class results using GIS, we determined which
LADWP-assigned plant communities dominated each
of the change classes and, conversely, how the change
classes were distributed among the plant communities.
Examples of each change class were visited in the field
and/or ICWD field data were consulted to analyze flo-
ristic components of change.

To analyze the various environmental drivers poten-
tially responsible for each change class, we reviewed
field reinventory data, characterized the expected re-
sponse patterns to single drivers using a limited data
set, then analyzed the entire data set for correlations
with hydrologic data. To derive the expected vegetation
response to change in DTW, we selected piezometers
located in three major vegetation types: meadow (45
piezometers), phreatophytic scrub (46), and exotic (19).
Using the 9 pixels (7300 m2) centered on each well,
the average SMA %LC in 1986 and 1992 was calcu-
lated. The %LC difference was regressed against the
difference in DTW between 1986 and 1992. To develop
the expected vegetation response to precipitation, we
used annual precipitation measurements from all 15
gauges for 1990–1996, a highly variable period (Fig.
3). The area within 10 km of each precipitation gauge
was searched for parcels dominated by xeric or exotic
annual species. For each gauge and year, the SMA %LC
values for the 5–15 parcels of each type were averaged.
We then performed linear regression on the annual dif-
ferences in precipitation and %LC.

Based on results of the above exercise, data for the
13 change classes were evaluated with regard to the
hydrologic drivers. To determine the relationship be-
tween change class response and precipitation, class
annual average %LC values were regressed against the
valley-wide average annual precipitation for the cor-
responding year between 1990 and 1996. To determine
whether a change class was affected by declining water
tables, the proximity of the change class to pumping
wells and the pattern of %LC change between 1986
and 1990 was analyzed.

Finally, data on current and historical land use were
consulted to assist in describing some changes that
could not strictly be accounted for by hydrologic driv-
ers. These data were derived from historical maps as
well as recent field observations.

RESULTS

Phreatophytic plants and groundwater

There was a wide range in the temporal variability
in DTW among Owens Valley piezometers. The areas
showing the greatest water table decline, however, typ-
ically occurred in areas of greatest pumping: the areas
north of Bishop and along the western side of the valley
between Big Pine and Independence. During 1986–
1992, 87 of the 171 piezometers recorded ,1 m change
in DTW despite six consecutive dry years (Fig. 4).
Another 41 wells exhibited a decrease in the water table
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FIG. 5. Comparison of field-measured vegetation conditions, depth-to-groundwater, and annual precipitation in two mead-
ow parcels monitored by Inyo County: (A) parcel LAW107, which exhibited a decline in water table, showed a decline in
phreatophytic and an increase in nonphreatophytic (typically exotic annual) species; (B) parcel PLC121, which exhibited
stable groundwater and vegetation conditions, including a constant relative proportion of phreatophytic and nonphreatophytic
species.

from 1 to 2 m. Thirty-one wells recorded a groundwater
decline from 2 to 4 m, while the remaining 12 wells
recorded a decline .4 m. (Fig. 4)

In addition to pumping LADWP employs the prac-
tice of water spreading in years of above average snow
pack. For example, during 1984–1986 abundant runoff
from the Sierra Nevada was released onto vast areas
north and east of Independence in an effort to prevent
it from overloading the aqueduct. Some of this water
seeped into the shallow aquifer, temporarily elevating
the water table prior to the drought of the late 1980s.
Although not a direct consequence of pumping, the
effect of halting water spreading is the same: ground-
water levels declined in these areas between 1986 and
1992, which was concurrent with a regional drought,
and the decline was due to a change in water manage-
ment practices.

Field data from two reinventoried parcels, one ex-
hibiting a variable and the other exhibiting a constant
water table, illustrate the range in cover and floristic
changes. Data for a meadow community indicate that
where the water level declined .3 m to below 5 m
between 1987 and 1992 a 70% reduction in %LC oc-
curred, primarily due to loss of phreatophytic grass
cover (Fig. 5A). Increased rainfall and a rise in the
water table between 1992 and 1998 were accompanied
by an increase in %LC. Vegetation cover in 1998 ex-
ceeded %LC in 1987, but the life form composition

changed from mostly phreatophytic grasses and shrubs
to a mixture of phreatophytic species and nonphrea-
tophytic species. More than 90% of the increasing non-
phreatophytic species were exotic annuals, mostly bas-
sia.

A control meadow parcel, located between Bishop
and Big Pine, exhibits a more or less constant pattern
of both %LC and DTW (Fig. 5B). Water level, mea-
sured in a piezometer located on slightly higher ground
near the parcel, was 3.5 m in 1986 and increased slight-
ly through the drought. Relatively stable vegetation
conditions were observed through this period, with the
relative abundance of phreatophytic grasses and shrubs
and nonphreatophytic plants remaining constant. Of the
134 reinventoried parcels, all were phreatophytic com-
munities, and 80 experienced varying degrees of an-
thropogenically induced water table declines, which
were associated with declines in %LC during the
drought period. The 54 remaining parcels were control
parcels not located near active pumping wells, and they
exhibited minimal fluctuations in water table and %LC
during the drought (Manning 2001).

Results of the analysis of meadow and scrub com-
munity %LC changes at specific piezometer locations
showed a significant (P , 0.05) decline in %LC with
a decline in water table (Fig. 6). Exotic plant com-
munities (not graphed) did not show a significant cor-
relation with change in DTW. These results demon-
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FIG. 6. Comparison of 1986–1992 change in Landsat derived percent live cover estimates and change in depth to water
table for (A) meadow communities and (B) shrub communities. Correlations were statistically significant for both community
types (P , 0.05). Error estimates are presented in the lower right of each graph and were derived from the known uncertainty
in estimating %LC using SMA (y-axis) (Elmore et al. 2000) and the uncertainty in assigning a depth to water measurement
made during the month of April to the specific date of 1 April (x-axis) (A. Steinwand, personal communication).

FIG. 7. Comparison of Landsat derived annual change in percent live cover and annual change in precipitation for (A)
xeric plant communities and (B) parcels dominated by exotic annuals for the years 1990–1996. Correlations were significant
for both community types (P , 0.01); error estimates are presented in the lower right of each graph and were derived as in
Fig. 6.

strate that a decline in water table at least partially
accounted for decreases observed in SMA-derived
%LC between 1986 and 1992 in areas mapped as phre-
atophytic.

Xeric plants, Exotic annuals, and precipitation

From the early 1980s through 1998, the overall pre-
cipitation pattern was from wet to dry to wet (Fig. 3).
Higher than normal precipitation during the strong El
Niño years of 1983 and 1986 was followed by a drought
period from 1987 through 1990. Precipitation was ex-
tremely variable from 1991 through 1996 with mod-
erate rainfall in 1991 and 1996, high rainfall in 1993

and 1995, and dry conditions in 1992 and 1994. Finally,
1995 through 1998 were four consecutive years with
average or above average precipitation.

Cover change in both xeric and exotic annual com-
munities was strongly correlated (P , 0.01) with an-
nual change in precipitation (Fig. 7). However, the total
variation in %LC for xeric communities (Fig. 7A) is
less than 65%, a value very close to the uncertainty
of our estimates of changes in %LC (63.8%LC, Elmore
et al. 2000). The relatively small variation in %LC with
relatively large changes in annual precipitation is sim-
ilar to the response observed in other studies of xeric
vegetation (Went 1949, Beatley 1974). It also reflects
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the sampling of vegetation %LC in late summer, well
after early season annuals have senesced.

In contrast, we see a much greater change in %LC
for a given annual change in precipitation for areas
dominated by exotic annuals (Fig. 7b). The slope for
exotic annual vegetation was much greater (0.45) than
the slope for xeric vegetation (0.09). We conclude that
exotic annuals demonstrate a response correlated with
and, relative to xeric species, amplified with respect to
precipitation. Field observations supported this finding:
In wet years, high cover of bassia and Russian thistle
can be found on sites that in dry years are barren. Based
on these results, we expect that wildly fluctuating
changes in SMA %LC may indicate an abundance of
exotic annuals, especially if the changes correspond
with wet and dry years.

Linking environmental drivers to change classes

The 13 change classes identified in the isodata clus-
tering algorithm represent units of land cover that ex-
hibit common change response and, to some extent,
common community function over the 13-yr time pe-
riod. Based on the relationships developed between
%LC and water resources (DTW and precipitation), we
analyzed and sorted the change classes within the con-
text of these drivers. All but four classes exhibited a
significant correlation with precipitation (P , 0.05).

Examination of the change classes revealed three that
changed very little (#5%, close to the range of error
in SMA %LC estimates) over the 13-yr period. These
‘‘no change’’ classes (labeled NoChg in Fig. 4) en-
compassed ;46 000 ha, or 51% of the study area and
were composed of developed areas, water bodies, xeric
scrub communities, and some phreatophytic commu-
nities (typically those located outside the influence of
pumping wells) (Tables 2 and 3). No change 1 is dom-
inated by alluvial fan xeric scrub communities that are
drought tolerant and not dependent on groundwater re-
sources. In the detailed analysis, cover in the xeric
communities that dominate this class responded to pre-
cipitation (Fig. 7A), but the entire no change 1 was not
significantly correlated with precipitation (P 5 0.058).
The class exhibited overall low cover and lack of a
detectable trend through the 13-yr period (Figs. 4 and
8). The areas represented by no change 2 were generally
distant from pumping wells, and the %LC response for
this class was not correlated with precipitation (P 5
0.120). From 1986 to 1998, this class included the most
stable vegetation parcels in the valley, similar to
PLC121 (Fig. 5B). No change 3 covered 2607 ha or
,3% of the study area. Average cover in No change
3 was higher than in the other no change classes (Fig.
4) and was correlated with precipitation (P 5 0.008),
but annual cover change was small in magnitude.

Areas within the 10 remaining change classes
(34 917 ha) exhibited changes in %LC larger than 5%.
Unlike the no change classes, we found these change
classes in areas of the valley that had been disturbed

(e.g., previously cultivated) or had experienced an-
thropogenic hydrologic alterations.

Piezometers in the regions north of Bishop and be-
tween Big Pine and Independence recorded declining
water tables between 1986 and 1992 (Fig. 4A). This
pattern is illustrated in the piezometer located in
LAW107 (Fig. 5A), and the dependence of phreato-
phytic %LC on groundwater was demonstrated both in
the ICWD vegetation data and our analysis of SMA
%LC for areas of phreatophytic vegetation around pi-
ezometers (Fig. 6). In regions of groundwater extrac-
tion, the predominant change classes exhibited a re-
sponse to groundwater decline characterized by a linear
decrease in %LC between 1986 and 1990 (Fig. 8).
Based on this pattern, we thus identified six change
classes that exhibited a linear decrease in %LC from
1986 to 1990.

The six DTW change classes vary in their average
cover over the 13-yr period and in their response fol-
lowing the drought (1995 and after) (Figs. 4 and 8).
All the meadows and two phreatophytic scrub com-
munities had the majority of their area within the DTW
classes (Table 3). In contrast with the no change clas-
ses, however, there were no distinctive community
composition differences within the DTW classes (Table
2).

Lands classified as DTW1 experienced a decline in
%LC during the drought, followed by a small increase
in %LC after the drought, which was correlated with
precipitation. Field data and observations showed that
the increase was primarily due to annual exotic species.
Prior to 1995, the DTW2 response pattern was similar
to DTW1, but in 1995, it exhibited a sharp %LC in-
crease that was then followed by a decrease. Data and
field observations revealed that a recently introduced
exotic perennial species, perennial pepperweed (Lep-
idium latifolium), was partially responsible for the re-
sponse pattern. LADWP subsequently initiated herbi-
cide treatments. In some DTW2 areas, bassia increased
in 1995 but was less abundant from 1996 to 1998. In
regions classified as DTW3 cover increased following
the drought, and data suggest the increase was due to
higher cover of weeds and/or native species. LAW107
(Fig. 5a) was classified as DTW3 and DTW1 in ap-
proximately equal amounts.

DTW4, DTW5, and DTW6 often occurred in adja-
cent regions and in many cases included the same plant
community types (Table 2). DTW4 was most prevalent
in the water spreading area east and north of Indepen-
dence (Fig. 4). In these regions, water tables were sup-
ported by spreading during the wet years of the early
to mid-1980s, but declined with the cessation of spread-
ing during the drought and had not returned to pred-
rought levels by 1998. DTW4 and DTW5 also occurred
in the central area of the valley halfway between In-
dependence and Lone Pine, near Lone Pine, and in a
location near the highway between Bishop and Big
Pine. Some of these areas are leased by large ranching
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TABLE 2. Description of geographical extent and community composition of the 13 change classes.

Change class Area (ha) Description

No change 1 15 988 Occurs in proximity to precip2. Includes nearly all relatively undisturbed alluvial
fan xeric scrub communities: creosote bush, blackbrush, Mojave mixed woody,
and Great Basin mixed.

No change 2 27 464 Includes low cover valley floor parcels that did not demonstrably change. Domi-
nated by greasewood, desert sink (a mixture of phreatophytic and nonphreato-
phytic species), and shadscale scrub (xeric). These areas tend to have exposed
light-colored alkali soil.

No change 3 2607 Tends to occur in riparian areas and some alkali meadow, desert sink and grease-
wood communities, which are all phreatophytic. These sites probably had a
relatively constant water supply throughout the study period.

Depth to water 1 888 Occurs in pumped areas, but relatively small in extent. Alkali meadow and agri-
cultural lands, both with an abundance of weeds, dominate.

Depth to water 2 745 Frequently occurs adjacent to (and community composition similar to) DTW1,
but response pattern includes a sharp cover increase in 1995 following the
drought. The increase was primarily due to the exotic species Bassia hyssopi-
folia and Lepidium latifolium.

Depth to water 3 918 Commonly associated with DTW2. Dominated by meadow communities, particu-
larly rush/sedge and nonnative meadow, that experienced increased cover of
exotics, native species, or both following the drought.

Depth to water 4 2538 Prevalent in water spreading area east of Independence; also common in pumped
areas. Three-quarters of class is meadow; remainder dominated by Nevada salt-
bush scrub and tamarisk scrub.

Depth to water 5 4297 Frequently occurs adjacent to (and community composition similar to) DTW4.
May also be associated with changing pasture irrigation practices. This class
included some tamarisk scrub parcels, dominated by Tamarix ramosissima, an
exotic perennial species.

Depth to water 6 7764 Mostly associated with DTW5, but also scattered throughout valley. Includes ap-
proximately equal amounts of meadow and phreatophytic scrub communities.
Many of these areas had low cover prior to the drought and even lower cover
since the drought.

Precipitation 1 2050 Occurs in agricultural lands, both abandoned and currently irrigated, and some
meadow areas. Evidence suggests these are areas where exotic annuals prolif-
erate due to precipitation and increased water availability in irrigated areas in
wet years.

Precipitation 2 13 571 Predominantly occurs where alluvial fans meet the valley floor. About one-third
is Great Basin mixed scrub, one-third is rabbitbrush scrub or big sagebrush
scrub, and most of the remainder is other scrub communities. Many of these
areas were cultivated prior to 1930. Salsola tragus and late-season annual Atri-
plex species proliferate in wet years.

Precipitation 3 1505 Mostly associated with currently irrigated fields and meadows that receive in-
creased water during wet years. Remainder scattered widely, with some occur-
ring in riparian zones, where higher water flows may occur in wet years.

Precipitation 4 642 Relatively small extent. Occurs in actively cultivated fields that experienced
changes in management, and about equally associated with parts of meadows
receiving irrigation tailwater. To a lesser extent, associated with riparian areas
known to be dominated by rushes and cattails.

operations, so ranchers may have altered irrigation pat-
terns in these areas. ICWD field data showed that %LC
declined in parcels classified as DTW4 and remained
low following the drought. Average %LC for DTW4
was significantly correlated with precipitation between
1990 and 1996.

DTW6 was the largest DTW change class, covering
7764 ha (Table 2). This class characterized the response
of many low-cover parcels in meadow and phreato-
phytic scrub communities. Meadow, Nevada saltbush
scrub, and, to a lesser extent, desert sink, dominated
this class, and three meadow and two phreatophytic
scrub communities had most of their area within DTW6
(Table 3).

The four remaining change classes exhibited nonlin-
ear change in %LC during 1986–1990 and were found
outside regions of groundwater extraction. Because all

four classes showed a significant correlation with pre-
cipitation, and because annual changes in average %LC
exceeded 5%, we regarded these classes as showing an
amplified response to precipitation (Fig. 7). Precipi-
tation classes 1–4 covered 17 767 ha or nearly 20% of
the study area (Table 2). Annual, exotic, and/or inva-
sive species were prevalent in these four change clas-
ses.

More than 50% of the area within the following com-
munities were characterized by the precipitation clas-
ses: ‘‘irrigated agriculture,’’ abandoned agriculture, big
sagebrush scrub, and rabbitbrush scrub (Table 3). Thir-
ty-eight percent of the desert saltbush scrub area was
also classified as amplified with respect to precipita-
tion. The first two of these communities were obviously
affected by past or ongoing cultivation. The latter three
were known to be successional following past culti-
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TABLE 3. Distribution of the plant communities among the three change-class types with percentage of the valley included
in each group in parentheses.

Depth to water
classes (19%)

Precipitation
classes (20%)

No change
classes (51%) Split among classes

Nevada saltbush scrub (6) irrigated agriculture (3) urban (1) desert saltbush scrub
(precipitation 2)

Alkali meadow (6) abandoned agriculture (2) permanent lakes and reser-
voirs (1)

transmontane alkali marsh
(no change 3)

Rush/sedge meadow (3) big sagebrush scrub (2) intermittent ponds (1) Modoc-Gr. Basin cot/wil
riparian forest (precipita-
tion 1)

Rabbitbrush meadow (6) rabbitbrush scrub (2) Mojave creosote bush scrub
(1)

Mojave riparian forest (no
change 3)

Nevada saltbush meadow (6) Mojave mixed woody scrub
(1)

Modoc-Gr. Basin riparian
scrub (no change 3)

Nonnative meadow (3) blackbrush scrub (1) black locust woodland (no
change 3)

Tamarisk scrub (6) Great basin mixed scrub (1)
shadscale scrub (2)
desert sink (2)
greasewood scrub (2)
alkali seep (2)
alkali playa (2)

Notes: Communities listed under the three primary change-class groups had .50% of their area within those classes; the
number of the class containing most of the area is shown in parentheses. Six community types were split among the groups,
with at least some area in each group and ,50% in any one group. Following the latter communities, the change class
containing the greatest area is noted.

FIG. 8. Three primary modes of response were detected
in Owens Valley over the 13-yr period: no change (NoChg),
changes attributable to groundwater fluctuations (DTW), and
changes amplified with respect to precipitation (Precip).
Within these general categories, 13 classes were distin-
guished; examples of four are shown. For each of the three
categories, unique features of the respective response pattern
were used to separate individual change classes. For DTW,
the linear decline in live cover between 1986 and 1992 was
found to be distinct from that exhibited in the other change
classes. After 1992, the Precip classes exhibited a response
correlated with and amplified with respect to precipitation
(Fig. 3). If a class exhibited a response characteristic of both
DTW and Precip classes, it was assigned DTW; however a
response amplified with respect to precipitation indicates the
presence of exotic annuals in most cases.

vation or disturbance. Although the classification al-
gorithm distinguished irrigated agriculture from aban-
doned agriculture, it clustered the formerly cultivated
parcels that had recovered some component of native

shrub cover with many of the ‘‘barren’’ abandoned ag-
riculture parcels (Table 2).

Three of the precipitation classes were characterized
by relatively high average %LC throughout the study
period, but the largest precipitation class, precipitation
2, exhibited low average %LC (Fig. 4). Precipitation
2 characterized the response of low-cover areas with
relatively stable groundwater but in which summer an-
nuals, especially the exotic Russian thistle, were abun-
dant in wet years.

The change classification results described above
were derived using the plant community parameter or-
dered by water dependence (Table 1), as one of the 27
parameters used in the isodata clustering procedure.
When plant communities were assigned values at ran-
dom or the plant community parameter was removed,
the isodata procedure arrived at very similar results. In
each case the same depth to water and precipitation
classes were mapped and the spatial extent of each class
was virtually identical; the only differences were minor
changes in class assignment along class boundaries.
Significant differences in class spatial extent were
mapped across the large regions of xeric and low-cover
phreatophytic vegetation unaffected by changes in
groundwater or disturbance. These regions were dom-
inated by the no change classes in all of the analyses
and in each of the cases where the plant community
parameter was included in the analysis, the xeric and
phreatophytic plant communities were placed into sep-
arate classes, regardless of the order of the plant com-
munities. When the plant community parameter was
removed, the phreatophytic and xeric communities
were clustered together into the same class, or these
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communities were distributed among multiple no
change classes. In this case the mean live cover pa-
rameter appeared to be the key discriminator of class
membership.

DISCUSSION

The classification algorithm identified 13 classes that
were subsequently determined to be different in com-
position and their response to environmental variables.
As shown in Table 2, we found six classes associated
with changes in DTW, four exhibiting amplified re-
sponse to precipitation, and three exhibiting little or no
change, and we showed community-level differences
in response (Table 3). The success of the clustering
algorithm was in part due to the large variability in
vegetation response to the drivers of change. In addi-
tion, however, the 24 vegetation change parameters em-
phasized the dynamic properties of the surface and sup-
pressed less informative properties such as total live
cover. For example, normalizing the first 12 parameters
to the predrought vegetation abundance of 1986 high-
lighted the relative effects of the subsequent drought
and groundwater decline. Likewise, the annual-change-
in-cover parameters (13–24) captured the highly var-
iable nature of communities dominated by exotic an-
nuals.

The plant community parameter, the only nonre-
motely sensed input parameter, proved most useful in
distinguishing classes within the no change group that
were not otherwise distinct in either average %LC or
temporal dynamics. When the community parameter
was removed from the isodata-input data set, xeric
scrub (represented by no change 1) and low-cover phre-
atophytic communities (represented by no change 2)
were joined into a single class. Despite similar average
%LC, fan and valley floor communities differ signifi-
cantly in species composition, phenology, and function.
Therefore, the field survey information was useful for
separating these two low-cover communities that ex-
hibited a similar response, despite differences in ecol-
ogy.

We attribute the stability of the no change classes to
the relatively small amount of anthropogenic distur-
bance. No change 2 represented phreatophytic com-
munities with a constant supply of groundwater avail-
able in sufficient abundance that precipitation did not
greatly alter %LC of native species. No change 1 high-
lighted the drought resistant nature of the xeric com-
munities. Areas within each of these no change classes
could be selected as controls for more intensive field
monitoring of floristic responses in the absence of dis-
turbance and hydrologic alteration.

Another result with monitoring implications was the
identification of DTW change classes in regions of
groundwater pumping or changing irrigation practices.
Close examination revealed a ‘‘bulls-eye’’ pattern, with
a central intense response (DTW1 or DTW4) surround-
ed by concentric rings of less intense response (for

example, DTW2–DTW3–DTW6, or DTW5–DTW6).
This information is clearly useful in field monitoring
efforts designed to detect the regional extent and se-
verity of vegetation changes associated with changes
in water management practices. Through the identifi-
cation of concentric patterns of change, the classifi-
cation provides the context for field measurements of
change and highlights where these changes were larg-
est.

Field data and observations showed that, for parcels
dominated by DTW1–3, the first response to abundant
precipitation in 1995 was an increase in exotic weed
species. The exotics died back in subsequent years in
these three DTW classes, and DTW3 showed the most
notable recovery of native phreatophytes by 1998.
Once invasive exotic annuals establish, however, their
control becomes increasingly difficult as they contrib-
ute to the seed bank and as repeated cycles of drought
or water table manipulations create conditions con-
ducive to their continued success at a site (Randall and
Hoshovsky 2000). Piezometer measurements showed
that for a considerable portion of the areas classified
as DTW1–3 (e.g., Fig. 5A), water tables rose toward
and sometimes matched predrought levels, but because
of the abundance of exotics, future conditions in
DTW1–3 areas are difficult to predict.

Exotic annuals were not as evident in DTW4–6 fol-
lowing the drought. In these areas, stress from declin-
ing water tables may not have reached the point where
exotics could effectively compete with native peren-
nials. But, an equally likely explanation may be that
anthropogenic disturbance is relatively new in these
areas and weed propagules have not arrived and flour-
ished in high enough abundance to be detected with
remote sensing. Another factor that may stifle weed
success is that predrought hydrologic conditions were
not restored throughout most of these areas by 1998.
However, a potentially adverse decline of .50% from
the 1986 level was detected in these three change clas-
ses during the drought, and %LC did not return to
previous levels once precipitation patterns increased.
All three classes showed a significant response to pre-
cipitation during 1990–1996. This suggests that by re-
moving groundwater as the primary water supply, %LC
of the remaining plants increased and decreased in re-
sponse to precipitation. This pattern differs from the
typical valley floor response pattern of communities
not affected by pumping or water spreading, repre-
sented by no change 2, in which %LC was not corre-
lated with precipitation and remained relatively con-
stant.

Thus, altering the hydrology through such practices
such as groundwater pumping and intermittent water
spreading was shown to reduce %LC of native phre-
atophytic vegetation during a period of drought. This
response was evident across 17 150 ha or 19% of the
valley. One consequence identified was the prolifera-
tion of exotic annuals that may irreversibly alter the
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species composition and thereby the ecological func-
tion of these phreatophytic communities. Research by
others has identified similar or more complex floristic
changes associated with groundwater decline (Maho-
ney and Rood 1992, Bernaldez et al. 1993), but these
studies are typically focused on changes directly as-
sociated with stream hydrology. Studies identifying the
relationships between indicator species and ground-
water status across broader regions (Allen-Diaz 1991,
Stromberg et al. 1996, Castelli et al. 2000) are invalu-
able for predicting where hydrologic alterations will
have the largest effects. But these studies might fail to
correctly predict changes in species distribution driven
by changes in groundwater, particularly where ground-
water decline is rapid and therefore faster than plant
roots can extend into the capillary zone (Le Maitre et
al. 1999). Our work extends this understanding by dem-
onstrating that hydrologic alterations can alter land
cover and community dynamics (e.g., reduced cover
and proliferation of exotic annuals), and remote sensing
can be effectively used to map and quantify the extent
of change across vast regions.

Rabbitbrush scrub, which had been mapped as a
phreatophytic community, was one of the communities
prevalent in precipitation 2, which otherwise included
communities dominated by nonphreatophytes. There
are two explanations for this result. First, rabbitbrush
scrub often occurred in areas not strongly affected by
groundwater pumping. Therefore, without fluctuating
groundwater as a driving influence, the variable pattern
of partial exotic live cover driven by precipitation is
the more obvious response. ICWD field data from rab-
bitbrush scrub parcels recorded, in wet years, up to
10% exotic annual cover, which is more than enough
to drive a partial precipitation response in an otherwise
phreatophytic plant community. Second, the dominant
perennial plant found in these parcels is rabbitbrush.
As postulated earlier, it is highly likely that the dom-
inant subspecies of rabbitbrush on these sites is C. n.
ssp. hololeucus, the nonphreatophytic subspecies. If
this subspecies derives its water needs from precipi-
tation, and it co-occurs with annual species on these
formerly cultivated sites, it would be possible for the
sites to show an amplified response to precipitation.
This remotely sensed response could be used to further
identify areas erroneously mapped as phreatophytic.
Using field investigations to analyze this finding may
assist the land managers by more accurately classifying
the vegetation for management purposes.

A description of the distribution of exotic plants in
Owens Valley is far from complete. The presence of
some agricultural fields abandoned 80 yr ago but that
today show no evidence of repopulation by natural
Great Basin shrub communities indicates that these sys-
tems recover slowly and inconsistently from distur-
bance. Others have found similar evidence (Stylinski
and Allen 1999), which support the idea that com-
munities build floristic relationships with environmen-

tal parameters over 1000-yr periods (McAuliffe 1994).
Additionally, initial conditions such as management
practices or soil conditions and soil age may influence
the long term fate of abandoned land (Coffin et al. 1996,
Steiger and Webb 2001). Our data raise more questions
as well. We found a significant portion of land area
with an increased proportion of exotic annuals follow-
ing the drought in otherwise phreatophytic plant com-
munities. An extended analysis will reveal the fate of
these systems; however, we suspect that at least some
of them have been altered beyond an elastic recovery.
If every successive disturbance or hydrologic alteration
leads to a small fraction of the landscape being con-
verted to exotic-dominated land, the eventual progres-
sion in light of continued human manipulation of en-
vironmental parameters is toward a general replace-
ment of natural communities.

CONCLUSIONS

The degree to which current and future water man-
agement decisions incorporate knowledge from the sci-
entific community depends on the ability of scientists
to inform managers and the public of the potentially
adverse consequences of poor management. Addition-
ally, the scientific community must provide tools and
techniques that can be easily implemented to monitor
the ecological effects of particular water development
policies. Modern researchers readily use new technol-
ogies for acquiring and interpreting data. With these
data, models are developed to gain a better understand-
ing of landscape level processes. Often, however, a
weak link has been the transfer of the data, analytical
techniques, and modeling results to those most directly
involved with resource management (Naiman and
Turner 2000, Pringle 2000).

In Owens Valley, we used remotely sensed data to
quantify and describe the role of groundwater decline
and climatic variability on %LC of semiarid vegetation.
To our knowledge there exist no other studies of com-
parable temporal range (13 yr), temporal resolution
(annual), and spatial scale (28.5-m sampling over the
entire region). Our analyses of these remotely sensed
data with field observations identified large regions of
the landscape exhibiting a loss in live cover associated
with lowering of water tables. For the most part, these
regions were meadows and groundwater dependent
shrub communities. Field data from these communities
showed an increase in exotic %LC, and we hypothesize
that exotic annuals gain a competitive advantage in
phreatophytic plant communities when groundwater ta-
bles decline. This change in life form dominance rep-
resents a change in the function of the ecosystem from
one buffered from drought by available groundwater
to one sensitive to small variations in precipitation. In
contrast, live cover and plant community function was
sustained in regions of phreatophytic vegetation where
the depth to water did not change despite a regional
drought. Climate variability, as a part of climate
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change, has been predicted to increase in the near fu-
ture. The coupling of climate variability with plant
communities more sensitive to changes in precipitation
will lead to interesting consequences regarding the con-
servation of these natural ecosystems.

These results demonstrate the utility of multitem-
poral remotely sensed data for the identification of crit-
ical areas of concern and the interpolation between field
analyses of plant community change. Field data, de-
spite being indispensable for measuring the floristic
component of change, do not allow for rapid sampling
of vegetation conditions over large spatial scales. Re-
mote sensing data can be analyzed on an annual basis
across the entire management region thus providing an
important tool for areas lacking sufficient field data.

Ecologists interested in the time varying nature of
landscapes must make a physical measurement from
multitemporal remote sensing data and then employ
statistical techniques to group areas of common re-
sponse (e.g., Yang and Prince 2000, Rogan et al. 2002).
We chose SMA as our physical measurement because
of its consistent precision and accuracy through time
and relative insensitivity to measurement conditions
(Elmore et al. 2000, Qi et al. 2000). Success in iden-
tifying and mapping landscape-scale response with re-
motely sensed data has been achieved using a variety
of techniques (e.g., Jano et al. 1998, Munyati 2000).
However we believe that a quantitative measurement
of a surface property employed over a sufficient length
of time and with sufficient frequency is important in
capturing the dynamic nature of vegetation change. As
shown in this study, this approach can be useful to infer
regional plant community pattern and process. Studies
reporting the application of clustering algorithms to
identify land surfaces exhibiting common change his-
tory are underrepresented in the literature. Interesting-
ly, researchers have used these techniques on data ac-
quired throughout a single year (e.g., DeFries et al.
1997). Monopolizing on seasonal phenology, these
studies seek to map land cover across large spatial areas
without identifying changes in land cover through time
or at high spatial resolution. Our study uses similar
techniques, but for a different purpose and scale.

In the coming decades, naturally flowing waterways
will become increasingly altered and the numbers of
people living in water scarce regions of the world will
continue to grow (United Nations Population Fund
2001). Landscapes likely to be affected will be large
and the impacts difficult to perceive. Therefore, unless
this process is accompanied by an increase in appli-
cable ecosystem research using innovative new tools,
the plants, fauna, and landscapes of Earth will become
even further degraded. Researchers must apply the
same technological ingenuity employed to extract wa-
ter resources to the preservation of ecosystems through
sustainable management. We believe the results and
techniques presented in this paper define a rigorous
methodology to quantify environmental change. The

techniques are readily transferable and thus can be used
to efficiently manage arid and semiarid ecosystems
around the world.
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