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Summary

1.

 

Throughout arid regions of  the world, groundwater is extracted for human popu-
lation centres. In the Great Basin and Range region of the USA, we lack basic infor-
mation regarding some plant communities detailing the extent to which vegetation is
threatened by groundwater extraction. This is particularly true for alkali meadow
vegetation, which is restricted to zones of shallow groundwater yet is not a riparian
plant community with obligate wetland properties.

 

2.

 

To increase our understanding of the relative importance of groundwater and precipita

 

-

 

tion in maintaining alkali meadow vegetation cover, we used a 16-year record of plant
cover derived from satellite data of Owens Valley, California, USA, in conjunction with
concurrent depth-to-water and precipitation measurements, to analyse vegetation
response to anthropogenic and climatic changes in water availability.

 

3.

 

Groundwater decline varied from 0·5 to 5·0 m throughout the study area, with the
largest changes occurring at sites closest to pumping wells. The entire region experi-
enced a 6-year drought (1987–92), during which annual precipitation remained below
the 50-year median.

 

4.

 

Meadow plant cover over the 16-year study period was correlated with groundwater
depth, but plant cover was generally unresponsive to annual precipitation variability.
Sensitivity to groundwater decline was greatest for plots with a higher cover of herba-
ceous perennials.

 

5.

 

The results showed that this plant community is groundwater dependent, and that
this characteristic buffers the system from the effects of drought. However, at sites with
extensive groundwater decline, the remaining plant cover became weakly correlated
with precipitation only after groundwater declined below a threshold depth located at
2·5 m, representing the average plant rooting depth.

 

6.

 

Synthesis and applications

 

. Sustainable water development that seeks to pump
groundwater without adversely affecting vegetation cover and plant assemblages must
recognize the maximum rooting depth of groundwater-dependent plant species. When
groundwater is within the root zone, management decisions can be made to either
increase or decrease vegetation cover through modification of groundwater depth.
When groundwater is below the root zone, vegetation cover is low and susceptible to
changes in precipitation. Quantitative satellite measurements of vegetation cover might
aid the monitoring and sustainable management of water resources.
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Introduction

 

Understanding the ecological effects of water manage-
ment is key to sustainable development world-wide
(Postel 2000; Jackson 

 

et al

 

. 2001). Semi-arid and arid
environments are particularly vulnerable to water-
related land-use practices and are currently threatened
by rapid population and socio-economic changes. A
clear challenge to future development and manage-
ment of water resources is abating tension between
human and ecosystem requirements for fresh water
(Postel, Daily & Ehrlich 1996; Steen 1998). In many
locations, surface-water runoff is already utilized, and
cities and agricultural centres have turned to ground-
water aquifers to augment supply during drought
(National Research Council 1993). The practice of
recharging shallow aquifers during wet years, and then
pumping these stored resources during dry years,
has benefits over water storage in surface reservoirs
because of lower evaporation rates. However, cycles of
recharge and pumping result in increased fluctuation of
the water table, which has ecological consequences for
plant communities that are composed of groundwater-
dependent (phreatophytic) species. Furthermore, pump-
ing has led to the drying of springs and seeps in many
regions, and this trend is likely to continue as water
resources become further allocated to increasingly
large urban centres.

In basins and valleys of the intermountain western
USA, some zones between wetland and upland vegeta-
tion have been described as grass-dominated meadows
(West & Young 2000). Plant species occupying these
meadows are sometimes characterized as facultative
wetland (Reed 1988), i.e. they are intermediate be-
tween obligate wetland species and species occurring
only in upland (precipitation-dependent) zones. Facul-
tative species generally benefit from shallow ground-
water but can exist where groundwater is inaccessible.
The relationships between plant species composition,
distribution and cover, and groundwater depth, can be
complex; nevertheless, clear patterns have been iden-
tified (Stromberg, Tiller & Richter 1996). An obvious
pattern is related to rooting depth. Herbaceous meadow
species with shallow roots thrive in regions of shallow
groundwater (Allen-Diaz 1991; Castelli, Chambers
& Tausch 2000). Roots of facultative phreatophytic
shrubs reach groundwater at greater depths (Sorenson,
Dileanis & Branson 1991; Groeneveld & Or 1994;
Stromberg, Tiller & Richter 1996).

Sustainable water management of  vegetation
occupying zones with intermediate groundwater depth
requires knowledge of the degree to which groundwater
change affects plant cover or floristic composition. It
also requires knowledge of how plant cover responds to
water inputs directly from precipitation. To study these
responses, simultaneous measurements are required
for vegetation cover and the hydrologic parameters:
groundwater depth and precipitation. Planning and
foresight are necessary to ensure these measurements

occur in the correct locations to capture the vegetation
response to groundwater decline from pumping and, in
the past, few water diversion projects included moni-
toring of biotic resources. Fortunately, quantitative
remote-sensing methods can be used to determine the
percentage plant cover from images acquired over the
past two decades (Elmore 

 

et al

 

. 2000). Remote meas-
urements of plant cover have been shown to provide
useful information for a variety of applications (Okin

 

et al

 

. 2001; Rogan, Franklin & Roberts 2002). Total
plant cover from remote sensing provides an integrated
valuation of the extent to which vegetation cover is
altered by environmental factors such as depth to
groundwater, precipitation, grazing and disturbance
(Dube & Pickup 2001; Asner, Borghi & Ojeda 2003;
Elmore, Mustard & Manning 2003). When used in con-
junction with detailed field data, remote measurements
of plant cover also highlight the regional significance of
changes observed at smaller scales.

This study analysed the vegetation response within a
plant community termed ‘alkali meadow’, which exists
in scattered locations throughout the Great Basin and
Range but is restricted to zones of shallow groundwa-
ter. In eastern California, USA, alkali meadow is an
important plant community for conservation because
(i) plant cover is dominated by facultative wetland spe-
cies, (ii) it is essential habitat for numerous rare and
endangered species, and (iii) groundwater extraction
for water export is practised or proposed throughout
much of the region. In previous work we used remote-
sensing technologies to identify and classify regions
of Owens Valley, California, where vegetation was
affected by groundwater pumping (Elmore, Mustard
& Manning 2003). With the present study we focused
on plots of alkali meadow vegetation for which meas-
urements of groundwater depth through a 16-year
period were available. The data set included periods of
drought and groundwater pumping that were suffi-
ciently decoupled to allow separate analyses (Elmore,
Mustard & Manning 2003). Our objectives were to: (i)
understand the absolute and relative importance of
groundwater and precipitation in influencing plant
cover within alkali meadow vegetation; (ii) identify a
maximum effective rooting depth that is generally
characteristic of alkali meadow vegetation; and (iii)
determine if  a general model of plant cover response to
groundwater decline is applicable across plots, or if  plot
characteristics, such as the proportion of herbaceous
and woody plants, also influence vegetation cover
response.

There is considerable evidence that alkali meadow
vegetation in Owens Valley is phreatophytic (Sorenson,
Dileanis & Branson 1991; Manning 1997; Steinwand,
Harrington & Or 2006) but a specific understanding
of plant cover response to water table changes has been
elusive. Because the depth to which plants can acquire
groundwater is limited (Jackson 

 

et al

 

. 1996; Jackson 

 

et al

 

.
1999; Sperry 

 

et al

 

. 2002), we hypothesized that a response
threshold exists, exhibited by the depth-to-water
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(DTW) beyond which plant cover ceases to respond to
fluctuations in groundwater depth. We view the identi-
fication of  this threshold DTW to be critical to the
sustainable management of alkali meadow vegetation.

 

Materials and methods

 

  

 

This work was conducted in Owens Valley, a north–
south running basin located east of the Sierra Nevada
and west of the White-Inyo range, in eastern Califor-
nia, USA (Fig. 1). Precipitation falls mostly during the
cool winter months and averages 13 cm year

 

−

 

1

 

. In addi-
tion to precipitation inputs, water recharges the valley
aquifers each spring and summer as a result of snow-
melt runoff from the Sierra Nevada. Historically, high
groundwater tables occurred across the valley floor
(Hollett 

 

et al

 

. 1991). As a result, alkali meadow is rel-
atively extensive throughout Owens Valley. Within the
Great Basin region of the western USA in general,

meadows occur infrequently and are often disturbed
by activities ranging from grazing to water diversions
(West & Young 2000). Although small in spatial extent,
these communities are important biologically because
they harbour rare plant species and provide habitat for
local and migratory animals.

A vegetation map prepared in the mid-1980s showed
areas of alkali meadow, characterized by the dominant
perennial, native phreatophytic grass species saltgrass

 

Distichlis spicata

 

 and/or alkali sacaton 

 

Sporobolus air-
oides

 

, covering approximately 20 000 ha of the valley
floor (City of Los Angeles and County of Inyo 1991).

 

Distichlis spicata

 

 and 

 

S. airoides

 

 have wetland indicator
classifications of facultative wetland and facultative
wetland+, respectively (Reed 1988). Shrubs, especially
rabbitbush 

 

Chrysothamnus nauseosus

 

 (wetland status
disputed) and Nevada saltbush 

 

Atriplex lentiformis

 

ssp. 

 

torreyi

 

 (facultative), and other species also occur
in this broadly defined plant community (Sorenson,
Dileanis & Branson 1991; Manning 1997). Pumping
can in some cases be associated with an increase in
deeper-rooted woody plants and/or invasive, non-
native annual species that do not require groundwater
(Manning 2001; Elmore, Mustard & Manning 2003).
The two aforementioned native shrubs in particular,
rabbitbrush and Nevada saltbush, are well adapted to
colonizing disturbed alkali meadows. Total plant cover
in Owens Valley meadow varies spatially; data from
field sites showed a range from 8% to 85% (vertically
projected) (Manning 1997). The dominant grass and
shrub species have a maximum effective rooting depth
of about 2 m and 4 m, respectively, and the estimated
distance of capillarity above saturated groundwater
varies with soil type but is typically about 1 m (City
of  Los Angeles & County of  Inyo 1991; Sorenson,
Dileanis & Branson 1991; Groeneveld 1992). Native
annuals are relatively uncommon in Owens Valley alkali
meadow (Manning 1997). In contrast, non-native
annuals, such as Russian thistle 

 

Salsola tragus

 

 and

 

Bassia hyssopifolia

 

 often contribute measurably to total
cover in disturbed meadows in higher than normal pre-
cipitation years (Elmore, Mustard & Manning 2003;
Inyo County Water Department, unpublished data).

In addition to common, dominant species, Owens
Valley alkali meadow harbours several species of con-
servation concern (Tibor 2001; California Department
of Fish and Game 2004), including Owens Valley
checkerbloom 

 

Sidalcea covillei

 

, Inyo County star tulip

 

Calochortus excavatus

 

, Owens Valley vole 

 

Microtus
californicus

 

 ssp. 

 

vallicola

 

, northern harrier 

 

Circus cyaneus

 

and red shouldered hawk 

 

Buteo lineatus

 

. In addition to
biodiversity values, the abundant grass cover on the
valley floor provides economic benefits related to tourism
and livestock production (Hickman 1993).

 

    

 

The abundance of water in Owens Valley led to its
development in the early 20th century as a municipal

Fig. 1. Mean Owens Valley water year precipitation, annual
pumping, and, for the study plots, mean depth to groundwater
(DTW) for the period 1986–2001.
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watershed by the City of Los Angeles. The Los Angeles
Department of Water and Power (LADWP) diverts
water from mountain streams into the Los Angeles
aqueduct. Surface water supply is augmented by
groundwater pumping, especially during dry years.
During wet years, reduced pumping and intentional
spreading of surface water over porous soil result in
some recharge to the shallow aquifer. From 1987 to
1992, below-average precipitation conditions prevailed
in the central Sierra Nevada and Owens Valley.
LADWP responded to this drought by increasing
groundwater extraction in many areas of the valley,
leading in some cases to > 5 m declines in groundwater
tables (Fig. 1).

LADWP expects to increase pumping to about
1·36 

 

×

 

 10

 

8

 

 m

 

3

 

 year

 

−

 

1

 

 (City of Los Angeles and County
of Inyo 1991) but the United States Geological Survey
(USGS) has reported that a sustainable pumping rate is
a third lower, at around 8·64 

 

×

 

 10

 

7

 

 m

 

3

 

 year

 

−

 

1

 

 (Danskin
1998). The disparity between these two numbers has
resulted in considerable tension between LADWP and the
people of Owens Valley. An additional source of tension
occurs at the state level, where California is being allotted
a smaller fraction of Colorado River water, thus forcing
local water managers to increase instate production.
Population growth in Los Angeles, continued use of
water for high valued crops in the central valley, and a
series of low precipitation years (1987–92 and 1999–
2004) all lead to the prediction that water extraction in
Owens Valley will continue to be of high concern to Los
Angeles. However, a water management agreement
was signed in 1991 that commits LADWP to managing
water resources in Owens Valley to avoid causing cer-
tain described decreases and changes in vegetation and
to cause no significant effect on the environment that
cannot be acceptably mitigated. Since the signing of this
document, deciding whether measurable changes in
vegetation were caused by water management, and agree-
ing on what constitutes ‘avoidance’, have been primary
concerns of Los Angeles and residents of Owens Valley.
Addressing this conflict and attributing vegetation
change to variations in precipitation or groundwater
extraction was the focus of this study.

 

 :   
 

 

We developed criteria to obtain spatial control between
measurements of alkali meadow vegetation cover and
depth to the water table from 1986 to 2001. LADWP
maintains about 300 5-cm diameter monitoring wells
throughout Owens Valley, and DTW in each well is
measured at least twice annually. We identified a subset
of monitoring wells that were located within vegetation
mapped as alkali meadow and had DTW records dat-
ing back to April 1986. Using aerial photographs and
plot observations, we then determined whether a plot
0·73 ha in size (size determined by remote-sensing data
resolution as discussed below) could be placed in

undisturbed vegetation surrounding, or within 100 m
of, the monitoring well. Wells were excluded if  roads,
ditches, changes in topography, visible vegetation eco-
tone transitions or recent surface disturbances affected
plot homogeneity. In this way, a set of 47 plots associ-
ated with monitoring wells was identified for the study
(Fig. 1). Data on DTW, precipitation and vegetation
cover were then assembled for each plot.

DTW measurements obtained in April of each year
between 1986 and 2001 were acquired for each of the 47
monitoring wells. April marks the transition between
winter precipitation and the onset of high evapotran-
spiration rates, and water levels are typically the shal-
lowest then (Lee 1912). Therefore, April groundwater
measurements were used to represent the annual extent
of groundwater recharge, and thus the water available
to potentially subirrigate the plants throughout the
growing season.

Groundwater pumping was highest in 1987–89
(Fig. 1). Groundwater levels were relatively shallow in
1986, lowest in the early 1990s, and recovered to vary-
ing degrees during the late 1990s. In 1986, before the
most intensive groundwater pumping and following
high runoff years (e.g. 1998), DTW among the plots
generally ranged from 0·2 to 3·5 m (data not shown).
During dry years, 1987–92, when water was pumped
extensively, 15 plots experienced groundwater below
3·5 m, and in six plots it dropped below 6·0 m. Among
the plots, rates of  water table decline between 1986
and 1992 ranged from 0 to approximately 0·8 m
year

 

−

 

1

 

. Plots distant from groundwater pumping
exhibited the smallest variation in DTW overall and
were probably negligibly influenced by groundwater
extraction.

LADWP, Inyo County Water Department (ICWD)
and National Oceanic and Atmospheric Administra-
tion operate 14 precipitation gauges in Owens Valley.
Precipitation data for each of the 47 plots was acquired
from the nearest gauge. Seven of the precipitation
gauges only became operational in 1993. To develop an
estimate of precipitation for plots nearest one of the
newer gauges, we regressed precipitation (1993–2001)
for the new and a close-by older gauge and then used
the parameters to calculate 1986–92 precipitation esti-
mates for the new gauge. Data from all Owens Valley
precipitation gauges are highly covariant. For this
study, total water year precipitation (WYP), the pre-
cipitation that falls from October to September, was
used as the plot precipitation value. During our study
period, precipitation was below the Owens Valley aver-
age in 10 years (1987–92, 1994 and 1999–2001), and
above average in at least five years (Fig. 1).

 

 

 

Cloud-free Landsat Thematic Mapper and Enhanced
Thematic Mapper plus satellite data covering the visi-
ble and near infrared wavelengths at 28·5 m spatial res-
olution were acquired during September of each year.
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Processing of these data followed methods described
by Elmore 

 

et al

 

. (2000). Pre-processing included
detailed image co-registration (within one pixel) and
georeferencing. These procedures assured that indi-
vidual image elements (pixels) could be compared among
years at specific geographical coordinates. Spectral
alignment using temporally invariant surface features
was performed to normalize for sensor and atmos-
pheric changes between data acquisition events. No
absolute corrections were made for the effects of
atmospheric scattering and absorption. Atmospheric
corrections of multispectral data amount to a simple
linear transformation of the data, and the linear model
we used to measure vegetation cover (see below) is
invariant under such transformations.

Linear spectral mixture analysis (LSMA; Adams,
Smith & Johnson 1986; Smith 

 

et al

 

. 1990) was used
to measure the fractional cover of  photosynthetic
vegetation. The LSMA model assumes the Landsat-
measured surface radiance within each pixel to be a
linear combination of basic surface materials such as
vegetation and soil, called spectral endmembers. The
endmember spectra used were extracted from the
Landsat images: (i) photosynthetic vegetation from a
high-cover alkali meadow, (ii) a high reflectance alkaline
soil, (iii) a dark organic-rich soil and (iv) dark surface
(shade) from a lake on the valley floor. Through LSMA
we calculated the fraction of each of these four end-
member spectra necessary to model the radiance of
each pixel. The fraction of the photosynthetic vegeta-
tion (%PV) endmember was retained as our estimate
of percentage vegetation cover (Elmore 

 

et al

 

. 2000;
Elmore, Mustard & Manning 2003). In previous work
we compared LSMA measurements of vegetation
cover with field-based measurements. Results showed
that absolute measurements of vegetation cover were
accurate to within 

 

±

 

 4·0% and measurements of change
were associated with an uncertainty of 

 

±

 

3·8% (Elmore

 

et al

 

. 2000).
Each of the 47 plots was represented in the remote-

sensing database as nine contiguous pixels arranged in
a square 0·73 ha in size. We estimated that this size was
large enough to reduce any error attributed to annual
georeferencing, yet small enough to assume that DTW
measured in the monitoring well was representative of
the plot. Therefore, the vegetation cover estimate for
each plot was the average of the 9%PV values, and this
measurement was made each year between 1986 and
2001.

In this analysis using remote-sensing data, it was not
possible to differentiate plant cover by species or life
form. Plots were assessed in the field during late sum-
mer in 2003 (at the end of the 16-year remote-sensing
time series). Plant cover was measured within each plot
along two 50-m north–south running transects located
parallel to each other, separated by 50 m, and centred
within each plot. From these data we calculated the
percentage cover of the three dominant life forms: per-
ennial herbaceous species, shrubs and annuals.

 

 

 

Least-squares means regressions were used to assess
the relationship between the environmental variables
and vegetation cover (from remote sensing) in the 47
plots. For all regressions, both DTW and vegetation
cover were log transformed after adding a constant (1
and 10, respectively) to normalize the distribution of
residuals. With precipitation highly covariant among
plots it was not possible to include precipitation and
sampling year in the same model. Therefore, we ini-
tially ran a model of cover that included DTW, the
identity of year and their interaction to test whether
there were different relationships between DTW and
cover among years. Neither year nor the interaction
between DTW and year were significant (

 

P

 

 = 0·07, 

 

P

 

 =
0·16, respectively). Therefore, it was concluded that
data from all years could be grouped in subsequent
models. It was also noted that the primary difference
between years was the range in groundwater depth at
each of the sites (Fig. 1) and not the response of vegeta-
tion to that range.

We modelled cover with regressions using data from
all years. The first regression tested the influence of
DTW and WYP on cover, and all data were used. We
then excluded site measurements where DTW was
shallower than a threshold value of 1·5 m and repeated
the DTW and WYP regression. In an attempt to iden-
tify the maximum rooting depth we successively moved
the threshold depth deeper from 1·5 m at 0·1-m inter-
vals. We continued this repetitive process until only
data with DTW deeper than 4·5 m were modelled.
From the literature on Owens Valley species, we viewed
the range 1·5–4·5 m to include the average maximum
rooting depth for alkali meadow (Sorenson, Dileanis &
Branson 1991; Groeneveld & Or 1994).

A useful task in water management is to collect
information required to predict the response of indi-
vidual plots to groundwater decline. Our final model
tested whether the effects of DTW or WYP on vegeta-
tion cover differed among plots, or if  a single model
could be used for all plots. In this model, plot was used
as a surrogate for characteristics that might modify the
DTW–vegetation relationship, such as soil texture,
nutrient availability and plant assemblage character-
istics. For this retrospective analysis using satellite
data, it was not possible to include each of these charac-
teristics individually. In this model, DTW, WYP, a
categorical plot identity and all pairwise interactions
were included. The interaction term of DTW and plot
identity tested whether the relationship between DTW
and vegetation cover depended on the plot identity. To
maximize the significance of plot level response to
groundwater, we restricted this analysis to plots that
varied at least twofold in the log-transformed DTW (13
plots). Finally, we examined differences in the relation-
ship between DTW and vegetation cover, and related
these differences to plot characteristics from the 2003
plot transect data of plant community composition.
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Results

 

In the model of cover that included DTW and WYP,
37% of the variation in cover could be explained by
DTW (Table 1 and Fig. 2). Cover was high when DTW
was shallow and low when DTW was deep (

 

P

 

 < 0·001).
Variation in precipitation did not show a statistically
significant correlation with cover (

 

P

 

 = 0·07) in this
model, nor was there a significant interaction between
precipitation and DTW (

 

P

 

 = 0·18) (Table 1).
The significance of the DTW and precipitation

effects was dependent on the range of DTW at the
modelled sites. Models that included data from sites
where DTW was shallower than 

 

c.

 

 2·5 m exhibited a
significant effect from DTW, and precipitation was not
a significant effect (Fig. 3). When the data were
restricted to plots and times where DTW was deeper
than 

 

c.

 

 2·5 m, cover was significantly correlated with
precipitation (

 

P

 

 < 0·05) but was unaffected by further
fluctuations in DTW (

 

P

 

 > 0·05).
Including plot identity as an explanatory variable in

the regression model greatly increased the variation
explained by the model (

 

r

 

2

 

 = 0·80; Table 2). Plots dif-
fered in mean cover beyond what could be explained by
DTW or WYP, therefore plots with approximately the

same DTW exhibited different cover values (

 

P

 

 < 0·001;
Table 2). There were also different relationships among
plots between cover and DTW (

 

P

 

 < 0·001; Table 2). In
some plots, there was little influence of DTW on cover,
while for other plots cover declined strongly with
increasing DTW (Fig. 4, inset). This result led us to
investigate whether a plot feature that was simple to
measure could account for the contribution of plot
identity to the overall model explanatory power. The
variation among plots in the relationship between
DTW and cover could not be explained by maximum
groundwater depth (

 

P

 

 = 0·30), total plant cover in 2003
(

 

P

 

 = 0·13) or shrub cover in 2003 (

 

P

 

 = 0·34) (data not
shown). Among the parameters we tested, the best
predictor of  total plant cover sensitivity to DTW
was the 2003 perennial herbaceous cover. Plots with a
greater cover of the more shallowly rooted perennial
herbaceous plants were more sensitive to fluctuations
in DTW (

 

r

 

2

 

 = 0·63, 

 

P

 

 = 0·001; Fig. 4).

Fig. 2. Log-log relationship between groundwater depth (DTW)
and vegetation cover with model parameters from Table 1.

Table 1. Model results analysing effects of depth to
groundwater (DTW) and water year precipitation (WYP) on
vegetation cover in 47 plots, 1986–2001

Parameters 
(n = 705, R2 = 0·37) SS* Estimate P

Intercept 2·00 ± 0·03 < 0·001
log DTW 20·3 −0·97 ± 0·05 < 0·001
WYP 0·2 0·002 ± 0·001  0·07
log DTW × WYP 0·1 0·009 ± 0·007  0·18

*Model SS 20·8.

Fig. 3. Results of sequential multiple regression trials for
models using all data, with groundwater (DTW) below a
designated depth shown on the x-axis. Significance levels (P-
values) for the precipitation and DTW estimates are plotted
on the y-axis. When DTW was ≥ 2·5 m, DTW no longer had
a significant effect on cover and the effect of precipitation
became significant.

Table 2. Model results including plot identity for plots
exhibiting greater than twofold variation in log DTW

Parameters 
(n = 200, R2 = 0·80) SS* Estimate P

Intercept 1·76 ± 0·06 < 0·001
Plot 2·47 < 0·001
log DTW 1·28 −0·71 ± 0·08 < 0·001
log DTW × plot 0·97 < 0·001
WYP 0·31 0·008 ± 0·002 < 0·001
WYP × plot 0·40  0·037
log DTW × WYP 0·03 0·02 ± 0·01  0·171
log DTW × WYP × plot 0·26  0·244

*Model SS 9·19.
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Discussion

The 16-year data set of precipitation, DTW and
remote-sensing derived vegetation cover showed that
vegetation cover was highly responsive to variation in
groundwater depth (Table 1 and Fig. 2). Vegetation
cover is most sensitive to groundwater change initially,
when groundwater is close to the surface, and sensitiv-
ity tapers off  as DTW increases (Fig. 5). This indicates
that cover response to declining groundwater is largest
at the initiation of groundwater pumping. One explana-
tion for this response is that vegetation is adapted to
groundwater fluctuation within the range established
previously (Shafroth, Stromberg & Patten 2002). When
groundwater declines below this range, water availabil-
ity decreases for some individuals or species and, as a
result, total vegetation cover declines.

Owens Valley meadow cover response patterns are
controlled by effective rooting depth. For the 47 plots
used in this study, the average maximum effective root-
ing depth was located at 2·5 m. This estimation was
based on three observations: (i) the range of DTW in
1986 prior to pumping in most areas was within the
range of 0–3·5 m, and 66% of the plot DTW data was
in the range 0·75–2·5 m (Fig. 1); (ii) vegetation cover
was correlated with groundwater fluctuation only when
modelled data included sites where DTW was within
2·5 m of the surface (Fig. 3); and (iii) vegetation cover
was reduced and significantly correlated with precipi-
tation when DTW was below 2·5 m (Figs 2 and 3).

The plot data revealed only a weak plant cover
response to precipitation across the entire range of
groundwater depths (P = 0·07; Table 1). This result
indicates that of the two water input sources, ground-
water exerts a stronger influence on cover in Owens

Valley meadows. Similarly, other studies have shown
that groundwater availability in arid regions affects
plant distribution patterns across the landscape (Allen-
Diaz 1991; Stromberg, Tiller & Richter 1996; Castelli,
Chambers & Tausch 2000). Our inability to detect a
strong precipitation influence on meadow cover under-
scores some important characteristics of meadow sys-
tems in desert regions. First, within our data and within
these systems in general, when plants have access
to groundwater the roots of dominant Owens Valley
meadow species potentially have access to water
through as much as 2·5 m of saturated soil. This large
volume of water is available to plants throughout the
entire growing season. Precipitation, in contrast, aver-
ages 13 cm, rarely exceeds 30 cm (Fig. 1) and partly
evaporates before being absorbed by plants or soil.
Therefore precipitation is a sparse and unreliable water
source relative to groundwater.

Undoubtedly, Owens Valley meadow plants absorb
precipitation water, but the contribution of precipita-
tion to the characteristic we measured, late summer
total vegetation cover, is negligible where groundwater

Fig. 4. The slope of the groundwater (DTW) vs. vegetation
cover regression for selected plots (see text) plotted against the
total cover of perennial herbaceous species (including grasses)
measured in the plot in 2003. Inset: vegetation response to
DTW for two plots with the highest and lowest cover of
herbaceous perennials (HP), demonstrating the differences in
response for these plots.

Fig. 5. A graphical presentation of the results of the general
model, the coefficients of which are presented in Table 1. (a)
Model results showing the vegetation cover relationship to
DTW, with standard error. (b) The impact of changing
groundwater depth modelled as the difference in vegetation
cover for two groundwater values separated by 0·2, 0·4 or 0·8
m DTW.
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occurs within the root zone. Research on species in sim-
ilar systems and habitats has shown precipitation to
stimulate physiological activity but not contribute
measurably to canopy growth (Snyder & Donovan
2004). Others have shown plants using groundwater
and precipitation (Torres et al. 2002), plants switching
from groundwater to precipitation (Chimner & Cooper
2004) and different species at the same site using
different water sources (Yepez et al. 2003). We also
recognize the role of late summer annual plants in
increasing the response of vegetation cover to annual
precipitation (Elmore, Mustard & Manning 2003).
Finally, precipitation has other roles, such as mobil-
izing soil nutrients (Burke et al. 1998) and temporarily
washing salts from the soil surface (Guler & Thyne
2004). Any or all of these mechanisms could be respons-
ible for the observed (albeit weak, P = 0·07; Table 1)
relationship between plant cover and precipitation.

Terrestrial vegetation depends on precipitation con-
sistently across biomes, and sensitivity to precipitation
change is largest when mean annual precipitation is
lowest (Huxman et al. 2004). In contrast, Owens Valley
meadow exhibits stable high plant cover in a highly
variable, low-rainfall environment, suggesting this ecosys-
tem has more in common with wetlands than upland
systems. Large volumes of mountain snowmelt main-
tain a stable shallow groundwater aquifer that buffers
plant communities from the effects of drought (Danskin
1998; Elmore, Mustard & Manning 2003). Similar to
other intermountain settings (Schulze et al. 1996), the
availability of these groundwater resources has allowed
for the establishment and survival of plants that are not
dependent on precipitation within these localized regions.
Throughout arid regions, vegetation dependent on
groundwater resources might be more widespread than
previously estimated if  plant assemblages functionally
similar to Owens Valley meadows are included.

Cover response to declining groundwater availability
can be explained mechanistically. When groundwater
begins to decline beneath alkali meadow vegetation,
the most shallowly rooted plants (grasses and forbs)
are the first to respond. As individual plants and plants
in more sensitive microhabitats (e.g. on elevated loca-
tions or in more coarse-textured soils; Sperry & Hacke
2002) lose contact with the groundwater table, total
plant cover declines as a result of mortality of those
groundwater-disconnected plants. In locations where
there is a high total cover of shallow-rooted plants, the
decrease in total cover is more rapid. Where cover of
deeper-rooted species (shrubs) is greater, the response
to groundwater decline can be slower, but nevertheless
the response generally follows a logarithmic decline. As
groundwater declines below the rooting depth of most
plants, precipitation becomes the primary water source
for plants remaining on the site, and cover switches
from responding to groundwater declines to responding
to precipitation fluctuations. The weak response between
precipitation and cover at deep DTW suggests that per-
ennial meadow vegetation is not well adapted to switching

to precipitation in these conditions. However, where
seeds are available, annual plants can respond to pre-
cipitation, particularly during the first wet years fol-
lowing drought (Elmore, Mustard & Manning 2003).

These results show that alkali meadow attains high
plant cover only when groundwater is well within the
root zone of the perennial grasses and shrubs. The data
set was limited in that the remote-sensing data did not
indicate whether plant community floristic composi-
tion is maintained through a period of groundwater
decline and recharge. However, evidence from Owens
Valley suggests that periods of low groundwater aid the
recruitment success of deeper-rooted shrub species and
annuals that are not phreatophytic (Elmore, Mustard
& Manning 2003). If  this trend were to continue and
prove to be a robust feature of the Owens Valley land-
scape, it would have the effect of decoupling vegetation
cover from changes in the shallow groundwater aqui-
fer. Such a change in system functioning (a change in
the maximum rooting depth or a switch to precipita-
tion dependence) would represent a threshold response
to an alternative state. Research in a variety of systems
has highlighted the fact that alternative states can be
stable, result in the degradation of ecosystem services,
and can be very costly to manage for the return of the
previous ecosystem structure and functioning (May
1977; Scheffer et al. 2001; van de Koppel et al. 2002).

The vegetation response model and remote-sensing
methods described here can be used to guide manage-
ment of groundwater levels and vegetation cover within
Owens Valley meadows, and perhaps management of
other plant communities that are dominated by facul-
tative wetland species. If  sustained plant community
composition and resistance to drought (i.e. the cap-
ability of utilizing groundwater as a buffer from
drought) is a management objective, then groundwater
must remain within the root zone of  these plants.
Management options (decisions on whether to pump
groundwater or to allow natural recharge) are available
when groundwater is within approximately 2·5 m of the
surface. Below this depth, precipitation dynamics
dominate and further changes in DTW have no effect on
plant cover. Remote-sensing data can play an impor-
tant role when interpreting vegetation changes in areas
where DTW has not been monitored. Its primary
strengths are to identify the regional extent of vegeta-
tion change measured at field sites, and to highlight
areas that over time become sensitive to precipitation
variability. This might assist managers in determining
where further pumping should be avoided. Through a
combination of remote-sensing data analysis, targeted
field monitoring and informed groundwater manage-
ment, it might be possible to balance the water needs of
humans with environmental resources.
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