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Abstract
An improved understanding of the relationships among vegetation, groundwater level, and microtopography is crucial for
making well-informed management decisions in areas with shallow groundwater resources. We measured plant species
abundance/composition and richness in relation to depth to groundwater (DTW) and microtopography in Owens Valley,
California, particularly in areas where DTW ranged from 0 to 4 m. Sampling occurred along 67 vegetation transects across
three community types. Relationships between DTW and community composition were evaluated using non-metric
multidimensional scaling (NMS), while non-parametric multiplicative regression was used to relate DTW and
microtopography to species abundance. The dominant gradient in species composition (NMS Axis 1) explained ~51% of
variation in our distance matrix and was most strongly associated (r= 0.55) with DTW. The graminoids Juncus arcticus,
Leymus triticoides, and Distichlis spicata had strong af!nities toward areas with the shallowest DTW (<1.5 m). One salt-
adapted species Sporobolus airoides and one shrub Ericameria nauseosa dominated areas with intermediate DTW
(1.5–2.0 m), whereas the shrubs Atriplex torreyi, Sarcobatus vermiculatus, and Artemisia tridentata were dominant in areas
with deeper DTW (>2.0 m). Variation in microtopography affected species abundance and increased species richness for
vegetation communities at either extreme of the water table gradient, shallow, and deep DTW but not the intermediate DTW.
Findings indicate that desert plant communities from shallow aquifers have adapted to different DTW and microtopography
conditions and that considering those adaptations may be important to manage groundwater and vegetation resources in
these areas.
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Water table depth

Introduction

Globally, groundwater aquifers support over 50% of the
human population by supplying freshwater for drinking and

other domestic water needs (Li et al. 2018; Adimalla et al.
2018). According to UNESCO (2012), 2.5 billion people of
the world’s population rely entirely on groundwater
resources to meet their daily needs for water. In the United
States, groundwater accounts for 25% of the freshwater used
(Maupin et al. 2014). Also, because of its multiple uses,
groundwater is essential for sustaining agricultural devel-
opment and to maintain ecosystem integrity (Alley et al.
2002; Evans et al. 2013). Groundwater supplies approxi-
mately 40% of the world’s irrigated lands and 60% within
the United States (Taylor et al. 2013). However, excessive
groundwater withdrawals have depleted the resource and
caused side effects including lowered water tables, reduced
groundwater storage, and soil deposition (Perrone et al.
2016; Musa et al. 2020). Anthropogenic groundwater
alterations caused by pumping impair the ecology and eco-
system services of groundwater!dependent ecosystems
(Griebler and Avramov 2015; Kath et al. 2018). Continued
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and increased demands for water resources concomitant with
depleted groundwater resources in arid and semi-arid regions
increasingly result in competing interests (e.g., agriculture,
industry, domestic use, and ecosystem conservation) against
each other for sparse resources.

Sustainable utilization of groundwater resources is crucial
for the coexistence of humans and wildlands in arid and semi-
arid regions (Zhou et al. 2013). The con"ict between anthro-
pogenic water uses and ecosystem conservation is increasingly
clear, particularly in dry areas (Wallace et al. 2003). In shallow
aquifer areas, those where groundwater is within the reach of
vegetation rooting systems, it is important to understand the
link between groundwater and vegetation responses to better
forecast the effects of groundwater level changes on vegetation
growth and community dynamics (Naumburg et al. 2005;
Froend and Sommer 2010). The relationship between vegeta-
tion condition and groundwater is an active research topic in
ecohydrology (Jin et al. 2007) that remains inadequately
documented, in part, because of its complexity (Mata-González
et al. 2012a). In arid and semi-arid areas, vegetation can be
groundwater-dependent resulting in depth to the water table
(DTW) being an important factor affecting vegetation cover
and composition (Jin et al. 2011; Lv et al. 2013). Lowered
water tables typically result in drought stress on vegetation,
reduced plant cover, diversity and richness (Chen et al. 2015;
Zeng et al. 2019; Huang et al. 2019), reduced plant growth,
species loss, and changes to community composition (Glazer
and Likens 2012). In contrast, the effect of raised water tables
on individual plant growth is variable, with both decreased
(Kahlown et al. 2005; Kadioglu et al. 2019; Wen et al. 2020)
and increased growth being observed in different situations
(Lambers et al. 2013; Epie et al. 2014; Musarika et al. 2017).
Signi!cantly rising water tables and the associated anoxic soil
conditions negatively affect root exudation and respiration
(Jones et al. 2009) and kill "ooded roots (Huang et al. 2019).

Exploring and understanding the relationship between
the biotic and environmental components of an ecosystem
and especially the variation in plant communities, species
diversity, and abundance along environmental gradients are
key branches of ecological research (Tavili and Jafari 2009).
These types of studies focused on shallow aquifer ecosys-
tems and dependent vegetation are sorely missing. Previous
research has focused on the single effect of groundwater
level on plant species in the !eld (Pataki et al. 2008;
McLendon et al. 2008; Mata-González et al. 2012a) or in
controlled experiments (Abdallah et al. 2017, 2018).
Nevertheless, the effect of multiple factors on plant com-
munities, plant distribution, and species richness has been
poorly explored. Our study area (Owens Valley, California,
USA) is part of an arid region containing a shallow aquifer
that is important for urban and agricultural use in highly
populated areas in California (Naumburg et al. 2005). Thus,
understanding plant relations with environmental variables

in these types of areas is of high importance for ground-
water management.

In this study, we used a combination of multivariate
community analyses (non-metric multidimensional scaling:
NMS), cluster analysis, and indicator species analysis (ISA)
(Wolski and Kruk 2020) and non-parametric multiplicative
regression (NPMR) to understand the relationships between
plant species composition and DTW and microtopography
in the Owens Valley. Our speci!c research objectives were
to describe variation in plant community composition,
explore the relationships between DTW and micro-
photography with vegetation community composition and
plant species abundance, and evaluate the in"uence of
variation in microtopography on species richness along a
DTW gradient in the Owens Valley. We intend the results
of this work to enhance our scienti!c understanding of
vegetation responses to groundwater variation in arid
environments. Such insights have value for natural resour-
ces conservation and water resources management, parti-
cularly in water-limited ecosystems.

Materials and Methods

Study Site

Our study was located in Owens Valley, a closed basin in
eastern California, between the Sierra Nevada and the
White/Inyo Mountains. The Owens Valley is a part of the
Great Basin Desert and receives 130–170 mm of annual
precipitation with 82% occurring from November to April
(Mata-González et al. 2014). The climate is characterized
by hot and dry summers and cold and relatively moist
winters. The arid environment supports desert shrubland
and grassland plant communities (Natural Resources Con-
servation Service 2002). The valley "oor receives abundant
water from snowmelt from the surrounding mountains and
accumulates it in a shallow aquifer (0–4 m) that is within
reach of the roots of many plant species of the area (Mata-
González et al. 2012a). The study site encompassed about
100 km along the Owens Valley "oor, from areas near
Laws, CA in the north (Latitude 37° 24’ 03” N, Longitude
118° 20’41” W) to areas near Lone Pine, CA in the south
(Latitude 36° 35’ 11” N, Longitude 118° 04’ 14” W). The
elevation of the site ranges from 1264 m above sea level in
the north to 1138 m in the south. The soils con!rmed at the
study site (valley "oor) are generally deep, well drained,
and nearly level on "ood plains, alluvial fans, and stream
terraces (Natural Resources Conservation Service 2002).

Pre-European uses of the land included incipient irri-
gated agriculture using the abundant water resources of the
Owens Valley area (Lawton et al. 1976). It is unclear how
extended this activity was through the Owens Valley and
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how this could have affected the microtopography of the
area. Recent use of the land includes livestock grazing that
is managed by different public agencies. Early over-
utilization of the rangeland resource may have produced
changes in vegetation (Natural Resources Conservation
Service 2002) of the area, but it is not clear if livestock
grazing has contributed to a homogenization of the micro-
topography of the area.

Transect Location and Plant Evaluations

This study took place in non-riparian areas where ground-
water was anticipated to be relatively shallow and where the
representative plant communities of the area were present.
Sampling areas were selected for the presence of the most
abundant plant species of the area: Artemisia tridentata,
Atriplex torreyi, Ericameria nauseosa, Distichlis spicata,
Juncus arcticus, Leymus triticoides, Sarcobatus vermicu-
latus, and Sporobolus airoides (Mata-González et al.
2012b). This allowed us to cover most of the variation in
plant communities of the area. Initial sites were selected
based on historic vegetation maps and aerial photographs
and then corroborated by site visits. Final site selection for
the establishment of sampling transects was con!rmed
when plant communities (based on representative species)
were evenly spread across the entire study site. In addition
to looking for representativeness in plant communities, we
also looked for sampling areas with less than 4 m in DTW
because we wanted to avoid abnormal areas that do not
represent the conditions of the valley "oor. Permanent
DTW monitoring wells distributed all over the Owens
Valley were used to estimate DTW for the potential sites.

Following site selection, we located and sampled 67
transects (transect lengths varied from 15 to 110 m, with an
average of 68 m) across the target vegetation types
throughout the whole Owens Valley. The length of the
transects varied because the patches of representative
vegetation also varied in size. Vegetation sampling was
performed during August and September. The identity of
every species intercepted at 1-cm point intervals along each
transect was recorded. Plant cover (total and by species)
was measured at every 1-m portion of the transect by
dividing the total number of 1-cm hits by 100 and subse-
quently calculated for the whole transect. Averages for plant
species cover by transect were used in the !nal data
analysis.

Depth to Groundwater (DTW) Measurements

DTW measurements were obtained at average intervals of
5–10 m along the sampled transects. In total, 820 DTW
measurements were made along the 67 transects throughout

the study area. DTW measurements were carried out in
narrow test holes made with a backhoe-mounted soil auger
or a hand auger powered by an electric drill connected to a
portable generator (depending on equipment availability).
DTW measurements were obtained by inserting an electric
water sensor with sound alarm into the test holes. The
measurements were made about 2 h after the test holes were
!nished to allow for stabilization of the water levels. For the
purposes of data analysis, the DTW measurements were
averaged by transect.

Microtopography Measurements

What we call microtopography in this study is represented
by ground surface elevations that were recorded along the
vegetation transects. Those elevations were obtained with a
Nikon DTM-420 prismless total station with sub-centimeter
accuracy at intervals of 1.0 m along the transects. Variations
of microtopography were calculated as relative elevation,
i.e., the difference in elevation of a given sampling point
and the lowest point in the transect. Therefore, a point with
value near zero indicated a depression, while a point with a
greater value indicated a mound.

Statistical Analysis

The species matrix used for community analysis consisted
of 67 rows (transects) by 28 columns (species; after deletion
of rare species). Cells in the species matrix contained per-
cent cover (number of hits for the species of interest divided
by the total samples for that transect, all multiplied by 100).
Species groups based on community composition were
formed using cluster analysis (McCune and Mefford 2015).
We used a Euclidean distance measure and Ward’s method
for clustering (Wishart 1969). Rare species (occurring in
<5% of plots) were deleted prior to analysis because group
assignment of species with few occurrences is generally
unreliable (McCune et al. 2002). We relativized by plot
totals (sum of cover within each row) to focus on the
relative contribution of each species cover to the total cover
in each plot. In order to select the optimal number of
groups, we !rst looked for natural grouping, i.e., homo-
geneity within groups, by evaluating dendrogram stem
lengths. Longer stem lengths indicated increased homo-
geneity within groups. We then balanced the percentage of
information remaining (higher is preferred) with the smal-
lest number of groups that were biologically meaningful
with regard to our knowledge of the system. ISA (Dufrêne
and Legendre 1997) was used to identify species with
strong af!nity toward groups identi!ed using cluster ana-
lysis. ISA generates indicator values (IVs) based on relative
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abundance and relative frequency that indicates the strength
of tendency toward a priori groups (McCune et al. 2002).
Signi!cance of IVs was determined by comparing observed
values to results from 10,000 randomizations.

We used NMS (McCune and Mefford 2015) to extract
the strongest community composition gradients using a
Sorenson distance measure. We used the “slow and thor-
ough” NMS autopilot setting and Kruskal’s strategy 2 for
penalization for ties in the distance matrix. To relate abiotic
and biotic factors with community variability, a second
matrix containing environmental and biotic variables was
overlaid onto the ordination space, and linear correlations
between those variables and the ordination axes were
calculated.

Relationships between DTW and microtopography and
species occurrence (presence/absence) were evaluated using
NPMR (McCune and Mefford 2009). NPMR uses a mul-
tiplicative kernel smoother, requires no assumptions
regarding the relationship between response and predictor
variables, and automatically models interactions among
predictors (McCune 2006). Over-!tting protection is pro-
vided by leave-one-out cross-validation during the model
!tting process. We used a local mean estimator, Gaussian
kernel, and automatic average minimum neighborhood size
option in HyperNiche V. 2. 1. 3. The “aggressive” over-
!tting control setting was used, up to 10% missing esti-
mates was allowed, and we selected the minimal back-
tracking option in HyperNiche. The best two predictor
models were selected for each species based on the log-
likelihood ratio (logB). Model quality was evaluated by
comparing the likelihood of the results generated using an a
priori model (average frequency of the species in the whole
dataset) compared to the likelihood of results produced
using the posterior models using Bayes factors (B12); the
likelihood results were interpreted using log10 (B12) or logB
(McCune 2006; Giordani and Incerti 2008). To relate spe-
cies abundance to community composition gradients, two
predictor (NMS Axes 1 and 2) response surfaces (generated
from the best models) were plotted for selected species onto
the ordination space.

We tested the null hypothesis of no relationship between
microtopography and species richness for each vegetation
group (each DTW level) by comparing species accumula-
tion curves assuming random expectation (no consideration
for microtopography) of plot addition (Oksanen et al. 2020)
compared to species accumulation curves generated with
plots ordered by microtopography quantiles (0.01, 0.10,
0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 0.99, 1.00) for
that group. Plots were each 1.0 m section along transects. If
the rate of species accumulation, generated by plots ordered
based on microtopography, differed from random expecta-
tion that provided evidence for a relationship between
microtopography and species richness for that group.

Results

Plant Species and Groundwater

A total of 67 species were identi!ed in our study area, 28 of
which were considered common (occupied >5% of plots)
and thus included in our multivariate and NPMR analyses
(Table 1). The complete list of the 67 species is in Sup-
plementary Table S1. The dendrogram from cluster analysis
was cut at three groups (~40% of the information retained;
Supplementary Fig. S1). These three vegetation groups
separated clearly into different areas of the ordination space
(Fig. 1).

The three-dimensional NMS ordination yielded a stable
solution and represented 79.4% of the variation in the
distance matrix (!nal stress= 14.5; randomization test
p= 0.004; Fig. 1). Axis 1, by far, represented the dominant
community gradient (explaining 51.4% of variation in the
distance matrix) and was strongly related (r= 0.55) to
DTW, with increasing DTW moving from left to right along
Axis 1 (Fig. 1). The DTW gradient was concomitant with
decreasing perennial vegetation cover (r= –0.69) and
increasing cover of bare ground (r= 0.59) moving left to
right along Axis 1. Many of the same species occurred in all
three vegetation groups identi!ed using cluster analysis
(Table 2). However, species dominance shifted between
groups (Fig. 1). The graminoids D. spicata, L. triticoides,
and J. arcticus were most associated with group 1 that was
located low along Axis 1, corresponding to plots with the
shallowest DTW (mean DTW is less than 1.5 m) (Figs. 1
and 2 and Supplementary Table 2). Dominant species in
group 2, corresponding to plots with intermediate DTW
(mean DTW is between 1.5 and 2.0 m), included S. air-
oides, E. nauseosa, and D. spicata (Figs. 1 and 2 and Table
2). Group 3 that was found high on Axis 1, corresponding
to plots with the greatest DTW (mean DTW is greater than
2.0 m), was most associated with A. torreyi, S. vermiculatus,
A. tridentata, and D. spicata (Figs. 1 and 2 and Table 2).
Distichlis spicata, while widely distributed and had a very
strong correlation with the ordination space, did show a
strong af!nity (IV= 56.8) to group 1 (Table 1).

Axis 2 represented the second strongest community
gradient (explaining 15.2% of variation in the distance
matrix) and was most associated with S. airoides (r= 0.78)
and E. nauseosa (r= 0.34) abundance (Fig. 1). Depth to
water (r= 0.213), East (0.205), and North (–0.180) were
the most correlated environmental factors with Axis 2
indicating that plots higher on Axis 2 corresponded to those
in the south east with greater depth to water and plots lower
on Axis 2 tended to be those in the northwest with
shallower DTW.

NPMR revealed that dominant species had nonlinear
responses to the ordination space (Fig. 2). Contour plots
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show that high probability of occurrence for dominant
species including D. spicata, J. arcticus, E. nauseosa, S.
airoides, A. tridentata, and S. vermiculatus was con-
centrated in speci!c areas of the ordination space. For
example, high abundances of D. spicata are located low to
moderate along Axis 1 but decrease low along Axis 2
corresponding to areas of high J. arcticus abundance. Eri-
cameria nauseosa and S. vermiculatus had somewhat con-
trasting distributions along Axis 2 with E. nauseosa
concentrated mostly at the top of Axis 2, and midway along
Axis 1 while high abundance of S. vermiculatus was at the
very bottom of Axis 2 and high along Axis 2. A. tridentata
was only abundant at the extreme right side of Axis 1 (depth
to water gradient) and declined rapidly moving left toward
lower Axis 1 scores (shallower DTW).

Species Distribution as Affected by Groundwater
and Microtopography

Depth to water and microtopography were strongly (logB > 10)
related to most species (Table 3). DTW and microtopography
were fairly comparable in terms of their importance (sensitiv-
ity) as predictors of occurrence for most species in our study
area (Table 3). DTW and microtopography were most strongly
related to J. arcticus (logB= 168.9), D. spicata (147.1), L.
triticoides (93.9), and A. tridentata (92.9; Table 3). DTW was
the most important predictor for D. spicata (sensitivity= 1.44)
and J. arcticus (1.16). Microtopography was a slightly better
predictor for the occurrence of D. spicata (sensitivity= 1.59)
and L. triticoides (1.23) and a much better predictor (0.33) for
the occurrence of A. tridentata compared to DTW (0.15).

Table 1 Species abundance information

Species Code Freq % of plots
occupied

Average cover (%) plots
occupied

Standard deviation (SD) Group
tendency

IV

Distichlis spicata DISP 61 91.0 18.10 18.10 1 56.8

Sporobolus airoides SPAI 50 74.6 10.20 10.31 2 77.5

Juncus arcticus JUAR 38 56.7 14.15 6.23 1 81.6

Ericameria nauseosa ERNAN3 36 53.7 9.22 7.99 2 47.2

Atriplex torreyi ATTO 34 50.7 7.82 7.83 3 51.8

Leymus triticoides LETR5 26 38.8 6.01 10.21 1 50.9

Bassia hyssopifolia BAHY 24 35.8 6.88 1.73 1 29.9

Glycyrrhiza lepidota GLLE3 23 34.3 9.53 1.62 2 19.8

Sarcobatus vermiculatus SAVE4 20 29.9 8.72 4.53 3 50.1

Pyrrocoma racemosa PYRA 17 25.4 1.99 0.84 1 35.6

Atriplex truncata ATTR 15 22.4 1.74 0.34 1 30.4

Helianthus annuus HEAN3 12 17.9 2.20 1.49 1 11.9

Artemisia tridentata ARTR2 11 16.4 1.88 4.22 3 50.1

Suaeda moquinii SUMO 11 16.4 2.18 1.17 3 14.8

Carex spp. CAREX 10 14.9 0.88 0.33 1 15.0

Cordylanthus maritimus COMAC 10 14.9 1.31 0.84 2 10.8

Atriplex confertifolia ATCO 8 11.9 1.65 0.40 3 28.6

Cordylanthus ramosus CORA5 8 11.9 0.99 0.87 3 36.8

Stephanomeria exigua STEX 6 9.0 0.47 0.03 3 9.0

Nicolletia occidentalis NIOC 6 9.0 0.69 0.28 1 12.0

Iva axillaris IVAX 6 9.0 1.58 0.62 2 6.5

Cleomella plocasperma CLPL2 6 9.0 1.48 0.07 1 9.0

Anemopsis californica
canadensis

ANCA 6 9.0 0.68 3.91 1 5.4

Malvella leprosa MALE3 6 9.0 0.92 0.07 1 3.8

Poa secunda POSE 6 9.0 0.45 0.08 1 4.4

Polypogon monspeliensis POMO5 6 9.0 1.29 0.16 1 9.2

Atriplex serenana ATSE2 4 6.0 0.75 0.28 3 9.4

Salix exigua SAEX 4 6.0 0.82 0.06 2 3.2

Group af!nity from ISA analysis along with indicator values IV is depicted for the 28 species included in the ordination species matrix. The whole
list of species can be found in the Appendix. Bold indicates signi!cant (p > 0.05) IVs
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Contour plots revealed complex interactions between
DTW and microtopography for most species. The prob-
ability of occurrence of A. tridentata increased with DTW.
Higher microtopography was associated with increased
occurrence of A. tridentata at low to moderate DTW but
had little effect on occurrence probability at high DTW
(Fig. 3). A. torreyi abundance was highest in plots with low
DTW and high microtopography. Probability of occurrence
of J. arcticus increased with lower DTW and lower
microtopography.

Some species showed specialization toward either high
or low microtopographical positions within each vegetation
group particularly within groups 1 and 3 corresponding to
communities at the extremes of the water table gradient, i.e.,
plots with shallow and deep DTW, respectively. For shal-
low DTW vegetation group, A. tridentata, S. vermiculatus,
and Atriplex confertifolia showed strong af!nities toward
higher microtopographical positions, whereas most other
species occurred primarily in low to moderate micro-
topographical positions (Fig. 4). Separation of species
occurrences based on microtopography was much less clear
for group 2 (intermediate DTW) with most species over-
lapping in microtopographical ranges (Fig. 4). Species
including A. confertifolia and S. vermiculatus were absent
in the lowest topographical plots for intermediate DTW
(Fig. 4). Many species displayed specialization to micro-
topography in deep DTW (Fig. 4).

Species Richness as Affected by Groundwater and
Microtopography

Species richness by vegetation group at the transect level
(Table 4) and species accumulation curves at the plot level
(Fig. 5) were highest in shallow followed by deep and
!nally intermediate DTW levels. Comparisons of species

accumulation curve-based random expectation of the order that
plots were added compared to plot addition based on order of
microtopographical percentiles indicated that microtopography
was related to variation in species richness in at least part of our
study area (Fig. 5). This is particularly clear for group 3, cor-
responding to plots with the greatest DTW. The rate of species
accumulation with sample area was much lower than expected
when plots were added based on their microtopographical
percentiles compared to random expectation, indicating that
much more species richness was contained within the highest
microtopography sites than would be expected by chance.
While the species accumulation curve based on micro-
topographical percentiles for group 1 (shallow DTW) is mostly
within the 95% con!dence range of the expected curve, there is
a dramatic increase in species richness between the 70th and
80th percentile of microtopography indicating some potential
in"uence in the highest microtopographical positions adding to
richness in shallow DTW. In addition, the plots (n= 394) in
the highest 20th percentile (microtopography) of the dataset
contribute to much of the variation in the dataset that result in
such a wide 95% CI for group 2 (intermediate DTW) that
further suggests that species richness is in"uenced by micro-
topography in shallow DTW. The species accumulation curve
based on microtopography is similar to the expected curve for
intermediate DTW indicating little in"uence of micro-
topography on species richness for this group.

Discussion

Plant Species and Groundwater

The depth to which plant species can root, height of
capillary fringe, and DTW collectively determine if plants
can rely on groundwater-derived water. In this study, the

Grroup 1 

GGroup 2 

Group 3

Fig. 1 NMS ordination of Owen’s Valley plots in species space.
Vectors show linear correlations between the ordination space and
environmental variables (left) and species (right). Direction of corre-
lation is indicated by the arrow and vector length represents strength of
correlation. Axis 1 was mainly correlated with depth to groundwater

(DTW) with increasing DTW moving from left to right along Axis 1.
Axis 2 was mainly correlated with a combination of DTW and location
indicating that plots higher on Axis 2 corresponded to those in the
south east with greater depth to water and plots lower on Axis 2 tended
to be those in the northwest with shallower depth to water
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three wetland graminoids (J. arcticus, D. spicata, and L.
triticoides) had strong af!nities to areas where DTW levels
were less than 1.5 m, which are similar to the !ndings
reported for these species with the exception of L. triti-
coides in the same region (Mata-González et al. 2012a). The
higher abundances of these graminoids in shallow ground-
water areas indicate their reliance on groundwater sources
in the Owens Valley. The rooting depths of J. arcticus tend
to be found at 0.4 m depth (Manning et al. 1989), but likely
reach greater depths of 1.3 m (Sala and Nowak 1997). J.
arcticus contains greater leaf nitrogen concentration in
treatments with subsurface moisture (0.25–0.5 m depth)
compared to no subsurface moisture at the same depth

(Abdallah et al. 2017), thereby the root system of this
species is ef!cient at absorbing water from groundwater
deposits. D. spicata is an indigenous species of arid and
semi-arid environments (Pessarakli and Marcum 2013), and
whose maximum reported root depth is 0.7 m (Dahlgren
et al. 1997). Nevertheless, D. spicata may utilize ground-
water at a depth of 2.5 m in the Owens Valley (McLendon
et al. 2008). L. triticoides is a grass that is likely distributed
in low-lying areas (Mata-González et al. 2012a), and its root
system can reach a depth of 1.5 m (Smoliak et al. 1990).

These three graminoids most associated with shallow
DTW share common characteristics such as a creeping
rhizomatous root system, adaptation to wetlands or shallow-
groundwater areas, af!nities for depressions, high tran-
spiration rates, and high root-shoot ratio (Mata-González
et al. 2012a, 2014; Evans et al. 2013). In addition, these
graminoids have been found to exhibit signi!cant correla-
tions between increased summer precipitation and increased
uptake of certain nutrients (phosphorus and potassium)
(Mata-González et al. 2021). However, these species are
ecologically and physiologically well adapted to different
local conditions (Abdallah et al. 2017, 2018). L. triticoides
relies heavily on the upper soil layers (0–0.25 m depth) for
nitrogen uptake, while J. arcticus and D. spicata are more
dependent on subsurface moisture (0.25–0.5 m depth)
(Abdallah et al. 2017). Unlike J. arcticus and L. triticoides
that had similar water uptake from the topsoil layer
(0–0.25 m depth) and the subsurface soil layer (0.25–0.5 m
depth), D. spicata depleted approximately three times more
water in top roots compared to bottom roots (Abdallah et al.
2018). That is consistent with Goedhart et al. (2010) and
Kray et al. (2012) who reported that D. spicata primarily
absorbed more water from the surface than the deeper
groundwater sources. In addition, D. spicata tends to dis-
play higher photosynthesis rates than the other two species
J. arcticus and L. triticoides (Abdallah et al. 2018).

One salt-adapted species, S. airoides, and one shrub, E.
nauseosa, dominated intermediate DTW. S. airoides is
halophytic plant species known to survive under highly
saline and arid conditions (Pessarakli et al. 2017). Arbus-
cular mycorrhizal fungi have been shown to afford S. air-
oides with greater resistance to alleviate effects of drought
stress on nutrient acquisition (Hernández et al. 2020).
Likewise, as aforementioned in graminoids, S. airoides
species have shallow and !brous rooting systems with high
root-shoot ratio (Evans et al. 2013). E. nauseosa is a per-
ennial shrub that has excellent drought tolerance and a high
adaptability to a wide range of soil conditions (Ma 2019).
The species that we identi!ed with strong af!nities to
intermediate DTW exhibit different water relations. The
grass species S. airoides is more dependent on the upper
soil layers, whereas the shrub E. nauseosa is more depen-
dent on deeper layers (McLendon et al. 2008; Kray et al.

Table 2 Abundance of the ten most dominant (based on average
cover) species from each of the three vegetation groups

Species Freq Mean cover (%) SD (%)

Group 1

Distichlis spicata 100 26.2 18.0

Leymus triticoides 68 11.2 12.8

Juncus arcticus 92 8.2 8.1

Sporobolus airoides 60 2.3 2.7

Atriplex torreyi 5 2.4 6.8

Ericameria nauseosa 40 2.1 4.9

Anemone canadensis 8 1.5 6.0

Bassia hyssopifolia 48 1.1 2.5

Glycyrrhiza lepidota 16 0.6 2.1

Pyrrocoma racemosa 44 0.5 1.3

Group 2

Sporobolus airoides 96 18.1 11.5

Distichlis spicata 96 17.6 18.4

Ericameria nauseosa 65 8.9 10.9

Leymus triticoides 35 3.8 8.2

Atriplex torreyi 61 2.8 4.6

Sarcobatus vermiculatas 22 1.0 2.4

Juncus arcticus 57 0.9 1.8

Glycyrrhiza lepidota 48 0.8 1.6

Helianthus annuus 9 0.7 2.4

Anemone canadensis 13 0.7 2.4

Group 3

Atriplex torreyi 79 9.9 9.8

Sarcobatus vermiculatas 63 5.5 6.8

Artemisia tridentata 53 5.2 6.6

Distichlis spicata 74 2.3 3.7

Sporobolus airoides 68 1.9 2.2

Ericameria nauseosa 58 1.3 3.6

Cordylanthus ramosus 37 0.9 1.5

Suaeda moquini 21 0.7 2.0

Glycyrrhiza lepidota 42 0.6 1.0

Atriplex confertifolia 32 0.4 0.7
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2012). Thus, the shrub E. nauseosa might be less affected
by a water table decline in comparison with the grass S.
airoides.

Three shrubs (A. torreyi, S. vermiculatus, and A. tri-
dentata) dominated deep DTW. These !ndings are partially
in line with Mata-González et al. (2012a). Being capable of
utilizing nitrogen within the saline surface soil (Goedhart
et al. 2010) could enable A. torreyi, a C4, winter deciduous,
halophytic shrub to cope with water-stressed and non-water-
stressed conditions (Naumburg et al. 2005). S. vermiculatus,
a deep-rooted shrub, mainly uses deeper soil water (Kray
et al. 2012; Wagner 2016) or partially relies on groundwater
to satisfy plant water requirements (Devitt and Bird 2016).
Both shrubs A. torreyi and S. vermiculatus were reported to
occur in areas with deeper, but sill accessible, groundwater
(Sorenson et al. 1991). The evergreen shrub mountain big
sagebrush, A. tridentata, possesses root traits associated
with faster proliferation and resource acquisition (Chesus
and Ocheltree 2018), which allows it to access water from
deeper soil layers (Ryel et al. 2008).

The graminoid D. spicata, while distributed throughout
the study area and a relatively dominant species in every
group, showed quite a bit of variation in cover along the
DTW gradient. Although it was a strong indicator for group
1 (shallow DTW), D. spicata was also a dominant in the

other two groups as well, likely re"ecting its plasticity that
is widespread in arid regions of western North America.
More speci!cally, this !nding may indicate D. spicata’s
wider range of adaptation to soil moisture and competitive
advantage in more drought conditions especially over the
other graminoids (e.g., J. arcticus, etc.) that were associated
with shallow DTW. The saltgrass D. spicata possesses
special morphological and anatomical features (Ram et al.
2004; Hauser 2006), enabling it to tolerate diverse soil types
and moisture levels. D. spicata, which is a dominant species
in the Owens Valley, is resistant to drought and can grow in
saline environments (Sargeant et al. 2008; Pessarakli and
Marcum 2013; Abdallah et al. 2017).

Species Distribution as Affected by Groundwater
and Microtopography

In this study, the three wetland graminoids (J. arcticus, L.
triticoides, and D. spicata) and the shrub A. tridentata were
the species most associated with DTW and micro-
topography, with species probability of occurrence
decreased in the order J. arcticus >D. spicata > L. triti-
coides > A. tridentata. Depth to water was mostly correlated
with the distribution of J. arcticus, whereas micro-
topography was a better predictor for the distribution of D.

Fig. 2 Target species NPMR
response surfaces (percent
cover) to NMS ordination axes 1
and 2. Axis 1 was mainly
correlated with depth to
groundwater (DTW) with
increasing DTW moving from
left to right along Axis 1. Axis 2
was mainly correlated with a
combination of DTW and
location indicating that plots
higher on Axis 2 corresponded
to those in the south east with
greater depth to water and plots
lower on Axis 2 tended to be
those in the northwest with
shallower depth to water
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spicata, L. triticoides, and A. tridentata with respect to
DTW. The correlation between groundwater and vegetation
has been investigated in several studies (Gou et al. 2015;
Koirala et al. 2017; Albano et al. 2020). Groundwater plays
a major role in determining and shaping vegetation dis-
tribution in arid environments (Silvertown et al. 2015;
Zhang et al. 2018), and it has been contemplated that
groundwater may also in"uence ecological patterns uni-
versally (Fan 2015). Furthermore, microtopography
strongly affects vegetation patterns and distribution (Mata-
González et al. 2012a; Ward et al. 2016; Bhattarai et al.
2020). Our !ndings demonstrate that J. arcticus distribu-
tion, a shallow-rooted species compared to the other gra-
minoids and the shrub A. tridentata, is likely to be
signi!cantly impacted by DTW.

Groundwater is directly correlated with and affected by
topography (Condon and Maxwell 2015; Mulyadi et al.

2020). Identifying the interactions among groundwater,
topography, and vegetation therefore enhances under-
standing of mechanisms that control vegetation dynamics.
Speci!cally, since water table range is a signi!cant factor in
the formation of microtopography (Wilson 2012), vegeta-
tion distributions that are controlled by water table are also
controlled by microtopography. Plant species were con-
tained within narrow elevation ranges of 0 to a maximum
1.2 m. This study indicated that small differences in eleva-
tion, of the magnitude of 0.4 m, appeared to have effect on
the occurrence of plants. The interactions among DTW and
microtopography for the graminoids; D. spicata, L. triti-
coides, and S. airoides were complex with higher distribu-
tions of these species occurring at different relative
microtopographies at different depth to water. Two deep-
rooted shrubs (A. tridentata and A. torreyi) had highest
occurrence in areas of low and/or moderate DTW and high

Table 3 NPMR results for
species probability of
occurrence as a function of
depth to water (DTW) and
microtopography for common
species (occurring in >5% of
transects)

Species logB DTW Microtopography

Tolerance Sensitivity Tolerance Sensitivity

Anemone canadensis 28.18 0.18 0.18 0.17 0.20

Artemisia tridentata 92.9 0.55 0.15 0.17 0.33

Atriplex confertifolia 27.95 0.91 0.02 0.17 0.05

Atriplex serenana 11.25 0.36 0.01 0.34 0.03

Atriplex torreyi 83.42 0.18 0.70 0.34 0.40

Atriplex truncata 39.27 0.18 0.33 0.17 0.26

Bassia hyssopifolia 36.37 0.18 0.44 0.17 0.46

Carex spp. 19.83 0.18 0.11 1.00 0.00

Cleomella plocasperma 5.63 0.18 0.10 0.17 0.08

Cordylanthus maritimus 18.90 0.18 0.17 0.17 0.18

Cordylanthus ramosus 56.01 0.18 0.21 0.50 0.07

Distichlis spicata 147.1 0.18 1.44 0.17 1.59

Ericameria nauseosa 36.13 0.18 0.85 0.17 0.78

Glycyrrhiza lepidota 17.82 0.18 0.39 0.17 0.30

Helianthus annuus 61.15 0.18 0.55 0.34 0.12

Iva axillaris 25.87 0.18 0.32 0.17 0.20

Juncus arcticus 168.9 0.18 1.16 0.34 0.42

Leymus triticoides 93.91 0.18 1.05 0.17 1.23

Malvella leprosa 5.11 0.18 0.05 0.17 0.06

Nicolletia occidentalis 15.78 0.18 0.10 0.50 0.02

Polypogon monspeliensis 23.56 0.18 0.18 0.17 0.10

Poa secunda 8.72 0.18 0.06 0.17 0.09

Pyrrocoma racemosa 75.34 0.18 0.74 0.17 0.53

Salix exigua 4.65 0.18 0.01 0.17 0.03

Sarcobatus vermiculatus 69.64 0.18 0.52 0.17 0.52

Sporobolus airoides 78.39 0.18 1.22 0.17 1.19

Suaeda moquinii 31.46 0.18 0.19 0.17 0.21

Tolerance, bandwidth of the multiplicative kernel smoother in units of the predictor; Sensitivity, unitless
measure of predictor importance (0= no response, 1= 1:1 change in predictor and response proportionally)
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microtopography, but the short-rooted graminoid (J. arcti-
cus) occurred in areas of low DTW and low micro-
topography, showing that these deep- and shallow-rooting
species occupy distinctly different habitats. J. arcticus
species seem to be more dependent on shallow aquifer areas
than similar species of the Great Basin. Our !ndings of the
shrubs A. tridentata and A. torreyi, and the grass J. arcticus
distributions at different microtopographic positions are
consistent with Mata-González et al. (2012a). Changes in
microtopography that is likely related to changes DTW may
in"uence the competitive balance between shrubs and gra-
minoids with their contrasting rooting patterns.

In addition, microtopographical specialization within
each vegetation group was analyzed to determine the
microtopographical range for each vegetation group and to
suggest the species with narrowest microtopographical
ranges. Species at the extremes of the water table depth
gradient, shallow, and deep DTW showed different degrees
of microtopographical specialization. Species in these
groups tended to occur either at high or low micro-
topographical positions. For shallow DTW vegetation
group, more drought-tolerant species (e.g., A. tridentata and
A. torreyi) with the narrowest microtopographical range
occurred on the highest sites presumably due to reduced

competition (Bannister et al. 2013; Hannam and Wyllie-
Echeverria 2015), improved drainage (Fivash et al. 2020),
and enhanced soil stability linked to an extensive root
system (Caners et al. 2019; Tauc et al. 2020). Therefore,
higher sites (mounds) facilitated the colonization by
these shrub species that are not well adapted to
waterlogged soils.

In contrast, less drought-tolerant species (e.g., J. arcticus, L.
triticoides) had the narrowest microtopographical ranges for
deep DTW vegetation group and were also only found on the
highest sites. This pattern may be explained by the accumu-
lation of soil organic matter and increased nutrient availability
that tend to occur in arid land mounds because of their higher
biological activity (Mora and Lázaro 2013). In addition, these
mounds tend to have decreased salinity (Blank et al. 1998),
deeper soil with more water holding capacity (Durre et al.
2019), and lower bulk density (Mora and Lázaro 2014) asso-
ciated with increased in!ltration due to higher porosity (Valtera
and Schaetzl 2017). Thus, more facultative wet species were
found on high spots (mounds) in the driest areas. However,
species in intermediate DTW had a relatively narrower and
overlapping microtopographical range, suggesting that species
of this group might be affected more by DTW compared to
microtopography.

Fig. 3 NMPR species response
surfaces (probability of
occurrence) to depth to water
(DTW) and microtopography for
species with the strongest
relationships to these predictors
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Species Richness as Affected by Groundwater and
Microtopography

Measuring and estimating the patterns of species richness
and community structure along environmental gradients are
essential for studies on ecosystem functions and services (Li

et al. 2009). Species richness in arid and semi-arid regions
has most often been investigated along DTW gradients (Xu
et al. 2015; Lou et al. 2016; Zhang et al. 2018; Tsheboeng
2018; Diamond et al. 2020) and microtopographical gra-
dient (Ruifrok et al. 2014; Sleeper and Ficklin 2016; Hong
et al. 2020). Our !ndings showed that species richness was

Fig. 4 Boxplots showing relative microtopographical ranges for common species (occurring in >5% of transects) in our study area for each of the
three vegetation groups
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greatest in shallow, followed by deep, and !nally inter-
mediate DTW levels. Shallow DTW levels dominated
mainly by the short-rooted graminoids (J. arcticus, D. spi-
cata, and L. triticoides) had the highest species richness,
which can be explained by the growth of these species in
sites with greater resource availability (Mata-González et al.
2012a). Increasing water availability improves plant growth
and yield, and results in greater plant species richness
(Pennington et al. 2017; Jordan et al. 2020). Thus, our
!ndings imply that the presence of a groundwater table

close to the soil surface is associated with increased species
richness in the Owens Valley region, consistent with Audet
et al. (2015).

The decrease in species richness estimated at inter-
mediate DTW may be due to absence of hydrological
extremes between high and low microtopographical posi-
tions that may have reduced the variation in niches and
resource partitioning by increasing niche overlap (Silver-
town and Charlesworth 2001). Niche separation along
hydrological gradients related to tolerance to waterlogging
and drought is common in semi-arid and arid habitats
(Silvertown and Charlesworth 2001). Variations in hydro-
logical conditions with microtopography likely resulted in
higher variation in hydrological conditions in the most
stressful (shallow and deep DTW) vegetation groups that
may have decreased niche overlap and increased resource
partitioning and thus resulted in increased coexistence of
species with different tolerances to hydrological conditions
(Silvertown and Charlesworth 2001) in both the shallow
and deep DTW groups compared to the intermediate DTW
vegetation group. The variations in species richness along
DTW levels indicate different species establishments along
groundwater depth gradients, con!rming the observation of
species occurrences at different DTW levels.

Variation in microtopography corresponds to variation in
nutrients, moisture, DTW, and other resources (Di Virgilio
et al. 2018; Liu et al. 2020), contributing to species richness
(Cramer and Verboom 2017). In this study, we found that
variations in microtopography increased overall species
richness at the extremes of the DTW gradient that we
observed; shallow and deep DTW levels dominated mostly
by graminoids and shrubs, respectively. Species richness
was in"uenced by microtopography in both DTW levels
where high microtopographical areas provided refugia for
species that were otherwise not adapted to conditions at the
site. This may indicate that microtopography at the hydro-
logical extremes of the DTW gradient act to increase niche
separation, resource partitioning, and coexistence of species
with varying tolerances to drought and waterlogging in this
system (Silvertown and Charlesworth 2001). As discussed
above, high microtopographical areas (mounds) likely
provided microsites that offered better drainage to species
not tolerant of shallow water tables (anoxic soils) in wet
sites, but they also provided something (presumably better
water availability) to species that are not as drought tolerant

Table 4 Species richness for
each vegetation group at the
transect level

Group Sample size
(n)

Total
richness

Average
richness

Minimum Maximum Standard
deviation (SD)

1 25 60 9.4 3 35 6.12

2 23 32 7.52 3 14 2.56

3 19 45 7.53 3 12 1.98

Fig. 5 Species accumulation curves for each vegetation group based
on: (1) a random number of plots sampled (1000 permutations; black
points shown with 95% con!dence interval displayed in gray); and (2)
microtopography percentiles (red points corresponding to: 10th, 20th,
30th, 40th, 50th, 60th, 70th, 80th, 90th, and 99th percentiles with a
smooth !tted line)
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in the driest sites. Based on these results, the differences in
species richness in these DTW levels were probably
determined by microtopographical variations. However, the
in"uence of microtopography on species richness was less
evident in intermediate DTW, con!rming the earlier
observation that species of this group might be affected
more by DTW levels instead of microtopography.

Conclusions and Implications

While vegetation relations with DTW and with micro-
topography have been researched previously, to our
knowledge, this study is the !rst to assess vegetation rela-
tions with microtopography and DTW together, using an
approach based on a combination of multivariate and non-
parametric multiplicative analyses. NMS was used: (1) to
identify the dominant community compositional gradients;
and (2) combined with NPMR to relate community varia-
tion and species abundances to DTW and microtopography.
Cluster analysis and ISA were used to group plots according
to compositional similarity and identify species af!nities to
identi!ed groups. This study showed that different plant
species establish at different groundwater levels, with
shallow and deep DTW levels favoring mostly graminoids
and shrubs, respectively.

Moreover, we found strong associations between species
and DTW and microtopography at the extremes of
groundwater levels (shallow and deep DTW). At these
depths, high microtopographical positions create small-
scale refugia for species that were otherwise not adapted to
conditions at the site, in"uencing species abundances and
richness. Species richness (the number of different species)
is highest in habitats with shallow DTW where graminoids
are dominant, indicating that continuing groundwater
declines in this region may cause graminoid dominant
vegetation to be gradually replaced by desert shrubs.

Our results suggest that variation in species composition,
individual species abundances, and species richness in the
Owen Valley are in"uenced by DTW and microtopography.
In addition, microtopography plays an important role at the
hydrologic extremes (both shallow and deep DTW) to
increase small-scale diversity in this system. Therefore,
alteration of the microtopography might affect the ecolo-
gical integrity of the Owens Valley, shifting plant species
assemblages. The !ndings of this research have implica-
tions for land managers in terms of nature conservation,
ecological restoration, and monitoring since variations in
DTW and microtopography can lead to signi!cant changes
in species distribution, composition, and richness.

Acknowledgements We would like to thank Rob Pearce and John
Kelly (NRCS, Inyo, CA) for their work with the microtopography

measurements. We also thank the Los Angeles Department of Water
and Power !eldwork crew for their excavation work (groundwater test
holes) in our study.

Funding This study was partially funded by Los Angeles Department
of Water and Power and Oregon State University.

Compliance with Ethical Standards

Con!ict of Interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional af!liations.

References

Abdallah MAB, Mata-González R, Martin DW, Trejo-Calzada R,
Noller JS (2017) Effects of surface and subsurface water appli-
cation on nitrogen and sodium relations of desert graminoids of
different geographic origin. Arid Land Res Manag 31:1–13

Abdallah MAB, Mata-González R, Martin DW, Noller JS, Wan C
(2018) Consequences of surface and subsurface water use on
wetland graminoids of different geographic origin. Wetlands
38:121–131

Adimalla N, Li P, Venkatayogi S (2018) Hydrogeochemical evalua-
tion of groundwater quality for drinking and irrigation purposes
and integrated interpretation with water quality index studies.
Environ Process 5:363–383. https://doi.org/10.1007/s40710-018-
0297-4

Albano CM, Minor B, Freed Z, Huntington JL (2020) Status and
Trends of Groundwater Dependent Vegetation in Relation to
Climate and Shallow Groundwater in the Harney Basin, Oregon.
Desert Research Institute: Technical Report, Publication Number
41280

Alley WM, Healy RW, LaBaugh JW, Reilly TE (2002) Flow and
storage in groundwater systems Science 296:1985–1990

Audet J, Baattrup-Pedersen A, Andersen HE, Andersen PM, Hoff-
mann CC, Kjaergaard C, Kronvang B (2015) Environmental
controls of plant species richness in riparian wetlands: implica-
tions for restoration. Basic Appl Ecol 16:480–489

Bannister JR, Coopman RE, Donoso PJ, Bauhus J (2013) The
importance of microtopography and nurse canopy for successful
restoration planting of the slow-growing conifer Pilgerodendron
uviferum. Forests 4:85–103

Bhattarai P, Bhatta KP, Zhang YJ, Vetaas OR (2020) Micro-
topography driven plant species composition in alpine region: a
!ne-scale study from Southern Norway. J Mt Sci 17:542–555

Blank RR, Young JA, Trent JD, Palmquist DE (1998) Natural history
of a saline mound ecosystem. Great Basin Nat 58:217–230.

Caners RT, Cris!eld V, Lieffers VJ (2019) Habitat heterogeneity sti-
mulates regeneration of bryophytes and vascular plants on dis-
turbed minerotrophic peatlands. Can J Res 49:281–295

Chen Y, Li W, Xu C, Ye Z, Chen Y (2015) Desert riparian vegetation
and groundwater in the lower reaches of the Tarim River basin.
Environ Earth Sci 73:547–558

Chesu KA, Ocheltree TW (2018) Analyzing root traits to characterize
juniper expansion into rangelands. J Arid Environ 150:1–8

Condon LE, Maxwell RM (2015) Evaluating the relationship between
topography and groundwater using outputs from a continental!
scale integrated hydrology model. Water Resour Res
51:6602–6621

Cramer MD, Verboom GA (2017) Measures of biologically relevant
environmental heterogeneity improve prediction of regional plant
species richness. J Biogeogr 44:579–591

Environmental Management

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Dahlgren RA, Richards JH, Yu Z (1997) Soil and groundwater
chemistry and vegetation distribution in a desert playa, Owens
Lake, California. Arid Land Res Manag 11:221–244

Devitt DA, Bird B (2016) Changes in groundwater oscillations, soil
water content and evapotranspiration as the water table declined
in an area with deep rooted phreatophytes. Ecohydrology
9:1082–1093

Diamond JS, McLaughlin DL, Slesak RA, Stovall A (2020) Micro-
topography is a fundamental organizing structure of vegetation
and soil chemistry in black ash wetlands Biogeosciences
17:901–915

Di Virgilio G, Wardell-Johnson GW, Robinson TP, Temple-Smith D,
Hesford J (2018) Characterising !ne-scale variation in plant
species richness and endemism across topographically complex,
semi-arid landscapes. J Arid Environ 156:59–68

Dufrêne M, Legendre P (1997) Species assemblages and indicator
species: the need for a "exible asymmetrical approach. Ecol
Monogr 67:345–366. https://doi.org/10.2307/2963459

Durre TJ, Brye KR, Wood LS, Gbur EE (2019) Soil moisture regime
and mound position effects on soil water and vegetation in a
native tallgrass prairie in the Mid Southern United States of
America. In Grasses and Grassland. IntechOpen

Epie KE, Virtanen S, Santanen A, Simojoki A, Stoddard FL (2014)
The effects of a permanently elevated water table in an acid
sulphate soil on reed canary grass for combustion. Plant Soil
375:149–158

Evans TL, Mata-González R, Martin DW, McLendon T, Noller JS
(2013) Growth, water productivity, and biomass allocation of
Great Basin plants as affected by summer watering. Ecohydrol-
ogy 6:713–721

Fan Y (2015) Groundwater in the Earth’s critical zone: relevance to
large-scale patterns and processes. Water Resour Res
51:3052–3069

Fivash GS, Belzen JV, Temmink RJ, Didderen K, Lengkeek W, Heide
TVD, Bouma TJ (2020) Elevated micro-topography boosts
growth rates in Salicornia procumbens by amplifying a tidally
driven oxygen pump: implications for natural recruitment and
restoration. Ann Bot 125:353–364

Froend R, Sommer B (2010) Phreatophytic vegetation response to
climatic and abstraction-induced groundwaterdrawdown: exam-
ples of long-term spatial and temporal variability in community
response Ecol Eng 36:1191–1200

Giordani P, Incerti G (2008) The in"uence of climate on the dis-
tribution of lichens: a case study in borderline area (Liguria, NW
Italy). Plant Ecol 195:257–272

Glazer AN, Likens GE (2012) The water table: the shifting foundation
of life on land. Ambio 41:657–669

Goedhart CM, Pataki DE, Billings SA (2010) Seasonal variations in
plant nitrogen relations and photosynthesis along a grassland to
shrubland gradient in Owens Valley, California. Plant Soil
327:213–223. https://doi.org/10.1007/s11104-009-0048-4

Gou S, Gonzales S, Miller GR (2015) Mapping potential groundwater-
dependent ecosystems for sustainable management. Groundwater
53:99–110

Griebler C, Avramov M (2015) Groundwater ecosystem services: a
review. Freshw Sci 34:355–367

Hannam MP, Wyllie-Echeverria S (2015) Microtopography promotes
coexistence of an invasive seagrass and its native congener. Biol
Invasions 17:381–395

Hauser AS (2006) Distichlis spicata. Fire Effects Information System.
U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fire Sciences Laboratory (producer). p 52.
http://www.fs.us/database/feis/. Accessed 15 Sept 2013

Hernández Y, Hernández D, Larsen J, González-Rodríguez A, Tapia-
Torres Y, de la Barrera E, Eguiarte LE, García-Oliva F (2020)
Cooperation between Sporobolus airoides and associated

arbuscular mycorrhizal fungi for phosphorus acquisition under
drought conditions in an oligotrophic desert ecosystem. Rhizo-
sphere 15:100225

Hong MG, Nam BE, Kim JG (2020) Effects of microtopography and
nutrients on biomass production and plant species diversity in
experimental wetland communities. Ecol Eng 159:106125.

Huang F, Zhang Y, Zhang D, Chen X (2019) Environmental
groundwater depth for groundwater-dependent terrestrial eco-
systems in arid/semiarid regions: a review. Int J Environ Res
Public Health 16(5):763

Jin XM, Schaepman ME, Clevers JG, Su ZB, Hu GC (2011)
Groundwater depth and vegetation in the Ejina area, China. Arid
Land Res Manag 25:194–199

Jin XM, Wan L, Zhang YK, Xue ZQ, Yin Y (2007) A study of the
relationship between vegetation growth andgroundwater in the
Yinchuan Plain Earth Sci Front 14:197–203

Jones DL, Nguyen C, Finlay RD (2009) Carbon "ow in the rhizo-
sphere: carbon trading at the soil–root interface. Plant Soil
321:5–33

Jordan SE, Palmquist KA, Bradford JB, Lauenroth WK (2020) Soil
water availability shapes species richness in mid!latitude shrub
steppe plant communities. J Veg Sci 31:646–657

Kadioglu H, Hatterman-Valenti H, Jia X, Chu X, Aslan H, Simsek H
(2019) Groundwater table effects on the yield, growth, and water
use of canola (Brassica napus L.) plant. Water 11:1730

Kahlown MA, Ashraf M, Zia-Ul-Haq (2005) Effect of shallow
groundwater table on crop water requirements and crop yields.
Agric Water Manag 76:24–35

Kath J, Boulton AJ, Harrison ET, Dyer FJ (2018) A conceptual fra-
mework for ecological responses to groundwater regime altera-
tion (FERGRA). Ecohydrology 11:e2010

Koirala S, Jung M, Reichstein M, de Graaf IE, Camps-Valls G, Ichii
K, Papale D, Ráduly B, Schwalm CR, Tramontana G, Carvalhais
N (2017) Global distribution of groundwater-vegetation spatial
covariation. Geophys Res Lett 44:4134–4142

Kray JA, Cooper DJ, Sanderson JS (2012) Groundwater use by native
plants in response to changes in precipitation in an intermountain
basin. J Arid Environ 83:25–34

Lambers H, Chapin III FS, Pons TL (2013) Plant water relations. In:
Lambers H, Chapin III FS, Pons TL (eds) Plant physiological
ecology. Springer, New York, NY, p 154–209

Lawton HW, Wilke PJ, DeDecker M, Mason WM (1976) Agriculture
among the Paiute of Owens Valley. J Calif Anthropol 3:13–50

Li P, Qian H, Wu J (2018) Conjunctive use of groundwater and sur-
face water to reduce soil salinization in the Yinchuan Plain,
NorthWest China. Int J Water Resour Dev 34:337–353. https://
doi.org/10.1080/07900627.2018.1443059

Li X, Tan H, He M, Wang X, Li X (2009) Patterns of shrub species
richness and abundance in relation to environmental factors on
the Alxa Plateau: prerequisites for conserving shrub diversity in
extreme arid desert regions. Sci China Ser D: Earth Sci 52
(5):669–680

Liu Y, Du J, Xu X, Kardol P, Hu D (2020) Microtopography-induced
ecohydrological effects alter plant community structure. Geo-
derma 362:114119

Lou Y, Pan Y, Gao C, Jiang M, Lu X, Xu YJ (2016) Response of plant
height, species richness and aboveground biomass to "ooding
gradient along vegetation zones in "oodplain wetlands, Northeast
China. Plos one 11(4):e0153972

Lv J, Wang XS, Zhou Y, Qian K, Wan L, Eamus D, Tao Z (2013)
Groundwater-dependent distribution of vegetation in Hailiutu
River catchment, a semi-arid region in China. Ecohydrology
6:142–149

Ma D (2019) A development of natural rubber extraction from Eri-
cameria nauseosa (rabbitbrush). University of Nevada, Reno,
Dissertation

Environmental Management

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Manning ME, Swanson SR, Svejcar T, Trent J (1989) Rooting char-
acteristics of four intermountain meadow community types. J
Range Manag 42:309–312

Mata-González R, McLendon T, Martin DW, Trlica MJ, Pearce RA
(2012a) Vegetation as affected by groundwater depth and
microtopography in a shallow aquifer area of the Great Basin.
Ecohydrology 5:54–63

Mata-González R, McLendon T, Martin DW, Trlica MJ, Pearce RA
(2012b) Invasive plants and plant diversity as affected by
groundwater depth and microtopography in the Great Basin.
Ecohydrology 5:648–655

Mata-González R, Evans TL, Martin DW, McLendon T, Noller JS,
Wan C, Sosebee RE (2014) Patterns of water use by great basin
plant species under summer watering. Arid Land Res Manag
28:428–446

Mata-González R, Hovland M, Abdallah MAB, Martin DW, Noller JS
(2021) Nutrient uptake and gas exchange of Great Basin plants
provide insight into drought adaptations and coexistence. J Plant
Ecol 14:854–869

Maupin MA, Kenny JF, Hutson SS, Lovelace JK, Barber NL, Linsey
KS (2014) Estimated use of water in the United States in 2010. U.
S. Geological Survey Circular 1405. p 64.

McCune B, Grace JB, Urban DL (2002) Analysis of ecological
communities. MjM Software Design, Gleneden Beach, OR

McCune B (2006) Non-paramtric habitat models with automatic
interactions. J Vegetation Sci 17:819–830

McCune B, Mefford MJ (2009) HyperNiche V. 2.1.3, non-parametric
multiplicative habitat modeling. MjM Software, Gleneden Beach,
OR, USA

McCune B, Mefford MJ (2015) PC-ORD. Multivariate analysis of
eco-logical data. Version 7.0. MjM Software, Gleneden Beach,
OR

McLendon T, Hubbard PJ, Martin DW (2008) Partitioning the use of
precipitation- and groundwater-derived moisture by vegetation in
an arid ecosystem in California. J Arid Environ 72:986–1001

Mora JL, Lázaro R (2013) Evidence of a threshold in soil erodibility
generating differences in vegetation development and resilience
between two semiarid grasslands. J Arid Environ 89:57–66

Mora JL, Lázaro R (2014) Seasonal changes in bulk density under
semiarid patchy vegetation: the soil beats. Geoderma 235:30–38

Mulyadi A, Dede M, Widiawaty MA (2020) Spatial interaction of
groundwater and surface topographic using geographically
weighted regression in built-up area. In IOP Conference Series:
Earth and Environmental Science, (Vol. 477, No. 1, p. 012023).
Bogor, Indonesia. Bogor: IOP Publishing

Musa S, Le Bin N, Algheethi AASA, Zakaria NA, Liang LT (2020)
Groundwater analysis for uncon!ned and clayey layer by using
response surface methodology J Adv Res Fluid Mech Therm Sci
69:168–176

Musarika S, Atherton CE, Gomersall T, Wells MJ, Kaduk J, Cumming
AMJ, Page S, Oechel WC, Zona D (2017) Effect of water table
management and elevated CO2 on radish productivity and on CH4
and CO2 "uxes from peatlands converted to agriculture. Sci Total
Environ 584:665–672

Natural Resources Conservation Service (2002) Soil survey of Benton
Owens Valley Area, California parts of Inyo and Mono Counties.
U. S. Department of Agriculture-Natural Resources Conservation
Service, Washington, DC

Naumburg E, Mata-González R, Hunter RG, McLendon T, Martin
DW (2005) Phreatophytic vegetation and groundwater "uctua-
tions: a review of current research and application of ecosystem
response modeling with an emphasis on Great Basin vegetation.
Environ Manag 35:726–740

Oksanen J, Guillaume Blanchet F, Friendly M, Kindt R, Legendre P,
McGlinn D, Minchin PR, O’Hara RB, Simpson GL, Solymos P,
Henry M, Stevens H, Szoecs E, Wagner H (2020) vegan:

Community Ecology Package. R package version 2.5-7. https://
CRAN.R-project.org/package=vegan. (Accessed on 15 Jan
2021)

Pataki DE, Billings SA, Naumburg E, Goedhart CM (2008) Water
sources and nitrogen relations of grasses and shrubs in phreato-
phytic communities of the Great Basin Desert. J Arid Environ
72:1582–1593

Pennington VE, Palmquist KA, Bradford JB, Lauenroth WK (2017)
Climate and soil texture in"uence patterns of forb species rich-
ness and composition in big sagebrush plant communities across
their spatial extent in the western US. Plant Ecol 218:957–970

Perrone D, Jasechko S, Nelson R (2016) Western USA groundwater
regulation and infrastructure for irrigated agriculture. AGUFM,
2016, GC11C-1152.

Pessarakli M, Marcum KB (2013) Distichlis spicata—a salt-and
drought-tolerant plant species with minimum water requirements
for sustainable agriculture in desert regions and biological
reclamation of desert saline soils. Developments in soil salinity
assessment and reclamation. Springer, Dordrecht, p 383–396

Pessarakli M, Breshears DD, Walworth J, Field JP, Law DJ (2017)
Candidate halophytic grasses for addressing land degradation:
shoot responses of Sporobolus airoides and Paspalum vaginatum
to weekly increasing NaCl concentration. Arid Land Res Manag
31:169–181

Ram A, Zaccai M, Pasternak D, Bustan A (2004) Analysis of phe-
notypic and genetic polymorphism among accessions of saltgrass
(Distichlis spicata). Genet Resour Crop Evol 51:687–699

Ruifrok JL, Postma F, Olff H, Smit C (2014) Scale-dependent effects
of grazing and topographic heterogeneity on plant species rich-
ness in a Dutch salt marsh ecosystem. Appl Veg Sci 17:615–624

Ryel RJ, Ivans CY, Peek MS, Lef"er AJ (2008) Functional differences
in soil water pools: a new perspective on plant water use in water-
limited ecosystems. Progress in botany. Springer, Berlin, Hei-
delberg, p 397–422

Sala A, Nowak RS (1997) Ecophysiological responses of three riparian
graminiods to changes in the soil water table. Int J Plant Sci
158:835–843

Sargeant MR, Tang C, Sale PWG (2008) The ability of Distichlis
spicata to grow sustainably within a saline discharge zone while
improving the soil chemical and physical properties. Soil Res
46:37–44

Silvertown J, Charlesworth D (2001) Introduction to plant population
biology, 4th edn. Blackwell Publishing, Malden, MA, USA

Silvertown J, Araya Y, Gowing D (2015) Hydrological niches in
terrestrial plant communities: a review. J Ecol 103:93–108

Sleeper BE, Ficklin RL (2016) Edaphic and vegetative responses to
forested wetland restoration with created microtopography in
Arkansas. Ecol Restor 34:117–123

Smoliak S, Ditterline RL, Scheetz JD, Holzworth LK, Sims JR,
Wiesner LE, Baldridge DE, Tibke GL (1990) Montana inter-
agency plant materials handbook. Montana State University.
Extension Service Bull. 69, Bozeman, Montana

Sorenson S, Dileanis P, Branson F (1991) Soil and vegetation response
to precipitation and changes in depth to groundwater in owens
valley, California. US Geological Survey Water Supply Paper
2370

Tauc F, Houle D, Dupuch A, Doyon F, Maheu A (2020) Micro-
topographic refugia against drought in temperate forests: Lower
water availability but more extensive !ne root system in mounds
than in pits. Ecol Manag 476:118439

Tavili A, Jafari M (2009) Interrelations between plants and environ-
mental variables. Int J Environ Res 3:239–246

Taylor RG, Scanlon B, Döll P, Rodell M, van Beek R, Wada Y,
Longuevergne L, Leblanc M, Famiglietti JS, Edmunds M,
Konikow L (2013) Ground water and climate change. Nat Clim
Change 3:322–329. https://doi.org/10.1038/nclimate1744

Environmental Management

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Tsheboeng G (2018) Spatial variation of the in"uence of distance from
surface water on riparian plant communities in the Okavango
Delta. Botsw Ecol Process 7(1):32

UNESCO (2012) World’s groundwater resources are suffering from
poor governance. UNESCO Publishing, Paris, France

Valtera M, Schaetzl RJ (2017) Pit-mound microrelief in forest soils:
review of implications for water retention and hydrologic mod-
elling. Ecol Manag 393:40–51

Wagner AJ (2016) Water source partitioning for shrubland transpira-
tion in a mixed phreatophytic plant community. Thesis, Uni-
versity of Nevada, Las Vegas. Available online: https://digita
lscholarship.unlv.edu/thesesdissertations/2814/ (Accessed on 10
Jan 2021)

Wallace JS, Acreman MC, Sullivan CA (2003) The sharing of water
between society and ecosystems: from advocacy to catchment
based co-management. Philos Trans ofthe R Soc Lond
B358:2011–2026

Ward RD, Burnside NG, Joyce CB, Sepp K (2016) Importance of
microtopography in determining plant community distribution in
Baltic Coastal Wetlands. J Coast Res 32:1062–1070

Wen Y, Zang H, Ma Q, Freeman B, Chadwick DR, Evans CD, Jones
DL (2020) Impact of water table levels and winter cover crops on
greenhouse gas emissions from cultivated peat soils. Sci Total
Environ 719:135130

Wilson P (2012) The relationship among micro-topographical varia-
tion, water table depth and biogeochemistry in an ombrotrophic
bog. Dissertation, McGill University

Wishart D (1969) An algorithm for hierarchical classi!cations. Bio-
metrics 25:165–170

Wolski GJ, Kruk A (2020) Determination of plant communities based
on bryophytes: the combined use of Kohonen arti!cial neural
network and indicator species analysis. Ecol Indic 113:106160

Xu X, Zhang Q, Tan Z, Li Y, Wang X (2015) Effects of water-table
depth and soil moisture on plant biomass, diversity, and dis-
tribution at a seasonally "ooded wetland of Poyang Lake, China.
Chin Geogr Sci 25:739–756

Zeng Y, Zhao C, Li J, Li Y, Lv G, Liu T (2019) Effect of groundwater
depth on riparian plant diversity along riverside-desert gradients
in the Tarim River. J Plant Ecol 12:564–573

Zhang X, Guan T, Zhou J, Cai W, Gao N, Du H, Jiang L, Lai L, Zheng
Y (2018) Groundwater depth and soil properties are associated
with variation in vegetation of a desert riparian ecosystem in an
arid area of China. Forests 9(1):34

Zhou Y, Wenninger J, Yang Z, Yin L, Huang J, Hou L, Wang X,
Zhang D, Uhlenbrook S (2013) Groundwater-surface water
interactions, vegetation dependencies and implications for water
resources management in the semi-arid Hailiutu River catchment,
China—a synthesis. Hydrol Earth Syst Sci 17(7):2435–2447

Environmental Management

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 

Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-

scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By

accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these

purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 

These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal

subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription

(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will

apply. 

We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within

ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not

otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as

detailed in the Privacy Policy. 

While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may

not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 

In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,

royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal

content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any

other, institutional repository. 

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or

content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature

may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied

with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,

including merchantability or fitness for any particular purpose. 

Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed

from third parties. 

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not

expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 


