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Abstract Aridland ecosystems are predicted to be
responsive to both increases and decreases in precipitation.
In addition, chronic droughts may contribute to encroach-
ment of native C; shrubs into C4-dominated grasslands. We
conducted a long-term rainfall manipulation experiment in
native grassland, shrubland and the grass—shrub ecotone in
the northern Chihuahuan Desert, USA. We evaluated the
effects of 5 years of experimental drought and 4 years of
water addition on plant community structure and dynamics.
We assessed the effects of altered rainfall regimes on the
abundance of dominant species as well as on species
richness and subdominant grasses, forbs and shrubs. Non-
metric multidimensional scaling and MANOV A were used
to quantify changes in species composition in response to
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chronic addition or reduction of rainfall. We found that
drought consistently and strongly decreased cover of
Bouteloua eriopoda, the dominant C4 grass in this system,
whereas water addition slightly increased cover, with little
variation between years. In contrast, neither chronic
drought nor increased rainfall had consistent effects on the
cover of Larrea tridentata, the dominant Cs3 shrub. Species
richness declined in shrub-dominated vegetation in
response to drought whereas richness increased or was
unaffected by water addition or drought in mixed- and
grass-dominated vegetation. Cover of subdominant shrubs,
grasses and forbs changed significantly over time, primar-
ily in response to interannual rainfall variability more so
than to our experimental rainfall treatments. Nevertheless,
drought and water addition shifted the species composition
of plant communities in all three vegetation types. Overall,
we found that B. eriopoda responded strongly to drought
and less so to irrigation, whereas L. tridentata showed
limited response to either treatment. The strong decline in
grass cover and the resistance of shrub cover to rainfall
reduction suggest that chronic drought may be a key factor
promoting shrub dominance during encroachment into
desert grassland.

Keywords Bouteloua eriopoda - Climate change -
Drought - Forbs - Larrea tridentata - Plant community
structure - Species richness - Water addition

Introduction
Climate change is expected to alter patterns of seasonal and
annual precipitation locally, regionally and globally (IPCC

2007). In southwestern North America, climate models
predict that annual precipitation inputs are likely to
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decrease, leading to more frequent, prolonged, and extreme
regional droughts especially during La Nifia periods
(Seager et al. 2007; Schoof et al. 2010; Gutzler and
Robbins 2010). Water availability is the most critical factor
regulating biological activity in aridland ecosystems
(Whitford 2002; Reynolds et al. 2004; Schwinning and
Sala 2004). For example, summer and winter rainfall affect
species diversity (Chesson et al. 2004), net primary pro-
ductivity (Knapp and Smith 2001; Muldavin et al. 2008),
abundance of consumers (Brown and Ernest 2002; Yates
et al. 2002; Friggens 2003; Bdez et al. 2006), and cycling
of carbon and nutrients (Austin et al. 2004; Huxman et al.
2004; White et al. 2004; Vargas et al. 2012; Dijkstra et al.
2012). Thus, changes in precipitation patterns are likely to
have profound consequences for community structure and
ecosystem functioning in arid and semiarid ecosystems.

Empirical studies demonstrate that aridland ecosystems
may respond rapidly to seasonal and annual changes in
precipitation (Sternberg et al. 1999; Lloret et al. 2004;
Pennington and Collins 2007; Pefiuelas et al. 2007). In arid
and semiarid ecosystems, net primary production (NPP)
responds more strongly to increased precipitation than to
drought, as plants in these systems are adapted to avoid or
tolerate drought (Knapp and Smith 2001; Gerten et al.
2008). However, this NPP response to altered precipita-
tion regimes depends considerably on plant community
structure, species composition and functional diversity
(Reynolds et al. 2004; Collins et al. 2008; Gerten et al.
2008; Suding et al. 2008). Indeed, empirical studies indi-
cate that species diversity can enhance community resis-
tance to drought (Lloret et al. 2007). Drought, in turn, can
act as an ecological filter that governs species composition
(Chase 2007) and diversity (Lloret et al. 2004). For
example, long-term water addition in grasslands either
increased (Yang et al. 2011) or had little consistent effect
on species diversity (Collins et al. 2012). Because plant
species composition and functional diversity are critical to
maintain processes such as NPP under changing climate
(Chapin et al. 1997; Tilman 1999), forecasting the effects
of altered precipitation in aridland ecosystems requires
understanding how species, plant community structure, and
plant functional types will respond to chronic drought or
increases in annual precipitation.

Plant functional traits (e.g., annual/perennial, grass/forb,
C5/C,4) are generally good predictors of how species will
respond to disturbances, including changes in the amount
of precipitation (Knapp et al. 2002; Zavaleta et al. 2003;
Wabhren et al. 2005, Suding et al. 2008). Studies using long-
term observations and rainfall manipulations indicate that
chronic changes in rainfall regimes often lead to non-linear
and unexpected responses in plant community and func-
tional diversity (Harpole et al. 2007; Suttle et al. 2007). For
example, Cleland et al. (in review) found that species
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richness was positively related to interannual variation in
seasonal precipitation depending on the proportion of
annual species in the species pool. However, richness
responses may mask functional dynamics in that cover of
grasses, for example, may respond more strongly to
drought than to increased precipitation, whereas annuals
may do the opposite (Knapp and Smith 2001; Harpole et al.
2007; Suttle et al. 2007). Thus, generalizations about
response dynamics in these systems remain nebulous.

In addition to climate change, aridland ecosystems are
undergoing a state transition from C4-dominated grasslands
to Csz-dominated shrublands (Van Auken 2009). In the
southwestern US, for example, Larrea tridentata now
dominates nearly 19 million ha of former grassland (Van
Auken 2000). The replacement of C,4 grasses by C; native
shrubs alters carbon storage and net primary production
(Jackson et al. 2002; Knapp et al. 2008; Eldridge et al.
2011), modifies hydrological function (Bhark and Small
2003; Ravi et al. 2007; Turnbull et al. 2010a), and
enhances loss of biodiversity (Baez and Collins 2008;
Ratajczak et al. 2012) and soil fertility (Huenneke et al.
2002; Ravi et al. 2010; Turnbull et al. 2010b). Although
shrub encroachment likely results from multiple interacting
factors (Van Auken 2000, 2009), one potential driver of
this state transition is climate variability (Brown et al.
1997; Van Auken 2009). Indeed, studies have shown that
production in areas dominated by L. tridentata is more
stable (Muldavin et al. 2008; Xia et al. 2010) while com-
positional variability is less stable than in grass-dominated
areas (Baez and Collins 2008). Thus, understanding how
rainfall variability affects ecosystem state transitions is
critical to forecast large-scale changes in grass and shrub
composition and abundance under future climate scenarios.

In general, precipitation inputs define, to a large extent,
soil moisture availability and species abundances in arid-
land ecosystems (Reynolds et al. 2004; Muldavin et al.
2008; Collins et al. 2008). Thus, plant community com-
position and structure are likely to be highly sensitive to
both increases and decreases in growing season rainfall
(Knapp and Smith 2001; Diffenbaugh et al. 2008). To
determine how altered rainfall regimes affected aridland
vegetation across a grassland to shrubland transition zone,
we experimentally increased annual precipitation by 42 %
of the long-term average over 4 years, or decreased pre-
cipitation by 50 % of ambient rainfall over 5 years in three
vegetation types in the northern Chihuahuan Desert: creo-
sotebush (Larrea tridentata) shrubland, black grama
(Bouteloua eriopoda) grassland, and mixed vegetation at
the grass—shrub ecotone. Because water is the primarily
limiting resource in aridland systems, we hypothesized
(1) that cover of dominant and subordinate species would
increase over time with chronic water addition and
decrease over time under chronic drought in all three
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community types, (2) species richness would increase with
chronic water addition and decrease with chronic drought,
and that the decrease in richness would be greatest in shrub
dominated vegetation, and (3) as a consequence of (1) and
(2), we hypothesized that plant community composition
would differ among rainfall treatments within each of the
three vegetation types.

Materials and methods
Study area

This study was conducted at the Sevilleta National Wild-
life Refuge (SNWR) in central New Mexico, USA. The
SNWR lies at the northern end of the Chihuahuan Desert
(Kroel-Dulay et al. 2004) where a distinct transition zone
occurs between desert grassland dominated by Bouteloua
eriopoda (black grama) and shrubland dominated by Larrea
tridentata. Other common plant species at this site include
Muhlenbergia arenicola, Aristida purpurea, Sporobolus
spp., Guttierezia sarothrae, and Sphaeralcea wrightii.

Spatial and temporal variability in precipitation is high
at the SNWR, both among seasons and years (Pennington
and Collins 2007; Notaro et al. 2010). As a consequence of
scarce water inputs, annual aboveground net primary pro-
duction is low ranging from 50 to 200 g m 2 (Xia et al.
2010). The SNWR receives an average of 250 mm of
precipitation annually, 60 % of which occurs from July
through September (Gosz et al. 1995). Average annual
temperature is 13.2 °C, with a low of 1.6 °C in January and
average high of 25.4 °C in July.

Experimental design

We conducted two rainfall manipulation experiments
between 2002 and 2008 in L. tridentata shrubland, B. erio-
poda grassland, and the grass—shrub ecotone at the SNWR.
In each vegetation type, we established three blocks, within
50 m of each other, which contained three experimental
10 x 15 m plots, for a total of 27 plots. Each block con-
tained one replicate of ambient, drought, and increased
rainfall treatments, for a total of three replicates of each
treatment at each site. Grassland, ecotone, and shrubland
sites were less than 2 kilometers apart.

For the drought treatments, rainout shelters were con-
structed consisting of movable roofs that slid diagonally
along rollers to cover each plot. Shelters were deployed
periodically throughout the growing season (April-
November) to achieve a decrease of approximately 50 % of
annual inputs based on ambient rainfall measured with
tipping bucket gauges at the grassland and shrubland sites.
Because rainout shelters covered the sampling plots only

during rain events, their effects on other environmental
variables (i.e., light, temperature) were minimal. Water
addition treatment plots received ambient precipitation plus
five 21 mm rainfall addition treatments (total added
= 105 mm/year) over the growing season from May
through October each year. The water addition treatment,
using an overhead irrigation system with raindrop quality
sprinkler heads, resulted in a 42 % increase in total annual
precipitation based on the long-term average so that,
despite interannual variation in ambient precipitation, all
irrigation plots received higher than average rainfall each
year. Finally, three ambient precipitation plots at each site
served as controls. Chronic drought treatments were
imposed for 5 years from 2002 to 2006, and water addition
treatments, for 4 years, from 2005 to 2008. During our
study from 2002 to 2008, annual rainfall was —22, —32,
+15, 427, +30, —3, and +9 % of the long-term average.,
respectively As a consequence, our drought treatments
resulted in total annual rainfall of 98, 85, 144, 159, and
162 mm from 2002 to 2006, respectively, and our irriga-
tion treatments resulted in total annual rainfall amounts of
417, 425, 343, and 373 mm from 2005 to 2008, respec-
tively. The grassland site was burned in a wildfire in 2009.

Plant community composition was measured in 30 1-m?
permanently located quadrats evenly spaced along three
transects (10 quadrats per transect) in each plot. Transects
were placed at 2.5, 7.5, and 12.5 m in from the western
edge of each plot to minimize edge effects. Percent cover
of each species rooted in or in the case of L. tridentata
overhanging each quadrat was visually estimated. Cover
measures can add up to more than 100 % in quadrats with
large cover values in multiple layers. Cover was estimated
each year in May when cool season annuals were abundant,
and again in September or October when peak biomass of
perennials and warm season annuals occurred. We used the
highest cover value for each species in each quadrat each
year in all analyses.

Data analyses

Because the drought and irrigation manipulations started in
different years, data were analyzed separately, and they are
treated as independent experiments despite sharing control
plots. We used repeated measures ANOVA to evaluate
changes in plant species cover and community structure in
response to the rainfall manipulations. These analyses were
used to compare drought treatment plots to ambient pre-
cipitation plots from 2002 to 2006, and rainfall addition
treatment plots to ambient precipitation plots from 2005 to
2008. Thus, for each experiment, the model included
vegetation type (site), rainfall manipulation (treatment),
time (year), and all the interactions among these factors.
After the full models were run, non-significant interactions
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were deleted to test for main effects. Because none of the
simplified models revealed new terms that were statisti-
cally significant, the full models are presented in Supple-
mental Tables 1-4. Due to the small sample size and the
high variability in vegetation cover from year to year, we
established our initial P value as 0.10. We tested for sig-
nificant differences using Tukey HSD at P < 0.1 (see
Supplemental Material). Nevertheless, many differences
were highly significant despite limited replication.

Response variables were total species richness, cover of
the two dominant species Bouteloua eriopoda and Larrea
tridentata, and combined cover of subdominant grasses
(excluding B. eriopoda), forbs, and subdominant shrubs
(excluding Larrea tridentata). Prior to analysis, total
richness was log-transformed, and all proportional cover
variables were multiplied by 0.1 and then arcsine-trans-
formed to improve normality.

We used nonmetric multidimensional scaling (NMDS;
PCOrd 4.0) to examine differences in subdominant com-
munity composition among the rainfall treatments. We
used drought and ambient species composition data from
2006 and irrigation and ambient species composition data
from 2008 to evaluate the cumulative effects of chronic
drought and rainfall addition, respectively. We used the
Jaccard Index based on a species presence/absence matrix
that included all quadrat samples in all replicates of

treatments and ambient rainfall plots. NMDS ranks sam-
ples in an ordination space according to their similarity and
then places them in a reduced dimensional space based on
their dissimilarity. A Monte Carlo randomization (1,000
randomizations) procedure was used to assign a probability
value to the location of the points in the ordination space.
Next, we used the treatment replicate scores in the first two
axes of the NMDS as dependent variables in a MANOVA
to evaluate if the treatments resulted in different sub-
dominant communities. The MANOVA model included
vegetation type (site), treatment (rainfall manipulation),
and an interaction term.

Results
Dominant species responses

The cover of B. eriopoda responded strongly to chronic
drought and less so to water addition treatments across the
three vegetation types (Figs. 1, 2; Table S1). Relative to
ambient precipitation plots, drought significantly decreased
the cover of B. eriopoda over time, and differences in cover
between ambient and drought treatments were significant
from 2004 to 2006 (Fig. 1). Water addition increased cover
of B. eriopoda over time in all three vegetation types.
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Fig. 1 Changes in percentage cover (mean + SE) of Bouteloua
eriopoda and Larrea tridentata in response to 4 years of increased
(+42 % of the long-term average) and 5 years of decreased (—50 %
of ambient) rainfall in central New Mexico, USA. The symbols x and
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Fig. 2 Percentage change of Bouteloua eriopoda and Larrea triden-
tata in response to chronic drought (54 % decrease below the long-
term average over 5 years) or water addition (35 % increase above
the long-term average over 4 years) in grass-dominated (G), mixed
(M), and shrub-dominated (S) areas

However, significant differences between B. eriopoda
cover in ambient and irrigated treatments in grassland and
mixed vegetation occurred at the start of the experiment,
and these differences were maintained over time. Thus,
cover of B. eriopoda mainly tracked ambient fluctuations in
rainfall.

In shrublands, cover of L. tridentata changed little
through time, thus statistically significant treatment effects
reflected initial differences among sampling units (Fig. 1;
Table S1). However, some trends in L. tridentata cover
emerged over time. In both shrub and mixed vegetation, the
cover of L. tridentata in ambient precipitation plots tended
to increase from 2002 to 2005, and then remained stable. In
shrublands, the cover of L. tridentata in drought plots
varied from year to year compared to areas receiving
ambient precipitation, and decreased slightly during the
last 2 years of the study. In mixed vegetation, the cover of
this species in drought treatments decreased slightly in
2006 only. Water addition did not increase the cover of
L. tridentata in either shrub or mixed vegetation. In fact,
L. tridentata cover in shrublands decreased in water addi-
tion treatment plots during 2007 and 2008.

Bouteloua eriopoda responded more strongly to drought
and irrigation than did L. tridentata (Fig. 2). B. eriopoda
decreased 40-90 % in grass, shrub, and mixed vegetation
in response to chronic drought whereas abundance
increased only 12-28 % in response to irrigation. In con-
trast, abundance of L. tridentata changed from 20-38 %;
however these changes were not consistent with the
experimental treatments. The largest increase in abundance
of L. tridentata occurred in response to drought in mixed
vegetation whereas abundance decreased in irrigated and
drought treatments in Larrea-dominated shrubland.

Plant functional type responses

Plant functional types responses to rainfall manipulations
varied from year to year, and among vegetation types
(Fig. 3; Tables S2, S3). Drought generally decreased the
cover of forbs in shrublands, but forb cover generally
increased over time in grassland and mixed vegetation,
especially in 2006, during a year of record high monsoon
precipitation. Water addition significantly increased the
cover of forbs in shrub vegetation in 2007 and 2008, but
had little consistent effect on forb cover in grassland and
mixed vegetation. Although cover of subdominant grasses
was low in drought treatments to begin with, chronic
drought generally decreased cover of subdominants over
time compared to ambient precipitation plots in all three
sites until cover increased in response to the 2006 mon-
soon. However, water addition had no consistent effects on
cover of subordinate grasses at any site.

Excluding L. tridentata, cover of subdominant shrubs
decreased in shrubland in drought treatment plots com-
pared to ambient precipitation plots (Fig. 3). Cover of
subdominant shrubs increased or remained constant over
time in all treatments in mixed and grass-dominated veg-
etation. Species richness changed significantly over time in
all treatments. Total richness declined in shrub-dominated
vegetation in response to chronic drought until the strong
monsoon in 2006. Otherwise, total species richness gen-
erally increased or was unaffected by water addition or
drought in mixed- and grass-dominated vegetation (Fig. 3).

Subdominant community responses

A three-axis solution in the NMDS ordination sufficiently
represented the variation in species composition after 5 years
of drought or 4 years of water addition treatments (Monte
Carlo randomization, P < 0.001). The composition of sub-
dominant species was significantly different between drought
and ambient precipitation plots (MANOVA, Pillai’s Trace
values: sitey 6 = 0.035, P < 0.001; treatment; ;3 = 2.33,
P < 0.001; site x treatment = NS), and between water
addition and ambient precipitation plots (MANOVA, Pillai’s
Trace values: sitey 5 = 0.14, P = 0.002; treatment; 3 =
0.57, P = 0.051; site x treatment = NS) (Fig. 4). The
composition of subdominants was also significantly different
across vegetation types. However, subdominant species
composition did not differ within each vegetation type
(site x treatment, ;, = 0.82, P = 0.467).

Discussion

Our results indicate that chronic changes in annual pre-
cipitation had significant effects on functional abundance
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Fig. 3 Changes in cover of forbs, grasses, and shrubs (excluding
B. eriopoda and L. tridentata) and total species richness (mean + SE)
in response to 4 years of experimentally increased (442 % of the
long-term average) and 5 years of decreased (—50 % of ambient)

and species composition, primarily in shrub-dominated
areas and less so in mixed and grass-dominated vegetation.
Although some differences in cover existed at the outset,
chronic drought significantly decreased the cover of the
dominant native C4 grass, Bouteloua eriopoda, in all three
vegetation types (Fig. 1), whereas the cover of Larrea
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Year

rainfall in central New Mexico, USA. The symbols x and * indicate
significant differences between drought treatment and ambient
precipitation; and between water addition and ambient precipitation
plots, respectively

tridentata changed over time but inconsistently with regard
to our rainfall manipulations (Figs. 1, 2). In shrub-domi-
nated areas, drought generally decreased plant cover and
species richness, whereas water addition increased or had
little effect on cover of B. eriopoda, functional types or
richness, with limited inter-annual variation in responses
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Fig. 4 Nonmetric multidimensional scaling (NMDS) of species
composition in grassland, shrubland and mixed vegetation in response
to 4 years of increased (+42 % of the long-term average) and 5 years
of decreased (—50 % of ambient) rainfall in central New Mexico,
USA. The mean and standard error on two axes are presented to
compare drought (D), water addition (W), and ambient (A) precipita-
tion plots. S shrubland, G grassland, M mixed vegetation

(Figs. 1, 3). Overall, B. eriopoda responded to both
drought and added rainfall (Fig. 2). Moreover, drought and
water addition shifted the species composition of plant
communities in the three vegetation types (Fig. 4). The
distinct and rapid changes of plant functional groups sug-
gest that adjustments in their relative importance is a
potential mechanism that can maintain plant species
diversity and potentially ecosystem processes (e.g., pri-
mary productivity) under altered rainfall regimes.

Our first hypothesis was partially supported. Both
B. eriopoda and L. tridentata responded to water addition
and chronic drought across the three vegetation types.
Abundance of B. eriopoda declined in response to drought
and increased in response to precipitation, a pattern con-
sistent with our initial prediction. On the other hand, the
response by L. tridentata was relatively weak and incon-
sistent across vegetation types. The response of B. eriopoda
agrees with other drought and water addition experiments

in mesic grasslands (Knapp et al. 2001; Zavaleta et al.
2003; Dukes et al. 2005; Suttle et al. 2007; but see Harpole
et al. 2007), and confirms that drought can dramatically
decrease production in desert grasslands (Knapp and Smith
2001; Gerten et al. 2008). The response by L. tridentata
differs from that observed in the Sonoran Desert where
above average monsoon rainfall lead to significant increa-
ses in production by L. tridentata (Sponseller et al. 2012).
Nevertheless, our findings emphasize the variable impor-
tance of water availability for plant growth in arid eco-
systems (Muldavin et al. 2008; Xia et al. 2010; Thomey
et al. 2011).

Plant morphological, physiological, and life history
traits can be useful predictors of the capacity of species to
tolerate drought and respond to precipitation inputs
(Chesson and Huntly 1997; Chesson et al. 2001; Ogle and
Reynolds 2004; Reynolds et al. 2004; Suding et al. 2008).
Therefore, these functional characteristics can be used to
model ecosystem response to climate change (Diaz and
Cabido 1997; Chapin 2003). In such models, shallow-
rooted species, including grasses and forbs, respond rapidly
to water inputs but decline rapidly in the absence of
rainfall, whereas deep-rooted plant functional types (e.g.,
shrubs), and C, species tolerate drought conditions for
longer periods and exhibit lagged responses to water inputs
(Ogle and Reynolds 2004). In our case, however, C4
grasses responded strongly and quickly to chronic drought,
a response common in shallow-rooted grasses (Schwinning
et al. 2005).

The limited response of B. eriopoda to increased water
availability may reflect morphological constraints on this
rhizomatous grass. Knapp and Smith (2001) hypothesized
that arid ecosystems would be limited by low meristem
density, or the “bud bank.” Dalgleish and Hartnett (2006)
found that meristem densities differed across a precipita-
tion gradient and that grasses in desert grasslands
(including the SNWR) were meristem-limited. Also,
B. eriopoda showed rapid declines in rate of net photo-
synthesis in a rainfall pulse experiment that controlled the
size and frequency of rain events while maintaining the
same total rainfall amount during the summer monsoon
(Thomey 2012). Thus, the response of desert grassland
species to increased rainfall may be constrained by low
meristem density and photosynthetic capacity.

The slight directional cover changes of L. tridentata
show that this species tended to increase somewhat under
ambient precipitation rates, and that cover may decrease
slightly after a few years of severe drought. Measures of
biomass indicate that L. fridentata responds weakly to
summer precipitation (Muldavin et al. 2008), and during
droughts it depends strongly on deeper soil water that is
unavailable to grasses (Schwinning et al. 2005). This
response contrasts with L. tridentata in the Sonoran Desert
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where production during the summer monsoon can greatly
exceed that of growth following more predictable winter
rains (Sponseller et al. 2012). Nevertheless, abundance
of L. tridentata at our site is likely to change only after
prolonged (>5 years) severe drought, or in response to
other drivers, such as extreme winter cold temperatures
(Pockman and Sperry 1997; Medieros and Pockman 2011).

The lack of a clear response of subdominant grasses to
water addition suggests that their establishment and per-
formance could be negatively affected by competition with
B. eriopoda, as its cover increased in this treatment. Peters
and Yao (2012) found that subdominant grasses and forbs
increased following the experimental removal of B. erio-
poda. Indeed, under high resource availability, small sta-
tured plants can be overshadowed by taller plants (Zavaleta
et al. 2003; Suding et al. 2005), and are limited by the
availability of sites for establishment (Milton and Dean
2000; Bakker et al. 2006). Other results suggest that water
addition may or may not substantially increase the cover of
subdominant grasses (White et al. 2000; Zavaleta et al.
2003; Yao et al. 2006; Harpole et al. 2007; Suttle et al.
2007) at least in part because of competition from domi-
nant species (Peters and Yao 2012). Finally, the interannual
variability in the drought treatments (from 35 to 66 %)
may have contributed to the variable response by the
subdominant species. Thus, interspecific competition and
idiosyncratic responses by subdominant grasses seem to
constrain the potential for this functional group to decline
under drought or increase substantially under elevated
rainfall regimes.

It has been suggested that strong responses to high
precipitation and mild declines under drought conditions
are due to buffering mechanisms that reduce the impact of
drought on plant production in arid and semiarid systems
(Knapp and Smith 2001; Gerten et al. 2008). For example,
C, grasses have the physiological capacity to tolerate
drought (Fay et al. 2003), and L. tridentata can use water
stored in deep soil layers (Schwinning et al. 2005;
Muldavin et al. 2008). B. eriopoda declined significantly
and quickly in response to rainfall reduction, indicating
that this C, perennial grass is not particularly drought
tolerant, a result that is counter to assumptions about C,4
grasses in some climate change models (Chapin 2003;
Gerten et al. 2008). Thus, more accurate models, which
allow for rapid vegetation changes within and among
functional types (e.g., Collins et al. 2012) under altered
rainfall regimes should be developed to incorporate dif-
ferences in species tolerance to drought and compensation
within plant functional types and plant life history traits
(Reynolds et al. 2004; Collins et al. 2008).

How altered rainfall regimes will affect the abundance
of species has important implications for predicting species
composition and community structure at regional scales
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(Chase 2007; Phillips et al. 2009). In our study, in each
vegetation type, rainfall manipulations led to the formation
of plant communities with different species composition
compared to areas receiving ambient precipitation (Fig. 4).
Possibly, drought acted as a filter to promote the survival
and colonization of drought tolerant species, whereas
drought-intolerant species were eliminated from the com-
munity (Kneitel and Chase 2004; Chase 2007). In contrast,
water addition enhanced the growth of drought-intolerant
species, which may have displaced small-statured species,
including annuals (Suttle et al. 2007). Previous studies
have not found such marked directional changes in plant
species composition under drought conditions, although
sensitivity at the seedling stage and idiosyncratic responses
have been reported (Lloret et al. 2004, 2009). Moreover,
we found no indication of convergence toward a single
community composition across vegetation types. As a
consequence, these vegetation types could maintain dif-
ferent species composition under spatially variable rainfall
regimes, thus maintaining high levels of regional diversity
(Kneitel and Chase 2004; Chase 2007).

Changes of B. eriopoda cover due to rainfall manipu-
lations contradicted previous studies conducted in the
northern Chihuahuan Desert, in that rates of summer
precipitation strongly influence B. eriopoda density and
primary productivity at small and large spatial scales
(Huenneke et al. 2002; Baez et al. 2006; Yao et al. 2006).
Others have reported that production of B. eriopoda was
poorly correlated with summer precipitation (Muldavin
et al. 2008). In this study, B. eriopoda was eliminated from
drought treatment plots in shrub vegetation due to its initial
low densities. However, drought can greatly reduce abun-
dance of B. eriopoda throughout the grassland to shrubland
gradient (Fig. 1), which may accelerate shrub dominance
in mixed vegetation, especially when rainfall increases
again. Increased dominance by L. tridentata at the expense
of B. eriopoda has been shown to contribute to high species
turnover and low temporal stability of subdominant com-
munities in shrub-dominated areas compared to grassland
(Baez and Collins 2008).

In this study, examining the responses of individual
plant functional types to rainfall manipulations shed light
on the mechanisms that buffer community responses to
drought, and those that constrain responses to rainfall
(Knapp and Smith 2001; Gerten et al. 2004; Dalgleish and
Hartnett 2006). Our results demonstrated that plant com-
munity dynamics were mediated by complex and at times
idiosyncratic responses among dominant species and plant
functional types. Hence, more accurate forecasts of the
effects of altered rainfall regimes may be achieved by
recognizing that differential responses will likely occur
among plant functional types in aridland plant communities
as a consequence of plant species richness and diversity,
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plant life histories, and interspecific competition. These
differential responses to altered rainfall regimes may con-
tribute to shrub dominance during the process of shrub
encroachment into grasslands.

Acknowledgments We thank John Balulis, Eric Bhark, Shirley
Kure, JimBob Elliott, Jeremiah Baumgartel, Evan Posdamer and Will
Gallin, undergraduate students at New Mexico Tech and staff of the
Sevilleta LTER who spent time constructing and operating our rain-
fall manipulation experiment. We also thank three anonymous
reviewers for comments that greatly improved the manuscript. Con-
struction of rainout shelters was supported by the National Science
Foundation (SAHRA to EES, Science and Technology Center at the
University of Arizona). Funding was provided by the US Department
of Energy through the Southern Region of the National Institute for
Global Environmental Change at Tulane University (to W.T.P.), the
Western region of the National, Institute for Climate Change
Research at Northern Arizona University (to W.T.P. and S.L.C.) and
the National Science Foundation Long Term Ecological Research
Program (DEB-0620482).

References

Austin AT, Yahdjian L, Stark JM, Belnap J, Porporato A, Norton U,
Ravetta DA, Schaeffer SM (2004) Water pulses and biogeo-
chemical cycles in arid and semiarid ecosystems. Oecologia
141:221-235

Baez S, Collins SL (2008) Shrub invasions alters community diversity
and stability in the northern Chihuahuan Desert. PLoS One
3(6):¢2332. doi:10.1371/journal.pone.0002332

Béez S, Collins SL, Lightfoot D, Koontz TL (2006) Bottom-up
regulation of plant community structure in an aridland ecosys-
tem. Ecology 87:2746-2754

Bakker ES, Ritchie ME, Olff H, Milchunas DG, Knops JMH (2006)
Herbivore impact on grassland plant diversity depends on habitat
productivity and herbivore size. Ecol Lett 9:780-788

Bhark EW, Small EE (2003) Association between plant canopies and
the spatial patterns of infiltration in shrubland and grassland of
the Chihuahuan Desert, New Mexico. Ecosystems 6:185-196

Brown JH, Ernest SKM (2002) Rain and rodents: complex dynamics
of desert consumers. Bioscience 52:979-987

Brown JH, Valone TJ, Curtin CG (1997) Reorganization of an arid
ecosystem in response to recent climate change. Proc Natl Acad
Sci USA 94:9729-9733

Chapin FS III (2003) Effects of plant traits on ecosystem and regional
processes: a conceptual framework for predicting the conse-
quences of global change. Ann Bot 91:455-463

Chapin FS III, Walker BH, Hobbs RJ, Hooper DU, Lawton JH, Sala
OE, Tilman D (1997) Biotic control over the functioning of
ecosystems. Science 277:500-504

Chase JM (2007) Drought mediates the importance of stochastic
community assembly. Proc Natl Acad Sci USA 104:17430-17434

Chesson P, Huntly N (1997) The roles of harsh and fluctuating
conditions in the dynamics of ecological communities. Am Nat
150:519-553

Chesson P, Pacala S, Neuhauser C (2001) Environmental niches and
ecosystem functioning. In:Kinzig AP, Pacala S, Tilman D (eds)
The functional consequences of biodiversity: empiricalprogress
and theoretical extensions. Princeton University Press, Princeton,
pp 213-245

Chesson P, Gebauer RLE, Schwinning S, Huntly N, Wiegand K,
Ernest MSK, Sher A, Novoplansky A, Weltzin JF (2004)

Resource pulses, species interactions, and diversity maintenance
in arid and semi-arid environments. Oecologia 141:236-253

Collins SL, Sinsabaugh RL, Crenshaw C, Green LE, Porras-Alfaro A,
Stursova M, Zeglin LH (2008) Pulse dynamics of microbial
processes in aridland ecosystems. J Ecol 96:413-420

Collins SL, Koerner SE, Plaut JA, Okie JG, Breese D, Calabrese LB,
Carvajal A, Evansen RJ, Nonaka E (2012) Stability of tallgrass
prairie during a 19-year increase in growing season precipitation.
Funct Ecol 26:1450-1459

Dalgleish HJ, Hartnett DC (2006) Below-ground bud banks increase
along a precipitation gradient of the North American Great
Plains: a test of the meristem limitation hypothesis. New Phytol
171:8181-8189

Diaz S, Cabido M (1997) Plant functional types and ecosystem
function in relation to global change. J Veg Sci 8:463-474

Diffenbaugh NS, Giorgi F, Pal JS (2008) Climate change hotspots in
the United States. Geophys Res Letts 35:L16709. doi:10.1029/
2008GL035075

Dijkstra FA, Augustine DJ, Brewer P, von Fischer JC (2012) Nitrogen
cycling and water pulses in semiarid grasslands: are microbial
and plant processes temporally asynchronous? Oecologia 170:
799-808

Dukes JS, Chiariello NR, Cleland EE, Moore LA, Shaw MR, Thayer
S, Tobeck T, Mooney HA, Field CB (2005) Responses of
grassland production to single and multiple global environmental
changes. PLoS Biol 3:e319

Eldridge DJ, Bowker MA, Maestre FT, Roger E, Reynolds JR,
Whitford WG (2011) Impacts of shrub encroachment on
ecosystem structure and functioning: towards a global synthesis.
Ecol Lett 14:709-722

Fay PA, Carlisle JD, Knapp AK, Blair JM, Collins SL (2003)
Productivity responses to altered rainfall patterns in a Cy4-
dominated grassland. Oecologia 137:245-251

Friggens MT (2003) Relating small mammal dynamics to precipita-
tion and vegetation on the Sevilleta National Wildlife
Refuge, New Mexico. MS thesis, University of New Mexico,
Albuquerque

Gerten D, Schaphoff S, Haberlandt U, Lucht W, Sitch S (2004)
Terrestrial vegetation and water balance—hydrological evalua-
tion of a dynamic global vegetation model. J Hydrol 286:
249-270

Gerten D, Luo Y, LeMaire G, Parton WJ, Keough C, Weng E, Beier
C, Ciais P, Cramer W, Dukes JS, Hanson PJ, Knapp AK, Linder
S, Nepstad DC, Rustad L, Sowerby A (2008) Modelled effects of
precipitation on ecosystem carbon and water dynamics in
different climatic zones. Glob Change Biol 14:2365-2379

Gosz JR, Moore DI, Shore GA, Grover HD, Rison W, Rison C (1995)
Lightning estimates of precipitation location and quality on the
Sevilleta LTER, New Mexico. Ecol Appl 5:1141-1150

Gutzler DS, Robbins TO (2010) Climate variability and projected change
in the western United States: regional downscaling and drought
statistics. Climate Dynam. doi:10.1007/s00382-010-0838-7

Harpole WS, Potts DL, Suding KN (2007) Ecosystem responses to
water and nitrogen amendment in a California grassland. Glob
Change Biol 13:2341-2348

Huenneke LF, Anderson JP, Remmenga M, Schlesinger WH (2002)
Desertification alters patterns of above ground primary produc-
tivity in Chihuahuan ecosystems. Glob Change Biol 8:247-264

Huxman TE, Snyder KA, Tissue D, Leffler AJ, Ogle K, Pockman
WT, Sandquist DR, Potts DL, Schwinning S (2004) Precipitation
pulses and carbon fluxes in semiarid and arid ecosystems.
Oecologia 141:254-260

IPCC (2007) Climate Change 2007: impacts, adaptation and vulner-
ability. In: contribution of working group II to the Fourth
Assessment Report of the intergovernmental panel on climate
change. Cambridge University Press, Cambridge

@ Springer


http://dx.doi.org/10.1371/journal.pone.0002332
http://dx.doi.org/10.1029/2008GL035075
http://dx.doi.org/10.1029/2008GL035075
http://dx.doi.org/10.1007/s00382-010-0838-7

Oecologia

Jackson RB, Baner JL, Jobbagy EG, Pockman WT, Wall DH (2002)
Ecosystem carbon loss with woody plant invasion of grasslands.
Nature 418:623-626

Knapp AK, Smith MD (2001) Variation among biomes in temporal
dynamics of aboveground primary production. Science 291:
481-484

Knapp AK, Briggs JM, Koelliker JK (2001) Frequency and extent of
water limitation to primary production in a mesic temperate
grassland. Ecosystems 4:19-28

Knapp AK, Fay PA, Blair JM, Collins SL, Smith MD, Carlisle JD,
Harper CW, Danner BT, Lett MS, McCarron JK (2002) Rainfall
variability, carbon cycling and plant species diversity in a mesic
grassland. Science 298:2202-2205

Knapp AK, Briggs JM, Collins SL, Archer SR, Bret-Harte MS, Ewers
BE, Peters DP, Young DR, Shaver GR, Pendall E (2008) Shrub
encroachment in North American grasslands: shifts in growth
form dominance rapidly alters control of ecosystem carbon
inputs. Glob Change Biol 14:615-623

Kneitel JM, Chase JM (2004) Disturbance, predator, and resource
interactions alter container community composition. Ecology
85:2088-2093

Kroel-Dulay G, Odor P, Peters DPC, Hochstrasser T (2004)
Distribution of plant species at a biome transition zone in New
Mexico. J Veg Sci 15:531-538

Lloret F, Pefiuelas J, Estiarte M (2004) Experimental evidence of
reduced diversity of seedlings due to climate modification in a
Mediterranean-type community. Glob Change Biol 10:248-258

Lloret F, Lobo A, Estevan H, Maisongrande P, Vayreda J, Terradas J
(2007) Woody plant richness and NDVI response to drought
events in Catalonian (Northeastern Spain) forets. Ecology
88:2270-2279

Lloret F, Penuelas J, Prieto P, Llorens L, Estiarte M (2009) Plant
community changes induced by experimental climate change:
seedlins and adult species composition. Perspect Plant Ecol Evol
Syst 11:53-63

Medeiros JS, Pockman WT (2011) Drought increases freezing
tolerance of both leaves and xylem of Larrea tridentata. Plant,
Cell Environ 34:43-51

Milton SJ, Dean WRIJ (2000) Disturbance, drought and dynamics of
desert dune grassland, South Africa. Plant Ecol 150:37-51

Muldavin EH, Moore DI, Collins SL, Wetherill K, Lightfoot D (2008)
Above ground primary production dynamics in a northern
Chihuahuan Desert ecosystem. Oecologia 155:123-132

Notaro M, Liu Z, Gallimore RG, Williams JW, Gutzler D, Collins SL
(2010) The complex seasonal cycle of ecohydrology in the
southwestern United States. J] Geophys Res—Biogeosci 115. doi:
10.1029/2010JG001382

Ogle K, Reynolds JF (2004) Plant responses to precipitation in desert
ecosystems: integrating functional types, pulses, thresholds, and
delays. Oecologia 141:282-294

Pennington DD, Collins SL (2007) Response of an aridland ecosys-
tem to interannual climate viariability and prolonged drought.
Landsc Ecol 22:897-910

Pefiuelas J, Prieto P, Beier C, Cesaraccio C, de Angelis P, de Dato G,
Emmett BA, Estiarte M, Garadnai J, Gorissen A, Lang EK,
Kroel-Dulay G, Llorens L, Pellizzaro G, Riis-Nielsen T, Schmidt
IK, Sirca C, Sowerby A, Spano D, Tietema A (2007) Response
of plant species richness and primary productivity in shrublands
along a north-south gradient in Europe to seven years of
experimental warming and drought: reductions in primary
productivity in the heat and drought year of 2003. Glob Change
Biol 13:2563-2581

Peters DPC, Yao J (2012) Long-term experimental loss of foundation
species: consequences for dynamics at ecotones across heteroge-
neous landscapes. Ecosphere 3(3):27. http://dx.doi.org/10.1890/
ES11-00273.1

@ Springer

Phillips OL, Aragao LEOC, Lewis SL, Fisher JB, Lloyd J, Lopez-
Gonzalez G, Malhi Y, Monteagudo A, Peacock J, Quesada CA,
van der Heijden G, Almeida S, Amaral I, Arroyo L, Aymard G,
Baker TR, Banki O, Blanc L, Bonal D, Brando P, Chave J, Alves
de Oliveira AC, Davila Cardozo N, Czimczik CI, Feldpausch
TR, Freitas MA, Gloor E, Higuchi N, Jiménez E, Lloyd G, Meir
P, Mendoza C, Morel A, Neill DA, Nepstad D, Patifio P, Pefiuela
MC, Prieto A, Ramirez F, Schwarz M, Silva J, Silveira M,
Thomas AS, ter Steege H, Stropp J, Vasquez R, Zelazowski P,
Alvarez Davila E, Andelman S, Andrade A, Chao K-J, Erwin T,
Di Fiore A, Honorio E, Keeling H, Killeen TJ, Laurance WF,
Pefia Cruz A, Pitman NCA, Nuifiez P, Ramirez-Angulo H, Rudas
A, Salamio R, Silva N, Terborgh J, Torres-Lezama A (2009)
Drought sensitivity of the Amazon rainforest. Science 323:1344—
1347

Pockman WT, Sperry JS (1997) Freezing-induced xylem cavitation
and the northern limit of Larrea tridentata. Oecologia 109:19-27

Ratajczak Z, Nippert JB, Collins SL (2012) Woody encroachment
decreases diversity across North American grasslands and
savannas. Ecology 93:697-703

Ravi S, D’Odorico P, Zobeck TM, Over TM, Collins SL (2007)
Feedbacks between fires and wind erosion in heterogeneous arid
lands. J Geophys Res 112:G04007. doi:10.1029/2007JG000474

Ravi S, Huxman TE, Collins SL, D’Odorico P (2010) Interactions
between soil erosion processes and fires: implications for
rangeland management in arid and semi arid regions. Range
Ecol Manag 63:267-274

Reynolds JF, Kemp PR, Ogle K, Fernandez RJ (2004) Modifying the
pulse reserve paradigm for deserts of North America: precipi-
tation pulses, soil water, and plant responses. Oecologia 141:
211-220

Schoof JT, Pryor SC, Supernant J (2010) Development of daily
precipitation projections for the United States based on proba-
bilistic downscaling. J Geophys Res 115:D13106. doi:10.1029/
2009JD013030

Schwinning S, Sala OE (2004) Hierarchy of responses to resource
pulses in arid and semi-arid ecosystems. Oecologia 141:211-220

Schwinning S, Starr BI, Ehleringer JR (2005) Summer and winter
drought in a cold desert ecosystem (Colorado Plateau) part I:
effects on soil water and plant water uptake. J Arid Environ
60:547-566

Seager R, Ting M, Held I, Kushnir Y, Lu J, Vecchi G, Huang H,
Harnik N, Leetmaa A, Lau N, Li C, Velez J, Naik N (2007)
Model projections of an imminent transition to a more arid
climate in Southwestern North America. Science 316:1181-1184

Sponseller RA, Hall SJ, Huber D, Grimm NB, Kaye JP, Clark CM,
Collins SL (2012) Variation in monsoon precipitation drives
patterns of Larrea tridentata growth in the upper Sonoran
Desert. Funct Ecol 26:750-758

Sternberg M, Brown VK, Masters GJ, Clarke IP (1999) Plant
community dynamics in a calcareous grassland under climate
change manipulations. Plant Ecol 143:1573-5052

Suding KN, Collins SL, Gough L, Clark CM, Cleland EE, Gross KL,
Milchunas DG, Pennings SC (2005) Functional- and abundance-
based mechanisms explain diversity loss due to N fertilization.
Proc Natl Acad Sci USA 102:4387-4439

Suding KN, Lavorel S, Chapin FS III, Cornelissen JHC, Diaz S,
Garnier E, Goldberg D, Hooper D, Jackson ST, Navas M-L
(2008) Scaling environmental change through the community-
level: a trait-based response and effect framework for plants.
Glob Change Biol 14:1125-1140

Suttle KB, Thomsen MA, Power ME (2007) Species interactions
reverse grassland responses to changing climate. Science 315:
640-642

Thomey ML (2012) The effects of precipitation variability on C4
photosynthesis, net primaryproduction and soil respiration in a


http://dx.doi.org/10.1029/2010JG001382
http://dx.doi.org/10.1890/ES11-00273.1
http://dx.doi.org/10.1890/ES11-00273.1
http://dx.doi.org/10.1029/2007JG000474
http://dx.doi.org/10.1029/2009JD013030
http://dx.doi.org/10.1029/2009JD013030

Oecologia

Chihuahuan Desert grassland. PhD dissertation, University of
NewMexico, Albuquerque

Thomey ML, Collins SL, Vargas R, Johnson JE, Brown RF, Natvig
DO, Friggens MT (2011) Effect of precipitation variability on
net primary production and soil respiration in a Chihuahuan
Desert grassland. Glob Change Biol 17:1505-1515

Tilman D (1999) The ecological consequences of changes in
biodiversity: a search for general principles. Ecology 80:1455-
1474

Turnbull L, Wainwright J, Brazier RE (2010a) Changes in hydrology
and erosion over a transition from grassland to shrubland. Hydrol
Process 24:393-414

Turnbull L, Wainwright J, Brazier RE, Bol R (2010b) Biotic and
abiotic changes in ecosystem structure over a shrub-encroach-
ment gradient in the Southwestern USA. Ecosystems 13:1239—
1255

Van Auken OW (2000) Shrub invasions in North American semiarid
grasslands. Annu Rev Ecol Syst 31:197-215

Van Auken OW (2009) Causes and consequences of woody plant
encroachment into western North American grasslands. J Environ
Qual 90:2931-2942

Vargas R, Collins SL, Thomey ML, Johnson JE, Brown RF, Natvig
DO, Friggens MT (2012) Precipitation variability and fire
influence the temporal dynamics of soil CO, efflux in an arid
grassland. Glob Change Biol 18:1401-1411

Wahren CHA, Walker MD, Bret-Harte MS (2005) Vegetation
responses in Alaskan arctic tundra after 8 years of a summer
warming and winter snow manipulation experiment. Glob
Change Biol 11:537-552

White TA, Campbell BD, Kemp PD, Hunt CL (2000) Sensitivity of
three grassland communities to simulated extreme temperature
and rainfall events. Glob Change Biol 6:671-684

White CS, Moore DI, Craig JA (2004) Regional-scale drought
increases potential soil fertility in semiarid grasslands. Biol Fertil
Soils 40:73-78

Whitford WG (2002) Ecology of desert systems. Academic, London

Xia Y, Moore DI, Collins SL, Muldavin EH (2010) Aboveground
production and species richness of annuals in Chihuahuan Desert
grassland and shrubland plant communities. J Arid Environ
74:378-385

Yao J, Peters DPC, Havstad KM, Gibbens RP, Herrick JE (2006)
Multi-scale factors and long-term responses of Chihuahuan
Desert grasses to drought. Landsc Ecol 21:1217-1231

Yang HJ, Li Y, Wu MY et al (2011) Plant community responses to
nitrogenaddition and increased precipitation: the importance of
water availability andspecies traits. Glob Change Biol 17:2936—
2944

Yates TL, Mills JN, Parmenter CA, Ksiazek TG, Parmenter RR,
Vande Castle JR, Calisher CH, Nichol ST, Abbott KD, Young
JC, Morrison ML, Beaty BJ, Dunnum JL, Baker RJ, Salazar-
Bravo J, Peters CJ (2002) The ecology and evolutionary history
of an emergent disease: hantavirus pulmonary syndrome.
Bioscience 11:989-998

Zavaleta ES, Shaw M, Chiarello NR, Thomas BD, Cleland EE, Field
CB, Mooney HA (2003) Grassland responses to three years of
elevated temperature, CO,, precipitation and N deposition. Ecol
Monogr 73:585-604

@ Springer



	Effects of experimental rainfall manipulations on Chihuahuan Desert grassland and shrubland plant communities
	Abstract
	Introduction
	Materials and methods
	Study area
	Experimental design
	Data analyses

	Results
	Dominant species responses
	Plant functional type responses
	Subdominant community responses

	Discussion
	Acknowledgments
	References


