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Abstract
Determining how climate affects biotic interactions can improve understanding
of drivers of context-dependence and inform predictions of how interactions may
influence plants under future climates. In arid environments, the communitylevel impacts of seed predators may depend strongly on aridity; yet, long-term
studies documenting impacts of granivores on plant communities over variable
climate conditions remain scarce. We evaluated how rodent exclusion interacted
with climate to influence grassland and shrubland forb communities and the
community-scale distribution of seed mass over 15 years in the climatically variable northern Chihuahuan Desert. In this dynamic system, two seasonally distinct plant community phases occur annually, one in spring and the other during
the summer monsoon. Rodent exclusion significantly altered the community
composition of monsoon season plant communities in both grassland and shrub-
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land, but did not affect spring plant composition. Rodents suppressed the abundance of larger-seeded forb species and promoted smaller-seeded species. As a
consequence, rodent exclusion increased community seed mass (CWM) in monsoon forb communities, most strongly in grassland. The magnitude of impacts of
rodents on seed mass varied substantially from year-to-year, tracking variation in
climate. Specifically, rodent exclusion increased community mean seed mass the
most in dry years (grassland) or in years following dry years (shrubland). Rodent
exclusion had relatively weak effects on plant species diversity and richness. Our
results indicate that climate interacts with the presence of rodents to structure
not only the composition but also the traits of desert plant communities.
KEYWORDS
Chihuahuan Desert, community-weighted mean, plant communities, post-dispersal seed
predation, precipitation, rodents, seed size

INTRODUCTION
The long-term effects of post-dispersal seed predation on
plant communities remain surprisingly enigmatic. On the
one hand, we know that these consumers have great
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potential to affect community composition as post-dispersal
seed predation causes extensive seed loss. Seed consumption rates by granivorous rodents can often be high
(Crawley, 1992; Orrock et al., 2006), even greater than predispersal seed loss (Hulme, 2002; Moles et al., 2003), and
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plants cannot compensate for these losses. When seeds of
single species have been added to plots where consumer
access has been manipulated, post-dispersal seed loss commonly can strongly suppress seedling recruitment (Albert
et al., 2005; Bricker et al., 2010; Ferreira et al., 2011;
Hulme, 1994; Longland, 2007; Orrock et al., 2008). On the
other hand, fewer of these types of studies have been performed at the plant community level. Instead, most “community assembly” studies focus on interspecific plant
competition as a filter affecting species composition and
trait distributions (Funk et al., 2017; Lavorel et al., 2013),
ignoring the influences of generalist seed consumers
(Larios et al., 2017). But where community-level studies
have manipulated rodent access to seeds, researchers have
found that seed predation can bias seedling recruitment
against native plant species in favor of exotic species
(Connolly et al., 2014; Lucero & Callaway, 2018; Maron
et al., 2012; Pearson et al., 2011; Pearson, Icasatti, et al.,
2014; Pearson, Hierro, et al., 2014) and favor largeover small-seeded species in open habitats (Dylewski
et al., 2020; Maron et al., 2012, 2018; Mittlebach & Gross,
1984; Moyano et al., 2019; Reader, 1993). However,
owing to their relatively short duration, these studies do
not reveal how rodent seed predation influences longerterm (>5 years) patterns of plant community structure that
depend not only on recruitment but also other plant lifehistory transitions.
One of the most iconic long-term experiments evaluating the impacts of rodents upon an intact community has been the work by Jim Brown and colleagues in
the Chihuahuan Desert in Arizona. Exclusion of
rodents from large plots for >22 years transformed the
plant community from one dominated by shortstatured, small-seeded annual grasses to one dominated
by large-seeded, large-statured grasses and forbs
(Brown & Heske, 1990; Curtin et al., 1999; Guo
et al., 1995; Inouye et al., 1980; Samson et al., 1992).
These changes resulted from a combination of reduced
seed predation and reduced disturbance, caused mainly
by the foraging and burrowing activities of kangaroo
rats (Dipodomys spp.) (Brown & Heske, 1990). Highfrequency disturbances by kangaroo rats have similarly
been shown to influence plant communities in California
(Prugh & Brashares, 2012). Surprisingly, outside of this
work, we are unaware of any experimental studies
longer than five years that have examined how the
exclusion of an entire rodent community influences an
intact plant community (see Gutiérrez et al. [1999];
Meserve et al. [2003] for effects of one rodent species
and Davidson et al. [2010] for rodents and domestic
cattle). As a result, the extent to which rodents have
long-term, sustained impacts on plant communities
remains uncertain.
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The uncertainty of predictions on the community-level
effects of rodents derives, in part, from how seed predation
interacts with interannual variation in abiotic conditions to
influence long-term plant community structure. Increasingly large interannual variation is a common feature of
ongoing climate change as well as future climate projections (Maurer et al., 2020) and is likely a fundamental,
although understudied, factor shaping plant community
assembly (Angert et al., 2009; Gherardi & Sala, 2015).
Evaluating how climate shifts the strength of biotic
interactions is important, because seed predators might
influence plant recruitment only in years when consumers
are abundant and/or abiotic conditions are favorable
for plant recruitment (Brown & Ernest, 2002; Meserve
et al., 2003). When environmental conditions, such as
drought, limit plant recruitment, seed predation may not
have large impacts on plant community composition
because seed loss is decoupled from subsequent recruitment. Alternatively, dry conditions may promote stronger
top-down effects of seed predation than that occur in
wet years, because the smaller pool of plant resources
amplifies the effect size of consumers on plants.
The biotic–abiotic interactions driving community
change are of particular relevance in dryland communities that experience strong seasonal and annual variations
in rainfall. For example, the climate in North American
drylands is strongly driven by cyclic influences of the El
niño–Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO) (Verdon & Franks, 2006).
Large swings in the timing and amount of rainfall greatly
influence plant productivity (Brown & Ernest, 2002;
Collins et al., 2020; Maurer et al., 2020; Muldavin
et al., 2008; Rudgers et al., 2018) and alter plant community composition through species-specific patterns of
germination out of the seedbank (e.g., Angert et al.,
2009). Shifts in summer versus winter precipitation
amounts correlate with increases in dominant C4 grasses
(e.g., black grama, Bouteloua eriopoda) during La Niña
events, and increased C3 shrubs (e.g., creosotebush,
Larrea tridentata) during El Niño events (Muldavin
et al., 2008). Variable precipitation can influence rodent
abundances from the bottom-up (Baez et al., 2006;
Muldavin et al., 2008; Mulhouse et al., 2017), and rodent
abundances correlate positively with plant production,
typically with a 6–12 month time lag (Ernest et al., 2000;
see also Thibault et al., 2010). For example, dominant,
granivorous kangaroo rats can increase with the production of annual or perennial grasses (Lightfoot et al., 2012;
Schooley et al., 2018). In the past 100 years, average aridity during the monsoon season has increased (Maurer
et al., 2020; Rudgers et al., 2018) in southwestern North
American drylands, which is indicative of long-term drying, despite no long-term trend in precipitation amount
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(Petrie et al., 2014). Moreover, interannual variability in
aridity has increased throughout the region (Maurer
et al., 2020; Rudgers et al., 2018). Thus, dynamic seasonal
aridity, precipitation, and plant production may cause
temporal variation in the magnitude of rodents’ influence
on the plant community. So, the community impacts of
seed predation may be strongly context-dependent,
although studies examining the interaction between seed
predation and spatio-temporal patterns of abiotic conditions are uncommon but see (Brown & Ernest, 2002;
Lima et al., 2008; Meserve et al., 2003; Thibault
et al., 2010).
To better understand how seed predators interact with
variable climate conditions, we analyzed long-term vegetation data from the Sevilleta Long-Term Ecological Research
(SevLTER) program in the northern Chihuahuan Desert in
central New Mexico, a site that experiences high interannual variability in precipitation (Mulhouse et al., 2017;
Petrie et al., 2014; Rudgers et al., 2018). Vegetation was
measured for 15 years inside and outside of large-scale
rodent exclosures. Analysis of pre-treatment data began in
1995 and continued to the end of the experiment in 2009.
Some results from this experiment were analyzed by Baez
et al. (2006), who documented strong bottom-up effects of
precipitation on the plant community but few top-down
effects by rodents. Here, we analyze a longer time series
than Baez et al. (2006) and add new information on seed
mass to address the following questions: (1) To what extent
does rodent exclusion alter plant community composition
over a long time scale (e.g., 15 years for this study)? We
hypothesized that the effects of rodent exclusion should
increase with time but vary among years owing to the
large interannual variation in precipitation and drought
(e.g., Muldavin et al., 2008; Mulhouse et al., 2017; Rudgers
et al., 2018). (2) Does rodent exclusion increase plant species
diversity? We hypothesized that if rodents preferred largeseeded species, then rodent exclusion would enhance alpha
diversity and plant species richness. (3) Do larger-seeded
plant species increase under rodent exclusion, and if so, is
this manifest at the community level as greater communityweighted seed mass or altered seed mass distributions?
Rodent preferences for seeds can depend on mammalian
body size, population density, interspecific competition,
predator avoidance, microhabitat, and soil characteristics
(Hughes et al., 1994; M’Closkey, 1980; Price & Heinz, 1984;
Price & Podolsky, 1989). The net effects of rodents on
plants hinge on the balance among processes that include
seed loss from consumption, benefits to seeds from caching
and dispersal, and rodent-mediated soil disturbances creating opportunities for seedling recruitment (e.g., Longland
et al., 2001; Swartz et al., 2010). Thus, selective foraging by
an entire community of diverse rodent taxa involves several
factors that may, or may not, bias plant community
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composition toward larger-seeded plant species. Moreover,
rodents could alter the shape of trait distributions through
selective foraging (e.g., reducing variance, increasing skewness toward large seed sizes, and increasing kurtosis), indicating abundant plant species sharing similar trait values
(Gaedke & Klauschies, 2017; Gross et al., 2017). (4) Do the
impacts of seed predation on community seed mass track
interannual differences in climate? We predicted that rodent
exclusion should have the largest effects on plant communities and community traits during or after wet years, when
conditions favor both annual and perennial forb production (Mulhouse et al., 2017), allowing the impacts of
rodents to be manifest. These effects may lag behind wet
years because rodent populations can take 6–12 months to
respond to rainfall-driven increases in plant production
(Ernest et al., 2000).

METHODS
Natural history
Plants
The Sevilleta National Wildlife Refuge is located at the
northern edge of the Chihuahuan Desert with typical
Chihuahuan Desert grasslands and shrublands (DickPeddie, 1993). Research sites were established within an
extensive black grama grass (Bouteloua eriopoda) grassland
(N: 34 190 59.16", S: 34 190 59.16", E: 106 440 9.6", W:
106 440 9.6") and within a distant creosotebush (Larrea
tridentata) shrubland (N: 34 170 45.6", S: 34 170 45.6", E:
106 550 37.2", W: 106 550 37.2") with different forb taxa
dominating both ecosystems in spring versus fall
(Muldavin et al., 2008; Mulhouse et al., 2017).

Mammals
The ecology of granivorous desert rodent assemblages
has been well-studied across North American drylands
(Davidson et al., 1985; Heske et al., 1993; Hernandez
et al., 2005; Kelt, 2011; Kotler & Brown, 1988; Lima
et al., 2008). The Sevilleta rodent community, like other
desert rodent assemblages, is dominated by heteromyid
granivores that forage mostly on forb seeds, and to a
lesser extent on grass seeds, leaves, and insects (Ernest
et al., 2000; Hope & Parmenter, 2007; Yeakel et al., 2020).
On average, rodents were 40% more abundant in shrubland (11.7  5.0 rodents/ha) than grassland (8.4  1.2
rodents/ha). The most common species are Perognathus
flavus (silky pocket mouse) in both grassland and shrubland, Dipodomys ordii (Ord’s kangaroo rat) in the
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grassland, and Dipodomys merriami (Merriam’s kangaroo
rat) in shrubland. All of these species are larder hoarders,
although D. ordii can also scatter hoard. These species
vary in body sizes and foraging microhabitats, based on
seed availability and predation risk (Abramsky, 1988;
Jenkins & Breck, 1998; Kotler, 1984; Munger &
Brown, 1980).

Experimental design
Treatments
Each site was 1 km by 0.5 km and had four replicate,
randomly located blocks (Figure 1). Each block was
96 m per side and contained two 36 m  36 m experimental plots separated by at least 20 m. Treatments
were randomly assigned within each block and
included an unfenced control and a plot fenced with
hardware cloth and poultry wire to exclude rodents
and rabbits. Exclusion plot fences were monitored
bi-monthly for any signs of digging or holes, which
were immediately repaired. Trespass rodents inside
exclosures were rare and it was obvious from soil disturbance. Any rodents found in fenced plots were
trapped out immediately.

Data collection
All data and R scripts from this study are available as a
data package through the Environmental Data Initiative
(EDI) (Lightfoot & Rudgers, 2021). Within each plot, we
positioned a grid of 36 sampling points at 5.8 m intervals
on a 6  6 point grid, with a 3 m wide buffer between
the grid and the plot perimeter. A permanent 1 m  1 m
vegetation quadrat was located at each of the 36 grid
points. Percentage cover of each plant species was
measured in each quadrat using a portable PVC frame
partitioned into a grid of 100 squares using string. We
assessed plant cover in spring (May) and in fall at peak
monsoon (September) by counting the number of 10 cm
squares or portions thereof (to 0.1 of a 10 cm square)
occupied by each plant species. Live and dead cover was
recorded separately. Here, we used only live cover for
analysis. At the same time that plants were measured,
soil surface disturbances also were measured directly
under the string grid to the nearest value (in cm2) and
the depth was measured to the nearest value (in cm). Soil
surface disturbances were categorized as generated by
arthropods (ant nests, spider burrows, etc.), lizards, snake
tracks, rodent digging (cache digging or burrows), large
mammals (pronghorn hoof impacts, deer, coyote, etc.),

F I G U R E 1 (a) Diagram of one block of the Small Mammal
Exclusion Experiment design. (b) Photograph of a grassland rodent
exclusion plot, credit Amaris Swann

and human caused (very rare; researchers avoided
stepping on measurement quadrats).

Seed size
We measured seed mass for 5–15 mature individuals per
plant species, depending on the species availability. We
randomly selected healthy, mature individuals during
2017–2019, and spread effort over a broad geographical
area. We weighed the mass of 5–50 air-dried seeds per
individual plant, depending on seed mass and production. Intraspecific variation in seed size (mean
CV = 0.21) was dwarfed by variation between species
(CV = 0.96).

Climate data
Long-term meteorological stations were located at each
site (see also Rudgers et al., 2018) to measure climate
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variables, such as air and soil temperature, soil moisture,
relative humidity, precipitation, solar radiation, and wind
speed and direction. Seasonal climate data for spring
spanned from October 1 to March 31 and for monsoon
from April 1 to September 30. Annual climate data for
spring ended March 31 and for monsoon ended 30 September, corresponding to the water year (October 1–September 30). Following Rudgers et al. (2018), we gap-filled
missing daily data using data collected from the geographically nearest station within the Sevilleta National
Wildlife Refuge and maintained by the SevLTER program. We calculated the Standardized Precipitation Evaporation Index (SPEI) as an integrative measure of aridity
that accounts for both precipitation and temperature
(Vicente-Serrano et al., 2010).

Data analyses
(1) To what extent does rodent exclusion alter plant community composition over a long time scale? For each sampling date, we determined the average percentage cover
of each plant species across the 36 quadrats per plot. The
full matrix included 16 plots, 27 sampling dates, and
118 plant species. Following standard practices for
distance-based analyses, we removed observations in
which a plot lacked live plant cover, which included
45 observations in spring and 19 in monsoon, of 432 total
observations. We removed pre-treatment baseline data
(1995) in the temporal analysis of treatment effects. One
plot at the grassland site (G1R2) had a single forb species
present in spring 1999 (Lesquerella fendleri) and was
excluded from the analysis of focal species composition
for that year, owing to its strong outlier status in nonmetric multidimensional scaling (NMDS) space. Mean
richness in the grassland during spring 1999 was 2.5 species. Additionally, in the present analysis and the analyses to follow, we removed creosotebush in shrubland
and grasses from the grassland to focus on the subset of
the plant community preferred by rodents (Ernest
et al., 2000; Hope & Parmenter, 2007; Yeakel et al., 2020).
Results from analysis of the whole plant community
(Appendix S1: Table S1) included significant rodent
exclusion effects on composition during the monsoon
season in both grassland and shrubland (perMANOVA;
Appendix S1: Table S1) and exclusion  year interactions
for plant species richness in both seasons and ecosystems
and diversity in all but spring grassland.
We evaluated rodent exclusion effects on plant composition using PERMANOVA in Primer version 6.0 with a Bray–
Curtis distance metric on plant cover as the measure of species abundance (Clarke & Gorley, 2009). The initial model
included the fixed effects of year, site, season, treatment, and
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all possible interactions among them except for season  year
because sampling ended in spring 2009. The model included
the random, repeated effect of the block (nested in site)
and plot (nested in site  treatment  block). All analyses
used 10,000 permutations with Type III SS under a reduced
model. The initial model revealed strong divergence in community composition between sites (p < 0.0001) and seasons
(p < 0.0001). Therefore, we split the dataset into four site 
season combinations and tested for treatment  year effects
within each, including the repeated, random effect of the
block. To visualize treatment effects on community composition, we used NMDS analysis on the Bray–Curtis similarity
matrix with 500 random restarts. We determined which plant
species were most responsible for treatment differences in
plant species composition using similarity percentage
(SIMPER) analysis (Clarke & Gorley, 2009).
(2) Does rodent exclusion increase plant species diversity?
We used the matrix of plant species to calculate species
richness and Shannon’s diversity index (H0 ) at the scale of
1 m  1 m quadrats using the vegan package in R. Then,
we used multilevel mixed-effects linear models with
repeated measures to test for rodent exclusion effects on
these diversity metrics. Models had the fixed effects of year,
season, treatment, site, all possible interactions among
them, and the random effects of plot identity (nested in site
and treatment) and quadrat (nested in plot) (Pinheiro
et al., 2017). We evaluated three temporal autocorrelation
models using the package <nlme> in R (Pinheiro
et al., 2017; R Core Team, 2020): autoregressive 1 (AR1),
autoregressive 2 (AR2), or a random intercepts model with
no temporal autocorrelation. We conducted model selection using the second-order Akaike Information Criterion
(AICc; Barto
n, 2013), with 2 AICc required to support the
more complex variance–covariance structure.
(3) Do larger-seeded plant species increase under
rodent exclusion, and if so, is this manifest at the community level as greater community-weighted seed mass or
altered seed mass distributions?
(3a) Do larger-seeded plant species increase under
rodent exclusion? For each plant species, we used model
selection procedures to evaluate rodent exclusion effects
and temporal autocorrelation for the site(s) and season(s)
in which the species occurred, using procedures described
for alpha diversity in question (2). In all models, plot was
included as a repeated, random effect nested within block
and the treatment  site interaction. Models using AR2
for temporal autocorrelation typically fit best for plant species present in both spring and monsoon because abundance was more strongly associated with the prior year of
the same season rather than the prior season of the same
year. In all models, plant species cover was logtransformed to meet assumptions of normality of residuals
and homogeneity of variances.
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From the best model for each plant species, we calculated the relative interaction intensity (RII) as a metric of
effect size (Armas et al., 2004). The value of RII was determined from back-transformed mean percentage cover estimated using maximum likelihood (Lenth et al., 2018) as
(Meanexclusion  Meancontrol) / (Meancontrol + Meanexclusion)
such that species that increased under rodent exclusion had
a positive RII. We did not analyze the cover of plant species
with <0.1% average cover over the time series. These data
were zero-inflated and failed to meet model assumptions.
We determined the standard deviation of RII following
Armas et al. (2004). For all but eight species, the year 
treatment interaction was statistically significant (p < 0.05),
reflecting the large interannual variability. Therefore, for
each species, we determined the RII during the year with
the strongest treatment effect as well as the average RII over
the full-time series. To examine whether plant species
responses to exclusion were predicted based on seed mass,
we merged the dataset of RII effect sizes with average plant
species seed mass data to test and get the answer of the
question, “Do larger-seeded plant species increase under
rodent exclusion?” The model for each site was RII  seed
mass, with each plant species as a unit of observation. We
ran two analyses: first, using the RII from the year in which
the exclusion treatment had the strongest effect on the species as a least conservative evaluation of our hypothesis; and
second, using average RII over all sampling dates as a most
conservative evaluation of our hypothesis.
(3b) Do rodent exclusion effects on individual plant species increase community-weighted seed mass or alter the distribution of seed mass? We calculated community-weighted
mean (CWM) seed mass (hereafter, community seed mass)
as well as weighted skewness, variance, and kurtosis
for each vegetation quadrat using the weighted.mean, w.
kurtosis, w.var, and w.skewness functions of <tidyverse>
and <Weighted.Desc.Stat> in R (Wickham, 2017; https://
We
CRAN.R-project.org/package=Weighted.Desc.Stat).
calculated CWM for the entire plant community and also
for the most rodent-responsive subset, which excluded
creosotebush and grasses. We used repeated measures,
multilevel mixed-effects model on CWM metrics (mean,
skewness, and kurtosis) with the fixed effects of year, season, treatment, site, possible interactions among them,
and the random effects of plot identity (nested in site and
treatment) and quadrat (nested in plot) (Pinheiro
et al., 2017). As described for plant diversity in question
(1), to get the value of mean seed mass, we compared
models with alternative variance–covariance matrices to
detect temporal autocorrelation; the best model for mean
seed mass used AR2. We obtained marginal R 2 following
Lefcheck (2016) and tested for rodent exclusion effects on
each date using pairwise contrasts on estimated means
(Lenth et al., 2018).
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(4) Do the impacts of seed predation on CWM track
interannual differences in climate? For each year, site, and
season, we determined the magnitude of change in
CWM by using the RII for CWM, calculated for the subset
of the rodent-responsive community, which excluded
creosotebush and grasses. We regressed this effect size
against climate data for each site  season combination
using a linear model (function gls in <nlme>) fit with
maximum likelihood (Pinheiro et al., 2017). We used model
selection via the second-order AICc (Barto
n, 2013) to determine the best climate predictor from seasonal cumulative
precipitation, annual cumulative precipitation, the SPEI
drought index over a 6-month or 12-month integration
period (Vicente-Serrano et al., 2010), or growing degree days
(April–September) with a base air temperature of 0 C. Each
climate variable was also included in models with a lag of
one year to account for a possible delay in the plant response
to rodent exclusion. The magnitude of rodent exclusion
impacts on plant communities could vary temporally due to
the differences in rates of seed predation or through indirect
pathways, such as soil disturbances by rodent nests and burrows or altered competition between forbs and dominant
grasses. Thus, we also explored how spatio-temporal variability in rodent-caused soil disturbances (data package: Lightfoot & Rudgers, 2021) or grass cover influenced the effect of
rodent exclusion on CWM (Appendix S1: Figures S1 and S2).

RESULTS
(1) Rodent exclusion altered plant community composition
over a long time scale. Rodent exclusion significantly
altered the composition of monsoon plant communities
in both grassland and shrubland sites (Table 1, Figure 2).
In contrast, rodent exclusion had no significant influence on community composition during spring seasons
(Appendix S1: Table S2). In the grassland, several common forb species increased from 1- to 20-fold in average
cover under rodent exclusion, as revealed by SIMPER
analysis (Appendix S1: Table S3). These included
Krascheninnikovia lanata (Chenopodiaceae, 1890% increase
in average cover under exclusion relative to control), Chaetopappa ericoides (Asteraceae, 990%), Atriplex canescens
(Chenopodiaceae, 100%), and Sphaeralcea leptophylla
(Malvaceae, 91%). In shrubland, common plant species
that increased under rodent exclusion included Opuntia
phaeacantha (Cactaceae, 1600% increase), Senecio flaccidus
(Asteraceae, 1000% increase), and Gutierrezia sarothrae
(Asteraceae, 90%) (Appendix S1: Table S3). When analyzing the whole plant community (Appendix S1: Table S1),
several grasses in shrubland increased with rodent exclusion
during the monsoon season, notably Bouteloua eriopoda
(1400%), Muhlenbergia porteri (460% increase), Sporobolus
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T A B L E 1 Statistical results from analyses of monsoon season focal plant community structure excluding foundation plant species
(grasses and creosotebush)
Composition

Dispersion

Diversity

Pseudo-F

p

Pseudo-F

p

F

Richness
p

F

p

Monsoon grassland
19.06

0.0001

14.55

0.0005

0.81

0.4030

0.46

0.5222

Exclusion  year

Exclusion

0.51

0.9999

3.12

0.0202

1.14

0.3206

1.70

0.0535

Year

5.75

0.0001

8.86

0.0001

245.14

<0.0001

373.82

<0.0001

Monsoon shrubland
Exclusion

5.34

0.0001

0.11

0.7774

0.57

0.4801

0.62

0.4597

Exclusion  year

1.16

0.1048

6.59

0.0001

55.61

<0.0001

92.67

<0.0001

Year

5.99

0.0001

7.35

0.0001

3.74

<0.0001

3.07

0.0001

Note: Results are presented for composition (PERMANOVA), beta-diversity (PERMDISP), diversity (Shannon H0 index), and species richness for each habitat.
p < 0.05 are in bold.

F I G U R E 2 Non-metric multidimensional scaling (NMDS)
plots of focal monsoon season plant species community
composition in (a) grassland and (b) shrubland, excluding the
dominant foundation species (grasses and creosote bush). Each
point is a plot in a single year (1996–2008). Control plots, black
symbols, rodent exclusion plots, gray symbols. Stress values from
the ordinations are provided on each panel. Full statistical results
are provided in Table 1

cryptandrus and S. flexuosus (>200%), Aristida purpurea
(180%), Dasyochloa pulchella (150%), Pleuraphis jamesii
(120%), and Muhlenbergia arenicola (50%). However,
rodent exclusion did not significantly affect total grass
cover across all grass species in either ecosystem type
(Figure 3a,b, Grassland, Exclusion p = 0.95; Shrubland,
Exclusion p = 0.51), and the only significant difference
occurred in the grassland in 2007 (Figure 3a, p = 0.035).
(2) Rodent exclusion weakly influenced plant species
diversity. Rodent exclusion had weak effects on plant alpha
diversity and species richness (Table 1). Specifically, shrubland communities in spring shrubland and monsoon seasons
had significant exclusion treatment  year interactions for
either diversity or richness, but no pairwise contrasts between
treatments within any year were statistically significant in
either the full plant community (all p > 0.06, Appendix S1:
Table S1, Figure S3) or the focal community that excluded
grasses and creosotebush (Appendix S1: Table S2).
(3a) Large seed size predicted increase in plant biomass
under rodent exclusion. Forb species with large seeds were
significantly more likely to increase under rodent exclusion than species with small seeds (ln [seed mass];
slope = 0.25  0.087 SE, F = 8.18, p = 0.008, R 2 = 0.22,
N = 26 species). As a result of the differences in plant
species composition, this effect was slightly weaker in the
more diverse grassland (Figure 4a; slope = 0.20  0.099
SE, F = 3.92, p = 0.063, R 2 = 0.18, N = 20 species) than
in shrubland (Figure 4b; slope = 0.51  0.176 SE,
F = 8.61, p = 0.019, R 2 = 0.52, N = 10). In the most conservative analysis, which used the average RII across all
time points for all species with cover >0.1%, the relationship with seed size was neutral (Appendix S1: Figure S4;
slope = 0.01  0.009 SE, F = 1.16, p = 0.293, R 2 = 0.05,
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F I G U R E 3 Total grass cover by rodent exclusion treatment over time showing means with SE for (a) grassland and (b) shrubland
ecosystems. Exclusion F = 0.42, p = 0.53, exclusion  ecosystem F = 0.44, p = 0.52. Although exclusion  site  year was statistically
significant, F = 4.74, p < 0.0001, all exclusion effects were non-significant (p > 0.05) in all pairwise contrasts except in grassland in 2007

N = 26 species) because the cover of individual plant species was so dynamic over time.
(3b) Rodent exclusion increased community-weighted
seed mass. Rodent exclusion increased CWM, most
strongly in grassland focal communities (Figure 5,
Table 2). Mean community seed mass was 1.27 g
(median = 0.83) in monsoon grassland, 1.1 g in spring
grassland, and less than half of that (only 0.5 g
[median = 0.18 g]) in shrubland during both seasons.
The range was similar, with a maximum of 5.6 g seed
mass at both sites, and within a site, CWM did not significantly differ between seasons. In the whole community
analysis, which included grasses and creosotebush,
rodent exclusion did not increase CWM, although there
was a significant rodent exclusion  year  ecosystem
type interaction (Figure S5).
In the grassland, CWM increased during the monsoon season, on average by 60% inside versus outside of
rodent exclosures. The largest effect sizes occurred in
1999 (130% increase), 2003 (230% increase), and 2007
(140% increase), (Figure 5a). During spring season,
rodent exclusion did not significantly alter grassland
CWM in any year (Figure S6). Skewness of the grassland
seed size distribution was affected only in 2004, with an
expected decline in skewness by 55% under rodent

exclusion (ecosystem  exclusion  year, p < 0.0001;
2004 grassland: p = 0.031). Rodent exclusion had no significant influence on kurtosis of the grassland seed size
distribution in any year (p > 0.14). As predicted under
the expectation that rodents select seeds based on size,
variance in seed size increased under rodent exclusion in
both the ecosystems only during fall (p = 0.0025), not in
spring (p = 0.69). In grassland, variance in seed size distribution during fall was 83% greater under rodent exclusion than in control plots.
In shrubland, rodent exclusion increased CWM during the monsoon season by just 8% on average over all
the years, but the effects were more temporally variable
than in grassland. Rodent exclusion increased shrubland
CWM by a maximum of 1190% in monsoon in 2003, with
a 160% increase in 2004, and 70% in 2001 (Figure 5b).
Other aspects of the distribution of community seed size
were affected in some years in shrubland. In shrubland
plant community during the monsoon season, variance
in community seed size increased under rodent exclusion
by 66% as in the grassland. In contrast to the grassland,
the spring season shrubland CWM increased under
rodent exclusion in 2003 and 2007 (Appendix S1: Figure
S6). As predicted, skewness declined by 123% with rodent
exclusion in 2007 (p < 0.0001); but kurtosis increased, in
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F I G U R E 4 Plant species with larger seed mass had greater increases in percentage cover inside versus outside of rodent exclosures in
the (a) grassland, N = 20 plant species and (b) shrubland, N = 10 species. RII is the relative interaction intensity, a measure of species’ effect
sizes for their responsiveness to rodent exclusion that scales from 1 to 1. Bars show standard deviation following Armas et al. (2004). Seed
mass is plotted on a ln scale

contrast to our prediction that the presence of rodent
would create a more peaked seed size distribution. Kurtosis was 455% greater under rodent exclusion in 1999
(p < 0.0001), 218% in 2004 (p < 0.0001), and 60% in 2005
(p < 0.0001; ecosystem  exclusion  year, p < 0.0066).
(4) Rodent effects on community-level seed mass were
strongest during dry periods. The magnitude of increase in

CWM under rodent exclusion was greatest during the driest periods in both grassland and shrubland (Figure 6).
Monsoon CWM in the grassland had the strongest relationship with seasonal precipitation (Figure 6a), barely
outranking annual precipitation by ΔAICc 2.1, and
outranking all other climate variables by ΔAICc > 3.4.
For the monsoon shrubland, the drought index for
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F I G U R E 5 Community seed mass (CWM) in control (black symbols) and rodent exclusion (gray symbols) plots for (a) grassland and
(b) shrubland monsoon plant communities. Community-weighted seed mass excludes grasses and creosotebush. Symbols show the
treatment mean  SE calculated after averaging quadrats within plots. Asterisks indicate years with significant rodent exclusion effects

T A B L E 2 Results from general linear mixed-effects models for
community seed mass (g)  exclusion treatment  year for each
ecosystem type
Effect

F

p

Monsoon grassland
Exclusion treatment

11.05

0.0159

3.09

0.0001

17.14

<0.0001

Exclusion treatment

0.19

0.6759

Exclusion  year

4.92

<0.0001

Year

2.55

0.0028

Exclusion  year
Year

communities had weaker and opposite sensitivities to
climate than monsoon season communities. Here, the
magnitude of increase in CWM under rodent exclusion
was greatest during wetter years in the grassland or hotter years in shrubland (Figure 7), but climate influences
for spring community responses were non-significant.

DISCUSSION

Monsoon shrubland

Note: The full model included the repeated, random effects of plot identity
(nested in exclusion treatment and ecosystem) and quadrat (nested within
plot) as well as AR2 temporal autocorrelation. Grassland model marginal
R 2 = 0.12, conditional R 2 = 0.38. Shrubland model marginal R 2 = 0.19,
conditional R 2 = 0.24. p-values <0.05 are shown in bold.

April–September of the previous year was the best climate
predictor (Figure 6b), and the next best model was lagged
seasonal precipitation, suggesting a delayed response of
rodent impacts on shrubland communities. Spring plant

Large-seeded species increased in
abundance under rodent exclusion, but
responses were mediated by climate
Our results demonstrate that the long-term impacts of granivorous rodents on plant communities can be substantial,
but the magnitude of these effects varied among ecosystem
types, seasons, and years. Rodents strongly influenced the
community composition and seed size distribution in two
northern Chihuahuan Desert plant communities, with
these effects tied to variation in precipitation and drought.
Such climatic variability is a hallmark of drylands and has
been escalating under climate change (Maurer et al., 2020).
In both grassland and shrubland vegetation, the strongest
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F I G U R E 6 Magnitude of increase in community seed mass
(CWM) for monsoon season focal plant assemblages (excluding
grasses and creosotebush) in (a) grassland and (b) shrubland. The
effect size (RII) was determined from yearly means as
(MeanExclusion  MeanControl)/(MeanControl + MeanControl) with the
SD following Armas et al. (2004). RII is plotted as a function of the
best climate predictor. Large values of SPEI indicate wetter/cooler
years. The slope (β), R 2, and p-value from a hypothesis test that
β = 0 are provided for each ecosystem type

general pattern was a substantial increase in the abundance of larger-seeded forb species in response to rodent
exclusion. This was manifested at the community level as
larger CWM and greater variance in seed mass of the forb
communities inside versus outside of rodent exclosures.
In many open habitats, where seed sizes are smaller
than in forests, large-seeded species are highly vulnerable
to seed predation (Abramsky, 1983; Maron et al., 2012,
2018; Reader, 1993). A recent world-wide review and
meta-analysis (Dylewski et al., 2020) revealed that in
open habitats, such as grasslands, large seeds were the
most sensitive to small mammal predation. Our results
mirror those of Brown and Heske (1990) who similarly
observed large-seeded species increase inside rodent
exclosures after many years of rodent exclusion. However, the long-term experiment by Brown and colleagues
additionally filtered rodent communities by rodent size
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F I G U R E 7 Magnitude of increase in community seed mass
(CWM) as a function of the best climate predictor for (a) grassland
and (b) shrubland ecosystem, for the spring season focal plant
community excluding grasses and creosotebush. Large values of
SPEI indicate wetter/cooler years. Y-axis values were determined
from yearly means and SE as RII = (MeanExclusion  MeanControl)/
(MeanControl + MeanControl) and are shown with the SD for RII
following Armas et al. (2004). The slope (β), R 2, and p-value from a
hypothesis test that β = 0 are provided for each ecosystem

and detected the strongest influences when the largest
rodents (kangaroo rats) were excluded. Novel to our
study was that plant community responses to rodent
exclusion varied spatially between grassland and shrubland and temporally between spring and monsoon seasons. These results are important because they indicate
how ecosystem state transitions and climate change
could reshape communities through altered species interactions (e.g., Urban et al., 2017).

Rodent impacts on plant community
diversity
Contrary to our original hypothesis, rodent exclusion did
not strongly influence plant species diversity or richness
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(see Baez et al., 2006). Although rodent seed predation
decreased the abundance of particular large-seeded species, predation was not strong enough to eliminate these
species from the community or to reorder species abundances so drastically as to alter overall species diversity.
Our findings contrast with results from other long-term
consumer exclusions in which insects or ungulates
increase alpha diversity by suppressing plant community
dominants (Carson & Root, 2000; Koerner et al., 2018;
Olff & Ritchie, 1998). However, a long-lived seed bank in
our system may buffer species against local extirpation.
Seeds in a seedbank are generally less vulnerable to predation than newly dispersed seeds on soil surfaces (Clark
et al. 2007; Hulme, 1994).

Context-dependency of top-down impacts
of rodents: Ecosystem type
A consistent feature of plant–consumer interactions is
that they are highly context-dependent; interaction strength
varies across space and/or over time (Chamberlain et al.,
2014; Maron et al., 2014; Werner et al., 2020). In the northern Chihuahuan Desert, the grassland and shrubland ecosystems we studied differed in the identity of the dominant
plant species, the amount of open space for seed germination (less in grassland than shrubland; Pockman &
Small, 2010), plant diversity (higher in grasslands than
shrublands; Appendix S1: Figures S3 and S7), the density
and size of rodents (50% fewer animals in grasslands than
shrublands; Baez et al., 2006; Cardenas et al., 2021), the
amount of rodent-caused soil disturbance (54% greater in
grasslands [mean = 37%] than shrublands [mean = 24%];
Appendix S1: Figure S1), and caching behavior of rodents
(Jenkins & Breck, 1998; Yeakel et al., 2020). Not surprisingly, plant community responses to rodent exclusion differed between these ecosystem types, likely as a
consequence of these differences. The increase in CWM
seed mass with rodent exclusion was 52% larger, on average, in grassland than shrubland (Figure 5), and the
increase in variance of the seed mass distribution was also
greater in the grassland than shrubland. These results are
perhaps not surprising, given the greater plant diversity in
grassland than shrubland, combined with the greater number of species with larger seed sizes that are likely more vulnerable to seed predation. Decomposing the factors
underlying ecosystem-context dependency may require
rodent exclusions imposed together with manipulations of
hypothesized mechanisms, such as soil disturbance, plant
diversity, or the amount of bare ground.
In contrast to the larger response in CWM seed mass
to rodent exclusion in grassland, the relationship
between individual plant species responses to rodent
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exclusion and their seed size was stronger in shrubland
(Figure 4). Notably, this was not driven by responses of
large-seeded species to rodent exclusion, as occurred in
grassland. Instead, in shrubland, small-seeded species
declined under rodent exclusion (Figure 4). One explanation is that shrublands had greater dominance of
Dipodomys
species
than
grasslands
(Cardenas
et al., 2021), and extensive soil disturbances caused by
these large rodents in shrublands facilitated the recruitment of small-seeded species outside of exclosures. On
average, soil disturbance attributed to rodents was much
lower in shrubland than grassland, although rodent
exclusion significantly reduced disturbance on more
dates in shrubland than grassland (in spring;
Appendix S1: Figure S1). Other studies have shown that
large effects of Dipodomys on plant communities can be
caused by their ecosystem engineering (e.g., Prugh &
Brashares, 2012) and may interact with additional disturbances, such as fire (e.g., Nicolai, 2019).

Context-dependency of top-down impacts
of rodents: Climate variability
Substantial interannual variation in the impacts of rodent
exclusion on plant communities tracked interannual differences in climate, as we originally hypothesized. It has
become drier and more variable over the past 100 years
at our sites (Rudgers et al., 2018) and regionally (Maurer
et al., 2020). In monsoon plant communities, where the
response to rodent exclusion was the greatest, rainfall,
either during the current year (grassland) or previous
year (shrubland), correlated negatively with increases in
CWM caused by rodent exclusion. In dry periods, largeseeded species responded more positively to rodent exclusion than during wetter periods in both ecosystems. However, we suspect that different mechanisms operate in
grassland versus shrubland to influence the contextdependency of rodent impacts. In grasslands, climate
influences occurred in concurrent arid periods, whereas
in shrubland, the impacts of rodent exclusion were
greatest when lagged by one year. We speculate that in
shrubland, drought altered both the foraging decisions
and abundances of rodents during arid years, causing
lagged effects manfest through the seed bank in the subsequent year. A stochastic dynamic program that
modeled rodent foraging decisions predicted altered food
preferences under resource limitation, particularly for
rodents weighing less than 50 g (Yeakel et al., 2020). In
grassland, we hypothesize that dry conditions instead
influenced the process of plant recruitment by reducing
total plant cover and opening safe sites for seedlings in
the more densely vegetated grassland.
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Isolating the underlying causes of climate-context
dependency in rodent exclusion is complex. Desert
rodent communities are dynamic and change in
nonlinear ways with variable resources (Brown &
Ernest, 2002; Guo & Brown, 1996; Lima et al., 2008;
Thibault et al., 2010). In our system, as in others, rodent
abundances are often best predicted by the previous
year’s precipitation or aridity (Baez et al., 2006; Cardenas
et al., 2021; Thibault et al., 2010), likely because
increased primary production boosts rodent reproduction, rather than reducing survival, creating a time lag in
the response of population abundance (e.g., Lightfoot
et al., 2012). Linking rodent abundance with when
rodents have the largest effects on plant communities is
not straightforward because of the divergent responses in
abundance as well as foraging behaviors among rodent
species. For example, in a recent regional analysis of
rodent abundance and climate, D. spectabilis increased
during wet years in both the grassland and shrubland
sites studied here. D. merriami (only abundant in shrubland) increased the year following a wet year, and
D. ordii (only abundant in grassland) was largely insensitive to aridity (Cardenas et al., 2021). However, the abundance of another heteromyid that has large abundance
spikes, the silky pocket mouse (Perognathus flavus),
which nonlinearly tracked drought, was most abundant
in or following wet or dry extremes in both grassland and
shrubland (Noble et al., 2019; Cardenas et al., 2021).
Moreover, other factors, such as the relative abundance
of preferred plant species, competition with other consumers (Brown et al., 2001; Brown et al., 2002; Brown &
Heske, 1990; Lima et al., 2008), predation and risk of predation (Kotler, 1984; Lima et al., 2002; Meserve
et al., 2003; Stapp & Polis, 2003), influence rodent foraging pressure. Finally, years that are best for plant recruitment, when past effects of granivory can be manifested,
are not always times when rodent abundance is highest.
Therefore, disentangling the extent to which our results
were influenced by the direct effects of climate on rodent
abundance and/or foraging behavior as opposed to the
effects of climate on plant recruitment is not possible
without additional experimentation, such as climate
manipulations (e.g., drought shelters, water additions,
etc.) crossed with rodent exclusion.

Context-dependency of top-down impacts
of rodents: Seasonal variability
The magnitude of plant community responses to rodent
exclusion varied seasonally. In general, the community that
establishes with monsoon rains had a greater response to
rodent exclusion than did the assemblage that recruits
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during spring. The probable reason for the greater monsoon responses to rodent exclusion is that plant biomass of
non-foundation plant species was generally larger during
the summer monsoon than in spring, as was plant species
richness (i.e., fall plant community; Appendix S1: Figure
S3). Thus, there was simply more scope for detecting a
response in the monsoon season than in spring. Moreover,
some rodents switch from eating insects in spring to focusing on more abundant seeds during the late summer monsoons (Noble, 2017; Schooley et al., 2018), which could also
contribute to the larger response of the monsoon versus
spring plant assemblage. It is unlikely that seasonal differences in the effects of rodent exclusion were due to seasonal differences in rodent-caused disturbance to soils, as
this was greatest in spring (Appendix S1: Figure S1). The
greater impact of rodent exclusion during the monsoon
season was also not generally due to larger-seeded species
occurring more frequently in monsoon than spring because
CWM did not differ seasonally.

Rodent-mediated disturbances
In a previous long-term rodent exclusion study in the
western Chihuahuan Desert, Brown and Heske (1990)
similarly found that long-term rodent exclusion had
strong effects on the plant community. In this and other
studies, rodents can influence plant communities not
only through the direct effects of predation on largerseeded plant species, but also through indirect effects of
reduced soil disturbance that result from rodent exclusion (Brown & Heske, 1990; Prugh & Brashares, 2012). In
our study, some lines of evidence support the hypothesis
that in grassland the impacts of rodent exclusion on seed
mass occurred in-part through the indirect effect of
rodents on soil disturbance, and via competition with
grass. First, grass cover in grassland was, on average,
more than 9-fold greater than in shrubland (Grassland
mean = 37%, Shrubland mean = 4%; Figure 3), and soil
disturbance was on average 50% greater (Appendix S1:
Figure S1). Thus, it is likely that any indirect effects of
rodent disturbance would be strongest in grasslands.
Second, rodent disturbance to soils was greatest in dry
years (Appendix S1: Figure S1) when grass cover also
significantly declined. Although losses in grass cover
occurred in both rodent exclusion and control plots
during dry years (Figure 3), a general reduction in grass
cover may enable differences in the seedbank that are
caused by seed predation to manifest by opening more
space for seedling recruitment. Finally, CWM declined
with grass cover in both treatments in grassland
(Appendix S1: Figure S2). Altogether, these correlations
suggest that the indirect effects of reduced grass cover
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and increased soil disturbance may partially explain
why community seed size increased the most in dry
years in grassland. Clearly, a full exploration of both
the direct and indirect pathways through which rodents
influence the plant community requires a formal path
analyses via structural equation modeling. Our study
lacked the replication at each time point that is needed
for sufficient statistical power to disentangle direct and
indirect pathways of climate and rodents on the plant
community.
In contrast to the grassland, our results in shrubland
did not appear influenced by rodent disturbance or changes
in grass cover. The correlation between grass cover and the
CWM of non-grasses was half as strong in exclusion plots
as in controls (Appendix S1: Figure S2). Generally, grasses
in shrubland did not respond to yearly differences in aridity
(marginal R 2 = 0.006) or rainfall (marginal R 2 = 0.007).
Together, these results are consistent with the hypothesis
that there was no release from competition with grasses in
dry years in the shrubland ecosystem. Possibly, rodents
consumed more grass cover during wet years because
nutritious resources were more limited in shrubland
(e.g., Kerley et al., 1997; Yeakel et al., 2020). Average plant
cover excluding grasses and creosotebush was just 1.8% in
the monsoon shrubland versus 6.5% in grassland. In shrubland, a 2-fold stronger negative correlation between CWM
and grass cover occurred in the presence versus absence of
rodents (Appendix S1: Figure S2), which could indicate
that rodents spent more time eating non-grass plants in
patches with high grass cover in order to shelter from predators in the sparsely vegetated shrubland. More rigorous
evaluation of the relative contribution of soil disturbance
versus direct seed predation in affecting the plant community will require experimental manipulation of soil disturbance and/or seed predation in ways that would mimic
rodent effects.

C O N C L U S IO N
Altogether, 15 years of rodent exclusion experiments in
northern Chihuahuan Desert grassland and shrubland revealed important, but climate-sensitive, shifts in plant traits.
Seed size at the community level increased under rodent
exclusion, driven by the recruitment responses of several
large-seeded forb and shrub species in grassland, which
increased in the absence of rodents, and several smallseeded species in shrubland, which decreased in the
absence of rodents. The strength of the influence of rodent
exclusion on the plant community, particularly on community seed size, was greatest in dry years, or in years following dry years and for plants that dominated during the
monsoon season. As drylands in southwestern North

MARON ET AL.

America become increasingly drier in the future, our
results suggest the impacts of rodents on plant communities, and plant community-level traits, may intensify.
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