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Biotic resistance and disturbance: rodent consumers regulate
post—ﬁre plant invasions and increase plant community diversity
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Abstract. Biotic resistance and disturbance are fundamental processes influencing plant
invasion outcomes; however, the role of consumers in regulating the establishment and
spread of plant invaders and how disturbance modifies biotic resistance by consumers is
unclear. We document that fire in combination with experimental exclusion of rodent
consumers shifted a native desert shrubland to a low-diversity, invasive annual grassland
dominated by Bromus tectorum (cheatgrass). In contrast, burned plots with rodents present
suppressed invasion by cheatgrass and developed into a more diverse forb community.
Rodents created strong biotic resistance to the establishment of aggressive plant invaders
likely through seed and seedling predation, which had cascading effects on plant compe-
tition and plant community diversity. Fire mediated its positive effects on plant invaders
through native plant removal and by decreasing the abundance and diversity of the rodent
community. The experimental disruption of plant and consumer-mediated biotic resistance
of plant invaders using fire and rodent exclusion treatments provides strong evidence that
native plants and rodents are important regulators of plant invasion dynamics and plant
biodiversity in our study system. While rodents conferred strong resistance to invasion in
our study system, fluctuations in rodent populations due to disturbance and climatic events
may provide windows of opportunity for exotic plant species to escape biotic resistance
by rodent consumers and initiate invasions.
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INTRODUCTION

Rapid global expansion of plant invaders and ecological
disturbance due to human activities are among the most
significant ecological and societal challenges of the 21st
century. Introductions of exotic species into new environ-
ments have highly variable outcomes ranging from estab-
lishment failure to continental-scale invasions that can
have dire economic and ecological consequences (Vila
et al. 2010). The establishment and proliferation of exotic
species in an ecosystem is largely determined by the
interplay between traits of species and conditions in the
introduced environment (Williamson and Fitter 19965,
Soletal. 2012). Exotic species establishment and expansion
rates vary between ecosystems, and across space and time,
suggesting that a complex set of biotic and abiotic filters
are involved. Principal among these factors are resource
availability in the introduced environment (resource
hypothesis) (Davis et al. 2000) and biological regulation
by enemies (biotic resistance hypothesis) (Elton 1958,
Levine et al. 2004). The niche-opportunity hypothesis
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posits that spatio-temporal fluctuations in resource avail-
ability and enemies (e.g., plant competitors and con-
sumers) provide niche opportunities to invaders that
create windows of opportunity for exotic species to
establish and spread (Shea and Chesson 2002, Allington
et al. 2013). This fluctuation-based conceptual model,
although largely untested, provides a theoretical
framework for understanding and predicting how rapid
environmental changes (e.g., wildfire and climate change)
and shifts in plant and animal populations may regulate
plant invasions under future global change.

Animal consumers can elicit both positive (Orrock
et al. 2008, Kalisz et al. 2014) and negative effects (Maron
and Vila 2001, Parker and Hay 2005, Pearson et al. 2012)
on the establishment of exotic plant species. The majority
of research on biotic resistance to plant invasions has
focused on plant competition and pathogen-mediated
resistance (Levine et al. 2004). Recent seed addition exper-
iments in terrestrial ecosystems demonstrate that
top-down regulation by small mammal and ant con-
sumers can suppress the establishment success of exotic
plant species (Pearson et al. 2011, 2014a,b, Maron
et al. 2012, Connolly et al. 2014) and create population-
level biotic resistance against weak plant invaders
(Pearson et al. 2012, Allington et al. 2013). However,
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consumer-mediated regulation of the population dynamics
and spread of aggressive plant invaders that are ecologi-
cally problematic are largely uninvestigated. Altough
there is emerging evidence that consumers influence
invasion outcomes, we know much less about the envi-
ronmental factors that strengthen consumer-mediated
biotic resistance or cause it to break down. In particular,
biotic resistance by consumers has not been adequately
explored in the context of changing disturbance regimes,
particularly fire that is linked to invasion success.

Human activities are rapidly altering earth’s distur-
bance regimes, including global expansion in the size and
frequency of wildfires (Bowman et al. 2009). Disturbance
often precedes successful plant invasions by releasing
exotic species from biotic resistance of native plants and
by increasing niche space and plant resource availability
(Freeman et al. 2007, Theoharides and Dukes 2007). Fire
has been shown to indirectly modify the assembly of
native plant communities by shifting the composition or
behavior of consumer communities (Zwolak et al. 2010,
Horn et al. 2012, Wan et al. 2014), but how fire interacts
with consumers to influence plant invasion outcomes and
how it modifies competitive interactions between plants
is poorly understood.

Competition can be an important driver of state and
transition change from native to exotic dominated
plant communities (Daehler 2003, Vila and Weiner
2004). However, far fewer studies have examined com-
petition and successional relationships between exotic
plant species particularly in the context of disturbance
and trophic interactions. Increasingly, community
ecology is being studied within a functional trait
framework that identifies traits that shape community
interactions and confer competitive advantages that
underlie patterns of invasion (Drenovsky et al. 2012,
Kempel et al. 2013).

Here we report the results of a large field experiment
established in a native, semi-arid shrubland to investigate
changes in native and invasive plant cover, density and
biomass, and plant community diversity in response to
factorial combinations of disturbance (fire) and reduc-
tions in rodent abundance (experimental and natural).
The following questions were addressed: (1) What
influence do rodent consumers have in regulating the
establishment and proliferation of invasive plant species?
(2) How does disturbance modify consumer effects on
plant invasions? (3) Do rodent consumer effects on plant
invaders have cascading effects on plant competition and
plant community diversity?

MATERIALS AND METHODS

Study location and species

The study was conducted in Rush Valley in central
Utah, USA (40°0526.17”"N 112°18’18.01”W, elevation:
1650 m). The long-term mean average temperature for
Rush Valley is 8.6°C with strong seasonal variation.
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Average mean January temperatures are —3.2°C and
average mean July temperatures are 22.3°C (Vernon
GHCN:COOP, Utah Climate Center). Precipitation is
evenly distributed throughout the year with long-term
average precipitation being 257 mm/year. Soil at the
study site is classified as a silty, mixed mesic Haplic
Natrargid, Taylors Flat Loam. The study location at the
time the experiment was initiated (2011) had little evi-
dence of grazing and showed no evidence of fire in the
last several decades based on a well-developed soil crusts
and a climax shrub community.

The most common rodent species at the study site were
Peromyscus maniculatus, Dipodomys microps, and
Perognathus parvus. Only two native plant species were
found in our plots at the beginning of the experiment,
Artemisia tridentata subsp. wyomingensis (Wyoming sage-
brush) and Elymus elymoides, a common perennial bunch
grass. North America is host to several aggressive plant
invaders including Bromus tectorum an annual invasive
grass, and Halogeton glomeratus an aggressive annual
forb both of which established in our plots. Other exotic
annual forbs that established in our study plots were
Ceratocephalatesticulata, Allysium allysoides, Descurainia
pinnata and Lepidium perfoliatum. While most of the
plant species evaluated in this study were present at the
study site when the experiment started, their densities
were <1 plant m™. Starting the experiment with exotic
plant species in an early establishment phase provided an
opportunity to characterize ecological drivers and tem-
poral dynamics of plant invasions.

Experimental design

The study was a full factorial design in five replicated
blocks that tested the main and interactive effects of fire
and rodent exclusion on native and invasive plant estab-
lishment and diversity over a 4-yr period. We randomly
assigned all four treatments combinations within each of
five experimental blocks that were evenly spread over a
7 ha area. A wire fence was established around the
perimeter of the experiment to exclude livestock but there
was ample space at the bottom of the fence to allow free
access to all native mammals and reptiles. Rodent fences
were established using 1.0 m tall welded wire fencing in
a 60 m? grid with four 30 m? quadrants in June 2011. The
fencing was buried 30 cm below the soil surface and it
extended 70 cm aboveground. Two of the 30 m? plots
within each block were randomly assigned as rodent
exclusion plots that had 20 cm of smooth metal flashing
installed on the top of the fence to prevent rodents from
climbing over the top of the fences. The other two
quadrants were control plots that lacked metal flashing
at the fence top and had 12 X 10 cm openings every 4 m
in the wire fencing to permit free movement of rodents
in and out of the plots..

The burn treatments were conducted September 20,
2011. In each of the five experimental blocks, we randomly
selected and independently burned one rodent exclusion
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plot and one rodent control plot to create the fire X rodent
exclusion full factorial design. The fires were initiated with
drip torches and burn severity was high with >99 percent
plant mortality, which is typical of the burn characteristics
of mature sagebrush communities in late summer. Because
our objective was to track invasion dynamics starting from
an early invasion state, there was no fine plant fuel to carry
fire through the shrub interspaces. To facilitate the spread
of fire between shrubs i, we placed 300 g m™? of wheat
straw in our burn plots according to the methods of (Esque
et al. 2010), which is within the range of fine fuel biomass
in sagebrush interspaces in Great Basin landscapes invaded
by B. tectorum (Hulbert 1955). Surveys conducted in
B. tectorum dominated communities 3 km from our study
site, showed an average B. tectorum biomass of 462 + 20 g
m~2. To test the levels of N inputs from the straw applied
to the burn plots, we collected recently senesced B. tec-
torum samples (from the survey mentioned previously) at
three separate locations and compared it to three pooled
samples of the wheat straw. Samples were analyzed for
total N using the combustion method (Campbell 1991).
Nitrogen inputs from burned wheat straw were 2.1 £0.12 g
m~2, which was not statistically different from N inputs
that would come from burning senesced B. tectorum
1.9 £0.12 g m™ (P value 0.19).

Plant surveys

All experimental plots were surveyed annually (2012—
2015) for plant species cover, density and biomass along
four parallel transect lines, 26 m in length, spaced >5 m
apart with more than a 2 m buffer from the plot bound-
aries to avoid edge effects. Daubenmire frames
(50 x 25 cm quadrat) were placed at 2 m increment points
along each transect line to assess plant density of all
species, except B. tectorum, where we used tiller counts.
Sampling of plants occurred within Daubenmire frames
at 4 m increment points along the transect lines. All
plants rooted within the frame were harvested at ground
level and sorted by species. Plant samples were placed in
bags and dried at 60°C for 72 h in drying ovens and
weighed on a scale to determine aboveground biomass.
Species cover was estimated at each half-meter increment
point along each transect line, using the pin drop method
(Helm and Mead 2004). Plant community surveys were
conducted in early June when vegetation reached peak
biomass and just before plants dropped their seeds.
Halogeton glomeratus was resurveyed in September when
it reached peak biomass and just before it released its
seeds in the fall. Species abundance, richness, and
Shannon diversity index were calculated using the
Biodiversity package in R (Kindt and Coe 2005).

Rodent surveys

Rodent surveys were conducted in spring, summer and
fall each year using eight Sherman live traps per plot
(7.6 X 8.9 x 33.0 cm) with bird seed as bait. During each
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sampling period, rodents were trapped for three consec-
utive nights. At first capture, all rodents were identified
to species, and general live-trap data (e.g., age, sex, mass
to the nearest 0.5 g, and reproductive condition) was
recorded. Each new individual was marked with a
uniquely numbered ear tag so that we could accurately
identify individuals during subsequent sampling periods.
The Brigham Young University Animal Care and Use
Committee approved the small mammal survey pro-
tocols (IACUC#120202).

In decreasing order of abundance, the following rodent
species were captured: Peromyscusmaniculatus, Dipodomys
microps, Perognathus parvus, Tamias minimus, Lemmiscus
curtatus, and Onychomys leucogaster. Rodent abundance
was calculated as the minimum number of individuals of
each species recorded for each time period (McKelvey and
Pearson 2001). Rodent abundance, species richness, and
Shannon diversity index were calculated using the
Biodiversity package in R (Kindt and Coe 2005).

Statistical analyses

Data exploration was conducted according to the
methods of (Zuur et al. 2010) to test that model assump-
tions were met. Linear mixed models (LMER package in
R) were used to test the main and interactive effects of
fire and rodent exclusion on the density and cover of each
plant species and the whole plant community in 2015.
Linear mixed models were also used to test the main and
interactive  effects of  fire, small exclusion
and year on biomass and density of B. tectorum,
H. glomeratus, and the plant community. The main effects
of fire and year on rodent abundance, richness, and
diversity were calculated only from data collected in the
rodent control plots The main and interactive effects of
fire and rodent exclusion on plant cover data from 2015
were analyzed using a Logit-transformed linear mixed
model (Warton and Hui 2011). Fire, rodent exclusion and
year were designated as fixed effects in the linear mixed
models and block was included as a random effect.
Regression analysis was used to examine the relationships
of B. tectorum density on the establishment of the other
plant species and plant community diversity. To meet
equal variance assumptions plant and rodent data were
log transformed when appropriate. Statistical analysis
was performed using R software (version 3.2.2 R Core
Team, Vienna, Austria).

REsuLTs

Plant community characteristics

The outcome of fire and rodent exclusion treatments
after 4 yr was a strong shift in plant community compo-
sition and structure that is visually evident from aerial pho-
tographs of the experimental plots (Fig. 1). Unburned plots
remained as native perennial shrublands with low exotic
plant cover regardless of rodent treatment. Burned, rodent
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Aerial photos of our Rush Valley experiment showing the effects of fire and rodent exclusion on vegetation. Top photo:

the burned plots that are darker brown are rodent exclusion plots containing high densities of B. tectorum, while the burned plots
that are light tan are rodent control plots containing low density of annual forbs. Bottom photo: a more detailed photo of block 2
(lower, right block in upper photo) showing extensive establishment of invasive annuals in the burned, rodent exclusion plot
(foreground) producing a distinct green-up due to B. tectorum that is absent in the burned, rodent control plot (back of photo), and

in the shrub interspaces in the unburned plots on the right and left.

exclusion plots converted to a low-diversity, high-density
invasive annual grassland and burned, rodent control plots
developed into a more diverse annual forb community.
Total plant cover was significantly greater in burned-
rodent exclusion plots (72%) than burned-rodent control
plots (47%) or unburned plots (37%) (Table 1). Unburned
plots were dominated by native plant cover (31%) with
only 5.6% exotic plant cover (Table 1). In contrast, burned
plots were dominated by exotic plant cover (67% in
burned-rodent excluded plots; 42% in burned-rodent
control plots) with very low native plant cover (<5.2%)
consisting entirely of E. e/lymoides (Table 1). Invasive plant
cover was dominated by B. tectorum, and H. glomeratus,
with the three other exotic species (C. testiculata, A. ally-
soides, L. perfoliatum) combined contributing <15% of the
total exotic plant cover (Table 1). With the exception of
the post-fire loss of the native shrub A. tridentata, native
vegetation cover showed limited sensitivity to fire and
rodent treatments (Table 1). In contrast, exotic species
cover responded positively to fire (Table 1). Rodent
exclusion dramatically increased B. tectorum cover par-
ticularly with fire. The cover of the other exotic species
was reduced in response to rodent exclusion (Table 1).
Fire and rodent treatments had strong but divergent
effects on plant species density. All five exotic species
increased in density in burned plots, while fire reduced
the density of the native E. elymoides (Fig. 2). Elymus

elymoides and D. pinnata densities were not responsive
to rodent treatments. Bromus tectorum and A. alyssoides
densities increased exponentially under the combination
of fire and rodent exclusion, while H. glomeratus and
C. testiculata densities increased synergistically in burned,
rodent control plots (see significant Fire X Rodent inter-
action terms) (Fig. 2). Plant species diversity was signif-
icantly higher in rodent control plots regardless of burn
treatment (Table 1).

Plant invasion dynamics 2012-2015

Changes in vegetation cover, density and biomass over
time were overwhelmingly driven by B. tectorum and
H. glomeratus, as evidenced by how closely total plant
density and biomass match the time course patterns of
those two species (Fig. 3). Density and biomass of B. tec-
torum and H. glomeratus remained relatively low in
unburned plots over the course of the study but increased
rapidly across years in burned plots with patterns of
invasion being strongly influenced by rodent effects
(Fig. 3C-F). Through 2012, the establishment of all
exotic species in our experimental plots was very low (<1
plant m™2). From 2013 to 2015, fire and exclusion of
rodents dramatically increased the tiller density and
biomass of B. tectorum (Fig. 3C). By 2015, the average
tiller density (1268 m™2) and biomass (182 g m™2) of
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TaBLe 1. 2015 plant cover and species diversity data for native and exotic species.
Species
Native species cover Exotic species cover diversity
Native Other exotic Invasive Shannon’s
Treatment df Artr Elel cover Brte Hagl spp. cover  Total cover index
Unburned- 28 £3.00 32+1.3* 31+£29* 38+52:09+1.1* 08%1.0° 56x4.0°37+39 0.82 £ 0.16*
present
Unburned- 25+3.0* 48+ 1.3 31%£29 49+£52* 03+1.1* 0.2£1.0® 5.6%x4.0> 37£3.9* 0.55%£0.16®
excluded
Burned- 0.0+3.0° 45+1.3* 45+29° 23+£52> 13+ 1.1° 56%1.0° 42+4.0* 47+39° 0.78 £ 0.16*
present
Burned- 0.0£3.0> 52+1.3 52+29 63£52° 1.9+1.1a 24+£1.0° 67+4.0° 72+3.9 0.22 £0.16°
excluded
Fire 1,12 3274%** 1.7 107%** SqEk 5.8% 16* [55%*% - DQFk* 1.6
Rodents 1,12 0.06 0.09 0.2 14* 7.7* 39 9.8% 6.3*% 8.2%
FXR 1,12 0.06 0.01 0.3 13* 0.8 0.03 9.7* 7.2% 1.0

Notes: Means + SE presented. Statistically significant differences between pairwise comparisons of the four treatment
combinations at the 0.05 level are denoted by superscript letters. F-statistics are presented in the bottom three rows to test the
main effects and interaction of fire and rodent exclusion treatments. Asterisks indicate level of significance for P-values: *P < 0.05,
**P<0.01, ¥***P <0.001. Artemisia tridentata (Artr), E. elymoides (Elel), B. tectorum (Brte), H. glomeratus (Hagl).

B. tectorum in burned, rodent exclusion plots was signif-
icantly greater than in burned, rodent control plots (by
5.7- and 3.7-fold), unburned, rodent exclusion plots (by
10- and 7.4-fold) and unburned, rodent control plots (by
15- and 24-fold) (Fig. 3C,D). These patterns of B. tec-
torum establishment and growth resulted in strongly sig-
nificant main effects, and two and three-way interactions
of fire, rodent exclusion and year in the statistical models
(Appendix S1).

From 2013 to 2015, unburned plots maintained rela-
tively low density and biomass of H. glomeratus. In con-
trast, rodent effects in burned plots created strong
fluctuations in H. glomeratus density and biomass from
2013 to 2015 (Fig. 3). From 2012 to 2013, H. glomeratus
density and biomass increased more than 50-fold in
burned, rodent exclusion plots and then declined to
<15% of their 2013 peak values by 2015 (Fig. 3).
Halogeton glomeratus density and biomass in burned,
rodent control plots remained relatively low through
2013 and then increased more than 100- and 10-fold in
2014 before dropping 60% and 80% in 2015 (Fig. 3). For
H. glomeratus, the main effects and their two- and
three-way interactions were all statistically significant for
both biomass and density with the exception of the main
effect of rodent exclusion and the fire by rodent inter-
action term (Appendix S1).

Rodent community responses

Abundance of rodents was 50% lower in burned plots
compared to unburned plots across all 4 yr (F, . = 50,
P < 0.0001). Species richness and diversity were reduced
by 38% and 41% in burn plots relative to unburned plots
across the 4-yr period (£, .= 28, P < 0.0001, F, .= 10,
P =0.002) (Fig. 4A).

There were strong fluctuations in rodent abundance
over time, with relatively high abundance from June
2011 to October 2012 and a strong peak in April 2012
followed by a precipitous drop that was maintained
through April 2014. Rodent abundance began to increase
again in the summer of 2014 and maintained relatively
high levels through the summer of 2015 (Fig. 4B). These
shifts over time resulted in a highly significant time effect

(Fiy5,= 7.2, P < 0.001).
Evidence for plant competition
We observed strong inverse relationships of

B. tectorum density with plant community diversity
(R*=0.90, P < 0.0001) (Fig. 5), H. glomeratus density
(R*= 0.58, P < 0.0001) and C. testiculata density
(R*=0.49, P<0.0001). B. tectorum density showed weak
negative relationships with D. pinnata (R* = 0.06,
P = 0.06) and L. perfoliatum (R*= 0.10, P = 0.13).
Elymus elymoides demonstrated no significant relation-
ships with B. tectorum density, while 4. alyssoides was
positive correlated with B. tectorum density (R*= 0.34,
P < 0.0001).

A comparison of H. glomeratus seedling density in
early summer compared to its late summer establishment
density provides insight into the potential role of com-
petition in its response to treatment conditions. Halogeton
glomeratus seedling density (m™) in burned plots was
extremely high in June 2014 and not statistically different
between rodent control plots (641 * 161 and rodent
exclusion plots (621 * 161) (F = 0.08, P = 0.94). By
September, H. glomeratus density in burned, rodent
control plots had decreased nearly 5-fold but the
reduction was more than 20-fold in burned, rodent
exclusion plots.
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DiscussioNn

This study documents that disturbance (fire) in com-
bination with removal of biotic resistance by rodent
consumers led to a transformation of the system that
produced an annual grass invasion. Although exotic
plant introductions are widespread across terrestrial
ecosystems, only a small portion of these species suc-
cessfully establish and become aggressive invaders that
devastate ecosystems (Williamson and Fitter 1996a).
Bromus tectorum is among the most aggressive and eco-
logically damaging plant invaders on earth (Novak and
Mack 2001). Using a community framework that links
disturbance and trophic regulation over time, our data
provide new insights into the interplay between

environment and biotic interactions in the genesis and
proliferation of plant invasions. Specifically: (1) rodent
consumers increased plant community diversity and
created biotic resistance to the establishment of three
plant invaders; (2) fire and rodent exclusion were both
required to produce plot-scale invasions of B. tectorum;
(3) fire appears to facilitate plant invasion indirectly by
reducing rodent abundance and diversity; (4) density
of B. tectorum was inversely related to plant community
diversity likely driven by competition; and (5) invasion
rates for exotic plants were extremely high, increasing
from <1 plant m~2in 2012 to more than 600 plants m™
for H. glomeratus in burned plots in June 2014 and
more than 1200 B. tectorum tillers m~2 in burned, rodent
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exclusion plots by 2015 (Fig. 3). This explosive popu-
lation growth potential has contributed to the rapid
spread of B. tectorum around the world and
H. glomeratus across parts of western North America
since their introductions in the late 19th and early 20th
century (Williams 1980, Novak and Mack 2001).

Rodent effects

Previous studies have shown rodent suppression of the
establishment of weak plant invaders (Inouye et al. 1980,
Pearson et al. 2012) and rodent effects on seed fate
and establishment of exotics in seeding experiments (Maron
etal. 2012, Connolly et al. 2014). This is the first study we are
aware that experimentally links the reduction of rodent

consumers with the establishment and proliferation of pop-
ulations of aggressive invaders. Effects of rodent on plant
invaders in our study were strong enough to completely
shift the composition and structure of the plant community
(Table 1, Figs. 1-3). Plant diversity was significantly greater
in the presence of rodents (Table 1). This appears to be an
indirect effect due to biotic resistance of B. tectorum by
rodents (Fig. 3C,D) releasing the other plant species from
competitive exclusion by B. tectorum (Fig. 5). Top-down
control of native plant community assembly by rodents has
previously been observed in deserts (Brown and Heske
1990), and our data demonstrate that these effects extend
to plant invasions.

There are multiple mechanisms by which rodents may
exert top-down control on plant communities. Rodents
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have been shown to consume B. fectorum seedlings in
controlled experiments (Pyke 1986). Seed addition exper-
iments demonstrated that rodents can reduce exotic plant
establishment through seed predation (Maron et al. 2012,
Connolly et al. 2014). Species comparison studies suggest
that rodents can have differential preference for native
and exotic seeds (Maron et al. 2012, Connolly et al. 2014).
Rodents had relatively low preference for B. tectorum
and H. glomeratus seed in two studies (Becker and Balph
1976, Kelrick et al. 1986). However, a recent study
showed that B. tectorum seeds dominated the cheek
pouch contents of the Great Basin Pocket Mouse in three
habitat types across 48 study sites in the northern Great
Basin (Richardson et al. 2013). Studies in the Great Basin
and Mojave Deserts have also demonstrated that invasive
brome grasses can be important food sources for rodents
(Beatley 1969). Rodents created high seedling mortality
rates and had strong preference for B. tectorum seed in
our experimental plots (Bowman 2015), suggesting that
seedling herbivory and seed predation were the primary
mechanisms by which rodents created biotic resistance
to the aggressive plant invaders in our study.

Rodent populations fluctuate strongly across space
and time including periods in which they crash (Brown
and Heske 1990, Hoset et al. 2014). Rodent abundance
in this study was high between 2011-2012 and 2014-2015
with a noticeable crash in 2013 (Fig. 4B). The reduction
in rodent population in 2013 was a regional phenomenon
(also observed in the Mojave Desert) and may have been
a lag response to the 2012 drought. These periods of
reduction in rodent populations may function very sim-
ilarly to our rodent exclusion treatments in creating
windows of opportunity for exotic plants to establish and
proliferate with relaxed top-down controls by consumers
(Allington et al. 2013). There is evidence for this in June
2014 where we observed over 600 H. glomeratus seedlings
m~2 in both burned, rodent exclusion plots and burned,
rodent control plots in contrast to the previous year
where there was strong suppression of H. glomeratus by
rodents (Fig 3E,F). This suggests that the low native
abundance of rodents from April 2013 to April 2014 was
not sufficient to control H. glomeratus establishment in
the rodent control plots. Interestingly, with the recovery
of rodent abundance in 2014-2015, there was a sharp
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decline in H. glomeratus density and biomass in 2015
(Fig. 3E,F).

In addition to environmental reductions of rodent pop-
ulation, plant invaders may have traits that reinforce their
invasion success by reducing rodent abundance or activity.
Halogeton glomeratus and C. testiculata have been shown
to have poisonous effects on livestock (Nachman and
Olsen 1983, James 1999) raising the question of their
potential toxicity effects on rodents. Also, rodent abun-
dance and richness decrease with high B. tectorum cover
(Ostoja et al. 2013, Freeman et al. 2014), suggesting that
increasing B. tectorum cover could have positive feedbacks
on its own invasion success by antagonizing top-down
controls by rodents through habitat modification.

Direct and indirect effects of fire

Disturbance often facilitates exotic plant estab-
lishment, and fire in particular has been linked to large-
scale plant invasions (Mack et al. 2000). The low exotic
plant densities early in the study and then the rapid trans-
formation of the system following fire (Figs. 2 and 3)
suggests that exotics plants and their propagules were
already present and the system was resisting invasion due
to biotic resistance created by the native shrub com-
munity, intact soil crusts and rodent consumers. The
experimental disruption of plant and consumer biotic
resistance with fire and rodent exclusion followed by the
dramatic proliferation of exotic species provides strong
evidence that native plants and rodents are key regulators
of plant invasion dynamics in our study system. The pos-
itive effects of fire on exotic species establishment in this
study (Fig. 2) and its neutral to negative effects on the
native species (A. tridentata, E. elymoides) indicate that
exotic species were more opportunistic in their post-fire
establishment. Fire likely promoted exotic plant estab-
lishment through competitive release from the native
shrub community, soil disturbance and increased soil N
availability (Allen et al. 2011).
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Although it is clear that fire can have direct positive
effects on plant invaders through removal of native
plant species, our data for the first time suggest that
fire may also indirectly facilitate plant invasions by
relaxing consumer-mediated biotic resistance via
reductions in rodent abundance, richness and diversity
(Fig. 4A). The antagonistic effects of fire on rodents in
this study are consistent with other studies demon-
strating losses of mice abundance in post-fire desert
environments (Horn et al. 2012). Quadrupedal rodent
species (e.g., Peromyscus sp., Perognathus sp.) prefer
foraging under and near shrubs (Ostoja and Schupp
2009, Horn et al. 2012) suggesting that the negative
effects of fire on rodent abundance and diversity
observed in our study are most likely mediated by
reductions in shrub cover (Horn et al. 2012, Freeman
et al. 2014). This suggests that post-fire recovery of
shrub cover may be necessary to reassemble and restore
the function of the rodent community in burned land-
scapes. High exotic grass cover in post-disturbance
landscapes does not compensate for loss of native shrub
cover and instead contributes to the loss of abundance
and diversity of the rodent community (Ostoja and
Schupp 2009, Freeman et al. 2014). Finally, wildfire
characteristics are highly variable. Additional research
is needed to identify how wildfire extent, severity and
frequency affects rodent communities and their capacity
to confer biotic resistance to plant invaders in post-fire
landscapes.

Competition and functional traits

Successful plant invaders are able to outcompete
other plant species for available space and resources.
Many studies have shown that successful invaders are
more competitive for resources than the native plants
they displace (Dachler 2003, Vila and Weiner 2004).
Far fewer studies have explored competition and suc-
cession dynamics between invading exotic plant
species. In this study, there was evidence of coexistence
of B. tectorum and H. glomeratus during the first 2 yr
of the study based on rapid population growth of both
species (Fig. 3). However, by 2014 exponential
increases in their population numbers resulted in both
species reaching densities near 600 plants m™ in
burned, rodent exclusion plots creating a much more
competitive environment. Comparing our June and
September 2014 plant survey data, there was high
H. glomeratus seedling mortality over the summer of
2014 in burned plots that was 15-fold greater in rodent
exclusion plots (with high B. tectorum densities) than
rodent control plots. This seasonal mortality pattern
and dramatic decreases of H. glomeratus density in
burned, rodent exclusion plots from 2013 to 2015 as
B. tectorum density was rapidly increasing (Fig. 3C,E)
suggest competitive exclusion of H. glomeratus by
B. tectorum. The strong inverse relationship between
B. tectorum with plant biodiversity (Fig. 5) and
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densities of H. glomeratus and C. testiculata further
support the interpretation of competitive exclusion of
other species by B. tectorum.

Although all of the exotic species surveyed in this study
are annual plants, their differential success appears to be
driven by contrasting life history strategies. As winter
annuals, B. tectorum and A. alyssoides often germinate
in the fall, allowing them to develop vegetatively during
periods of more optimal soil moisture. As they mature
at the end of spring, they reach maximum water usage
just as H. glomeratus and C. testiculata, both summer
annuals, are beginning their early, water-sensitive
seedling growth stage. This is consistent with a study
showing low survival of native plant species growing in
competition with B. tectorum due to poor water relations
(Melgoza et al. 1990). Alyssum Alyssoides’ positive cor-
relation with B. tectorum density may be due to similar
sensitivities to rodent pressure and its parallel devel-
opment with B. tectorum as a winter annual allowing
coexistence due to higher soil moisture availability during
the winter-spring growth period. The strong regulation
of B. tectorum by rodents (Fig. 3C) and its subsequent
competitive effects on the rest of the plant community
(Fig. 5) suggest that consumer-mediated biotic resistance
can have cascading effects on competitive interactions
among plants and plant community diversity.

Implications for plant invasion-fire regimes and
interactions with climate change

Annual invasive grasses including B. tectorum possess
a suite of functional traits that facilitate reproduction
and growth in post-fire environment that is linked to
greater fire frequency (Brooks et al. 2004, Horn et al.
2015). This positive feedback loop can lead to invasive
grass-fire regimes that reinforce state and transition
changes with significant ecological and economic conse-
quences (D’Antonio and Vitousek 1992). It has been
estimated that fire return intervals in the Great Basin that
occurred on multi-century time scales in native shrub-
lands can now have a periodicity of a decade or less due
to B. tectorum invasion (Balch et al. 2013, Bukowski and
Baker 2013).

Plant invasions are strongly regulated by a complex
interplay between abiotic environmental conditions and
bottom-up and top-down feedbacks within biological
communities (Levine et al. 2004). Currently, we have a
good understanding of the direct effects of climate and
disturbance on plant invasions and an emerging under-
standing of the role of biological interactions in con-
trolling or releasing plant invaders. Within our study
system, consumer-mediated biotic resistance appears to
be a key control point that integrates climate variability,
disturbance, and plant-plant interactions in determining
plant community assembly and invasion dynamics.
Although rodents suppressed invasion in our study
system, fluctuations in rodent populations due to repro-
duction cycles, disturbance, and extreme climatic events
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may provide windows of opportunity for plant invaders
to escape consumer-mediated biotic resistance and ini-
tiate the invasion process. Consistent with the niche-
opportunity hypothesis (Shea and Chesson 2002), our
data suggest that invasive grass-fire regimes will be rein-
forced with reductions in rodents linked to environ-
mental perturbations (wildfire, extreme climate events)
that are forecasted to be more frequent with future
climate change and human activity.
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