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Abstract
Plant-herbivore interactions influence the establishment context of plant species, as herbi-

vores alter the community context in which individual species establish, and the spatial rela-

tionship between individuals and their source population as plants invade. This relationship

can be described using an establishment kernel, which takes into account movement

through seed dispersal, and subsequent establishment of adults. Mammalian herbivores

are hypothesized to influence plant population growth and establishment through a combi-

nation of consumption of seeds and seedlings, and movement of seeds. While the move-

ment abilities of plants are well known, we have very few empirical mechanistic tests of how

biotic factors like mammalian herbivores influence this spread potential. As herbivores of all

sizes are abundant on the landscape, we asked the question, how do mammalian herbi-

vores influence the population growth, spatial establishment, and the community establish-

ment context of an early-recruiting native prairie legume, Chamaecrista fasciculata?We

planted C. fasciculata in source populations within a four-acre tallgrass prairie restoration in

plots with and without herbivores, and monitored its establishment with respect to distance

from the source populations. We found that herbivores decreased population growth, and

decreased the mean and range establishment distance. Additionally, C. fasciculata estab-
lished more often without herbivores, and when surrounded by weedy, annual species. Our

results provide insight into how the interactions between plants and herbivores can alter the

spatial dynamics of developing plant communities, which is vital for colonization and range

spread with fragmentation and climate change. Mammalian herbivores have the potential to

both slow rates of establishment, but also determine the types of plant communities that sur-

round invading species. Therefore, it is essential to consider the herbivore community when

attempting to restore functioning plant communities.
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Introduction
Plant movement across the landscape is influenced by factors that affect both the numbers of
seeds, or propagules, and the distance these propagules move [1]. Seed dispersal is the template
for recruitment, as a dispersal kernel captures the net probability distribution of offspring den-
sity as a function of the numbers of propagules and the distance they move from their source
[2,3]. In contrast, an establishment kernel, often termed an effective dispersal kernel, is the
joint probability of the gain in individuals through dispersal, and the loss of individuals
through mortality [4,5]. Plant movement ability might therefore increase with greater numbers
of offspring produced, if offspring disperse farther, or if establishment rates increase. Biotic fac-
tors such as herbivores influence plant establishment through a variety of processes that could
have opposing effects on the establishment kernel itself [6–8]. For example, herbivores might
decrease seed number through consumption, which would impact population growth, but
simultaneously increase dispersal distance through zoochory [9,10]. Thus, the net effect of her-
bivory on plant establishment kernels might not be easily predicted. Quantifying the establish-
ment kernel integrates over multiple demographic processes that include dispersal,
establishment, and survival, and provides a means to quantitatively compare the effects of
important factors such as herbivory on plant population movement. However, the shapes of
establishment kernels are relatively unknown in temperate grassland systems, especially when
considering how biotic factors like herbivores alter them.

Herbivores influence the shape of establishment kernels in grassland plants in two ways;
either indirectly by moving seeds and affecting the dispersal kernel, or directly by consuming
seeds and seedlings once they have dispersed by affecting establishment and survival [4]. Large
animals like mammals and birds have the potential to disperse seeds (i.e., zoochory) farther on
the landscape relative to non-animal mediated dispersal [11] and foraging behavior such as
seed-caching [12]. However, herbivores can also decrease the distance of wind-mediated dis-
persal by altering plant traits that affect dispersal. For example, decreasing the height of seed-
releasing individuals through consumption could have negative effects on seed movement, as
height of seed release is positively correlated with dispersal distance [13], or consumption of
pre-dispersed seeds decreases the overall number of potential dispersers. In contrast, herbi-
vores can impact a species’ establishment kernel directly by influencing the dispersed popula-
tion through consumption of pre-reproductive individuals, and post-dispersed seeds [14,15].
Consumption of individual seeds by granivores or insect seed predation, and seedlings or
adults by insect or mammalian herbivores, will decrease the population growth. However for-
aging in a pattern, (e.g., via density-dependent foraging), would shift the establishment kernel
by moving the largest proportion of established individuals away from the parent plant, where
density is highest [16–18].

Parameters from establishment kernels can be estimated and compared to determine the
influences of herbivory on local spatial establishment of individuals. Specifically, different ker-
nels can be compared by quantifying two aspects of the distributions: the body and the tail (Fig
1). The body of the distribution, which comprises the shape of the majority of probability
mass, has direct application to spatial population growth and large-scale establishment [19,20].
Differences in the total number of individuals in the body of the kernel determines how herbiv-
ory affects overall population growth. The kernel mean describes the body, and determines the
spatial dimension of central tendency of seed rain and subsequent establishment. Establish-
ment kernels can also be compared by looking at the tail of the distribution, which determines
the long distance dispersal (LDD) of the population. LDD is often described as the minimum
distance travelled by the farthest 1% of individuals. In contrast to the body of the distribution,
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the tail is important for population expansion [21], and a key factor in recolonization over long
distances [20,22].

We used a large-scale field experiment in a grassland restoration context to test the hypothe-
sis that mammalian herbivores will impact plant population growth and establishment kernel
parameters depending on their impacts on, and interactions with, the plant community. While
there are many forms of herbivory that could influence establishment kernels, we focus here on
mammalian herbivores specifically, as they are easier to experimentally exclude on the scale rel-
evant to dispersal and establishment. Hereafter we will refer to them simply as “herbivores”.
While the outcomes of herbivore influence are predicted to both increase and decrease estab-
lishment distance depending on the types of interactions (e.g., decrease with consumption,
increase with apparent competition), the goal of this study was to demonstrate the impacts of
herbivores on plant species invading from a source in an establishing grassland. This work is
an exciting new step for movement ecology, as we empirically address mechanisms related to
how the biotic community influences the movement ability of grassland species. Here, we used
the native, early-recruiting prairie legume, Chamaechrista fasciculata (Michx.) as our study
species. Using spatial data on the distance of established individuals from source populations
into novel areas, as well as the plant community around each established stem, we asked the
questions: do mammalian herbivores influence the shape of the establishment kernel of C. fas-
ciculata populations? Additionally, if herbivores influence the establishment kernel of C.

Fig 1. Conceptual curves describing how establishment kernel parameters can be used to show
change in spatial processes.Here, two kernels are represented, which were created under similar
conditions with the exception of the factor of interest (e.g.: herbivory). The entire black curve minus the gray
area represent the body of the kernel, while the gray area depicts the tail of the kernel. The body of the kernel
can be described by the mean distance, which is represented by the hatched lines. The tail, or range, of the
distribution can be measured as the minimum distance travelled by the farthest 1% of individuals. Differences
in these parameters can be used to determine how the factor of interest influences the spatial establishment
of a target species.

doi:10.1371/journal.pone.0147715.g001
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fasciculata, they may also affect the plant community in which this focal species establishes.
Therefore, we also ask, do herbivores influence the competitive community in which C. fascicu-
lata establishes? We show that herbivores exert negative pressure on C. fasciculata for both
population growth and movement, which implicates their role in decreasing C. fasciculata
invasion in newly-established grassland systems.

Materials and Methods

Study species
Chamaecrista fasciculata (Michx.), Partridge Pea (Fabaceae), is an early establishing annual
legume common in grasslands and a variety of disturbed habitats across the eastern two thirds
of the United States [23]. Plants are erect, ~0.5–1.5m tall, and produce indeterminate racemes
of yellow, mostly outcrossing flowers [24], that are predominately bee pollinated [25]. Linear-
oblong pods contain quadrate seeds that are elastically dehiscent, and thus disperse explosively.
Plants flower from mid July to September, and fruit through October. We chose C. fasciculata
as our study species because it is common in grassland restorations, and its life history necessi-
tates quick establishment and ample dispersal. Adult plants are consumed by herbivores, and
seeds are cached (Sullivan, pers. obs.). We based herbivory observations on plants being cut
cleanly, and finding no evidence of the cut parts in the vicinity (i.e.: indicating consumption,
not simply cutting). We could not distinguish which herbivores were cutting plants, simply
that occurred. Adult plants are also visited by generalist insect herbivores including orthopter-
ans, lepidopterans, and weevils, whose effect on seed production is significantly reduced by ant
visitation to the extra-floral nectaries on C. fasciculata. [26,27]. As these insect herbivores are
difficult to exclude, and significantly mediated by ants, we focus on mammalian herbivores as
the prime herbivores influencing the movement of C. fasciculata.

Site layout and preparation
We collected data from a tallgrass prairie restoration experiment in Ames, Iowa. This site was
part of Iowa State University’s Research Farms, and was leased to the authors by funds pro-
vided by the Department of Ecology, Evolution and Organismal Biology. We seeded all areas of
the restoration with 519 seeds/m2 with a ratio of 2/3 forbs and 1/3 grass seed by weight, in
March 2012 after two rounds of tillage the previous fall. This seeding rate and density matched
approximately those used in local, Iowa prairie restorations (Loren Lown, William Johnson,
Dave Williams, Doug Sheeley, and Jon Judson; pers. comm.). The experiment contained eight
experimental plots (32x32m2), each with a central 19.2m diameter circular core area. During
seeding, we added C. fasciculata seeds to the seed mix for the central cores only. This ensured
the creation of source populations of C. fasciculata surrounded by large, uncolonized areas.

We installed fencing around the outside of four plots to decrease herbivore abundance. The
fences mainly excluded voles (Microtus ochrogaster (Wagner), andM. pennsylvanicus (Ord))
and white-tailed deer (Odocoileus virginianus (Boddart)), both of which have large effects on
Midwestern grasslands [28]. To exclude voles, we buried hardware cloth 30 cm below ground,
which extended 50 cm above ground [29]. This small fence also discouraged other burrowing
animals from entering plots. We mowed one meter buffers on either side of this fence to further
discourage voles from climbing into exclusion plots [29]. Periodically, we removed voles from
fenced plots to maintain a low density of animals within the fences. To do this, we used Sher-
man Traps for 3 consecutive nights, and relocated all trapped animals. When necessary, ani-
mals were sacrificed using cervical separation. Our methods were reviewed and approved by
the Iowa State University Institutional Animal Care and Use Committee (ISU IACUC permit
5-12-7373-W). We excluded deer using an offset electric fence [30]. We observed one
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herbivore-exclusion plot to have very high rates of herbivory due to leaky fences, while one her-
bivore plot had very low rates of herbivory, likely because it was bordered by two roads. We
removed these plots from analysis after initial statistical tests showed they did not change trend
directions, only increased variance.

Data collection
To measure herbivore influence on population-level establishment of C. fasciculata, we
counted all stems in 4 transects, 10 x 1.8m in size from each plot in the fall of 2013 (one year
post sowing). Transects began at the edge of the core, and extending outward into the area not
seeded with C. fasciculata. Therefore, distance zero for the establishment kernels started
directly adjacent to C. fasciculata plantings. Thus these kernels represented population-level
movement. We spatially located all counted stems, and defined establishment distance as the
distance from the outer edge of the core to an established individual found within a transect.
While transects were directional, and nested within each plot, due to low establishment in
some herbivore transects (e.g.: 1–5 individuals) we could not interpret the effects of transect
direction on total establishment. Therefore, one summed establishment kernel was created for
each plot by combining distance data from all transects. The identity of transects with low
establishment was not consistent across direction.

Establishment kernel
To determine if herbivores had an effect on the overall establishment of C. fasciculata, we com-
pared population growth between fencing treatments. We determined within-plot population
growth to be the total number of individuals in the body of the non-normalized establishment
kernel. To determine if herbivores influenced the shape of the establishment kernel, we con-
structed establishment kernels from the distance data, and extracted replicated population-
level mean and range parameters from these distributions and compared the parameters across
herbivore treatments.

Competitive environment
To determine if competition with the plant community had additional influences on establish-
ment, we measured the local competitive environment around each C. fasciculata stem. We
quantified aerial cover in the 0.25 m2 surrounding each stem based on categories that included
cover of planted native prairie species, cover of non-planted weedy species, and cover of bare
ground. Because the canopy of these three types could overlap, these three percentages did not
necessarily sum to 100%. By comparing the changes in cover of competing species between
fenced and unfenced plots, we could also determine how herbivores mediated the effects of
interspecific competition on C. fasciculata establishment.

Statistical analysis
We ran our statistics using R v3.2.1, an open-source statistical computing language [31]. All
data and R scripts to run all analysis and create all figures are found in the Supporting Informa-
tion (S1 Code, S1 Data).

Establishment kernel
Determining the influence of herbivores on the shape of the establishment kernel required that
we describe the best functional form of the data before we could extract and compare meaning-
ful parameters. To do this, we used maximum likelihood estimation to fit various distributions
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to our data. We considered distributions that are commonly used to describe dispersal and
establishment [32]. Using the bblme package [33], we compared the normal (N), negative
exponential (NE), negative binomial (NB), and Poisson (P) probability density functions to
our data and selected the best-fit model using AIC. Of these, the NB distribution fit the estab-
lishment data best (NB (ΔAIC:0.0); NE (ΔAIC:28.7); N (ΔAIC:427.2); P (ΔAIC:3778.6); S1
Fig). We then estimated and compared parameters from the establishment kernels using a
Bayesian approach.

We modeled the establishment distance (y) as a linear function of herbivore treatment
using a Poisson-gamma mixture model [34]. This derivation of the NB distribution is common
in ecology [32], and is useful for linear models as it allows for the direct parameterization of the
kernel mean μ [35], a parameter of interest. Here, we modeled the likelihood as a Poisson dis-
tribution that is the product of two parameters (i.e., the mean μ, and dispersion ρ), where

yijk � Poissonðm � rÞ; ð1Þ

for individual i, in plot j and herbivore treatment k. We assume ρ to be equal across all treat-
ments, and is distributed as

r � Gammaða; aÞ: ð2Þ

This formulation of the NB produces a distribution of μ's per plot, which we assume come
from an overall distribution of μ per treatment, and is modeled as

lnðmkÞ ¼ b0j
þ b1j

� trtk: ð3Þ

We used non-informative priors for all parameters. We modeled our slope b0i
, and intercept

b1i
parameters as N(δ, τ), with δ*N(0,0.0001), and τ*Gamma(0.0001, 0.0001). The parame-

ter ln(α)*Exp(0, 0.0001). To determine how herbivores influenced the mean of the establish-
ment kernel μk, we modeled plots independently and used simulated b0j

and b1j
values to

calculate the estimated μk's per herbivore treatment from the NB model. We ran all Bayesian
analyses using JAGS and the rjags package [36]. We allowed our data to converge using 5
chains, thinned parameters to eliminate autocorrelation, and removed all simulated parameters
prior to convergence. We then used our μk and ρ parameters to simulate values of dispersal dis-
tance based on plots within treatments. This allowed us to capture the variation in our data.
Using this set of simulated distances, we quantified the distance travelled by the farthest 1% of
individuals, and compared these tail distances between treatments.

Competitive environment
To determine if local competition with the plant community influenced the establishment of C.
fasciculata, the number of stems were binned by cover of each of three types: percentage of
cover of planted perennial species, percentage of cover of non-planted, weedy species, and per-
centage of cover of bare ground. We ran frequentist linear models that investigated C. fascicu-
lata abundance as a relationship of the interaction between herbivore treatment and the
various cover types.

Results

Establishment kernel
When considering the body of the establishment kernel, herbivores significantly decreased the
population growth of C. fasciculata by 77% (ANOVA; F = 41.01; p = 0.003; Fig 2), and
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decreased the population-level mean value for the establishment kernel (μ) by ~0.25 m (Fig 3).
The approx. 0.90 quantile of the credible set in the herbivore treatment equals the approx. 0.10
quantile of the credible set in the non-herbivore treatment, indicating the distributions of μ0s
per treatment overlap by ~10%. Similarly, herbivores affected the tail of the establishment ker-
nel by decreased the range by ~1.2 m (herbivore effect on establishment tail ranged from 5%:
.26m, to 95%: 2.25m; Fig 3).

Fig 2. Mammalian herbivore effects on population growth. Herbivore presence significantly decreases the number of stems of C. fasciculata by 77%.
Points represent model estimates with standard error bars.

doi:10.1371/journal.pone.0147715.g002
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Competitive environment
The competitive environment around each C. fasciculata stem had an effect on its establish-
ment, and in some cases the slope of this relationship was modified by herbivores. The cover of
native prairie species had a marginal, but not significant, negative effect on C. fasciculata estab-
lishment (F = 3.149; p = 0.082), and herbivores tended to decrease the number of stems estab-
lished overall (F = 20.15; p<0.0001), with no significant interaction. This indicates that
herbivores influenced establishment, but did not change the linear relationship between estab-
lishment and native prairie cover (Fig 4). In contrast, C. fasciculata establishment was posi-
tively affected by the cover of weedy species (F = 15.72; p<0.001). Herbivores again decreased
establishment (F = 38.58; p<0.0001), but this time there was a statistically significant interac-
tion, showing herbivores altered the slope of this relationship (F = 12.28; p = 0.0011; Fig 4).
Finally, there was a negative relationship between bare ground cover and the establishment of
C. fasciculata (F = 5.43; p = 0.025), and herbivores again decreased establishment (F = 13.31;
p<0.001), with no significant interaction (Fig 4).

Fig 3. Simulated establishment kernels frommodel parameters.Mammalian herbivores reduced mean and range establishment distance ofC.
fasciculata by ~0.25m, and ~1.2m respectively. The dark gray kernel and hatched lines are from the plots where herbivores were present, light gray kernels
and solid lines from where herbivores were absent.

doi:10.1371/journal.pone.0147715.g003
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Fig 4. The community context ofC. fasciculata establishment. The community context altered the
establishment of C. fasciculata as measured by population size, or number of stems, and this context was
altered by mammalian herbivore presence. Herbivores, but not native planted cover decreased C. fasciculata
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Discussion
Our results showed that mammalian herbivores strongly impacted the population growth,
establishment kernel, and establishment context of C. fasciculata in an assembling tallgrass
prairie (Figs 2 and 3). This experiment tested how native grassland species can invade novel
territory in the presence and absence of herbivores. The two key factors in determining a spe-
cies' invasion rate into a novel community is its population growth, as well as its dispersal ker-
nel, which is explicitly linked to the establishment kernel [19]. While we did not directly
measure the invasion rate of C. fasciculata, the large decrease (77%) in population growth and
moderate decrease in mean (.25m) and range (1.2m) of the establishment kernel suggests
potential differences in invasion rate in the presence or absence of herbivores. We found evi-
dence that C. fasciculatamean establishment distance was displaced toward the source popula-
tion when herbivores were present. This indicates that herbivores could slow some native
species as they attempt to shift their ranges in response to climate change. As many native
plant species face interactions with these same herbivores and are likely similarly palatable,
these dynamics are likely to generalize to other plant-herbivore systems. However, it is impor-
tant to keep in mind that plant-herbivore interactions can be complex, and can involve non-
mammalian herbivores as well. For example, insect herbivores can have significant influence
on plant dynamics, and are likely to influence establishment kernels by altering population
size, either directly through decreasing viable seed output via seed predation [e.g.: 37,38], indi-
rectly through above and belowground herbivory that leads to decreased seed production [39],
or through altering the community context of the individuals that are moving [40].

While our work relates to the Janzen-Connell hypothesis [41,42], that predicts specific rela-
tionships between adult plants and their established offspring in relation to natural enemies,
our work does not directly test the Janzen-Connell hypothesis. Most studies directly test this
hypothesis by placing seeds, seedlings or adult plants in known locations and allow natural ene-
mies to remove individual plants (e.g.: removal from seed caches, consumption of planted
adults, etc) and determine the pattern of removal [17,43]. Our study is quite different, in that
we allow herbivores to determine the pattern of spatial establishment by affecting the source
population only, thus providing new insight into movement ecology. While it is true that herbi-
vores could consume established seedlings after they move, we did not control where these
seedlings moved to, and thus we are not directly asking questions related to the Janzen-Connell
hypothesis.

Our observed decrease in mean establishment distance of C. fasciculata could be due to her-
bivore alterations to adult plant height, which is an important trait related to plant movement
[13]. Grasslands differ from forest communities, where most distance-dependent work was
conducted [17,44], in that herbivores not only consume of seeds and seedlings, but they can
also consume significant portions of adult plants. It is unlikely that herbivores significantly
influence the height of seed release in most forests once trees have reached a height above the
browse line. In grasslands, however, we suggest that significant alterations to the adult source
population via partial-consumption could, in part, be influencing mean establishment distance,
if this consumption alters the height from which C. fasciculata seeds explosively disperse. C.
fasciculata adult plants can be partially consumed, where the top portion of the plant is
removed by herbivores, but the bottom portion still produces flowers and seeds. Empirically

population size (a). Weedy, non-planted cover increasedC. fasciculata establishment in the absence of
herbivores, but there was no relationship when herbivores are present, indicating an interaction between
herbivore presence and cover of planted species (b). Increased bare ground, and herbivore presence
decreased C. fasciculata establishment, but there was no interaction between the two (c).

doi:10.1371/journal.pone.0147715.g004
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validated dispersal models suggest that shorter plants disperse seeds shorter distances [45,46].
The change in height caused by herbivores may have contributed to the decrease in mean
establishment distance we found in the herbivory treatment (Fig 3).

Interestingly, while the change in mean distance between herbivore treatments was rela-
tively small, herbivores had a much larger effect on the range, or tail, of the distribution. The
larger difference in establishment range with herbivore treatment is likely because the NB dis-
tribution is positively skewed. Based on simulations from our derived μ and α parameters, the
range cutoff (i.e., 1% of the establishment kernel [21,47]) was 1.2m farther in the plots without
herbivores (Fig 3). This distance difference could have a significant impact on invasion rate of
C. fasciculata over generations, as the range of 6.2m without herbivores is significantly farther
than the dispersal distances reported in the literature for this species. Fenster [48] measured
the mean establishment distance of C. fasciculata at 0.65m, with a maximum distance of 3.0m
in open habitat. This may be due in part to the fact that these seeds are establishing in a matrix
of prairie that is also in the process of establishing, as more niches are available. While our
establishment tail may not represent true regional, long distance dispersal because our transects
are only 10m long, we are getting a good estimate of the local-scale tail of establishment. Based
on simulations of potential dispersal distances of C. fasciculata from an empirically validated
dispersal model (i.e.: the WALD model [45,49]), the tallest individuals would disperse 95% of
seeds ~14m, and 99% of seeds ~26m under average wind conditions during dispersal months.

Herbivores also played a role in determining how well C. fasciculata individuals established
in various types of plant communities (Fig 4), which could influence future coexistence and
diversity. While not significant, as the cover of other native species increased, the number of
establishing stems of C. fasciculata tended to decrease. Herbivores decreased overall establish-
ment, but did not change the slope of the relationship between C. fasciculata establishment and
cover of native prairie species. Based on these results, it is likely that C. fasciculata is a poorer
competitor for nutrients and light when competing with other native perennials locally. This
follows competition-colonization theory, that species that are strong colonizers (e.g., annuals)
will be less dominant than strong competitors (e.g., perennials) and will rely on moving to
open habitat for establishment [50], which reinforces the importance of dispersal for C. fascicu-
lata as herbivores decrease opportunities for finding safe microsites. In contrast, as the cover of
weedy, non-planted species increased, the number of C. fasciculata stems tended to increase,
indicating that C. fasciculata is a better competitor than other, smaller seeded, weedy species in
the restoration. Interestingly, herbivores appear to remove the competitive advantage C. fasci-
culata has in weedy environments. This could occur through an increase in conspicuousness,
and therefore preference, when C. fasciculata is in the presence of higher weed densities
[51,52]. However, if the herbivores strongly prefer weedy species to native perennials and feed
or cache relatively indiscriminately in these areas, C. fasciculata could be a casualty to overall
higher consumption rates by herbivores [53]. This result was not likely due to increased seed
consumption by mice, as they were not excluded from plots, and population sizes were similar
across treatments.

Here, we show that herbivores decrease both population growth and the mean of the estab-
lishment kernel of a native annual (C. fasciculata) in an establishing tallgrass prairie. Previous
work on small-mammal communities found that these animals influenced the establishment,
richness, and diversity of grassland restorations [28]. The novelty of our work is in showing
that herbivores influence the spatial establishment context of seeds. These results have implica-
tions for the invasion rate of this native species, and indicate that herbivore presence could
decrease connectivity in grassland habitats. Restored and reconstructed grassland systems tend
to have lower overall species diversity as compared to remnants [54], and lose this diversity
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over time [55]. Herbivore influence on the growth and movement of native species in these sys-
tems could play a role in this diversity loss.

Supporting Information
S1 Code. R code for analyses and figures.
(TEX)

S1 Data. Population growth and establishment distance data.
(CSV)

S1 Fig. Fit of various distributions to the establishment distance data.
(TIFF)

Acknowledgments
This manuscript was greatly improved by comments from Karen Abbott, Phil Dixon, and one
anonymous review. We would like to thank Elizabeth Bach, Lori Biederman, John Doudna,
Catherine Duthie, Tatyana Flick, Haley Frater, Paul Frater, Joe Gallagher, Matthew Karnatz,
Leanne Martin, Brent Mortensen, and Ryan Williams for help with site construction and main-
tenance, and Brittany Dueker, and Natalie White for help with data collection. This was truly
an incredible team effort and demonstrated the power of graduate student will and
enthusiasm.

Author Contributions
Conceived and designed the experiments: LLS WSH. Performed the experiments: LLS. Ana-
lyzed the data: LLS. Contributed reagents/materials/analysis tools: LLS. Wrote the paper: LLS
BJDWSH.

References
1. Harper JL, White J. The demography of plants. Annu Rev Ecol Syst. 1974; 5: 419–463. doi: 10.1146/

annurev.es.05.110174.002223

2. Schupp EW, Fuentes M. Spatial patterns of seed dispersal and the unification of plant-population ecol-
ogy. Ecoscience. 1995; 2: 267–275.

3. Levine JM, Murrell DJ. The community-level consequences of seed dispersal patterns. Annu Rev Ecol
Evol Syst. 2003; 34: 549–574. doi: 10.1146/annurev.ecolsys.34.011802.132400

4. Nathan R, Muller-Landau H. Spatial patterns of seed dispersal, their determinants and consequences
for recruitment. Trends Ecol Evol. 2000; 15: 278–285. doi: 10.1016/S0169-5347(00)01874-7 PMID:
10856948

5. Klein EK, Bontemps A, Oddou-Muratorio S. Seed dispersal kernels estimated from genotypes of estab-
lished seedlings: does density-dependent mortality matter? Methods Ecol Evol. 2013; 4: 1059–1069.
doi: 10.1111/2041-210X.12110

6. Hulme PE. Herbivory, plant regeneration, and species coexistence. J Ecol. 1996; 84: 609–615. doi: 10.
2307/2261482

7. Chambers JC, MacMahon JA. A day in the life of a seed: Movements and fates of seeds and their impli-
cations for natural and managed systems. Annu Rev Ecol Evol Syst. 1994; 25. doi: 10.1146/annurev.
es.25.110194.001403

8. Olff H, Ritchie ME. Effects of herbivores on grassland plant diversity. Trends Ecol Evol. 1998; 13: 261–
265. doi: 10.1016/S0169-5347(98)01364-0 PMID: 21238294

9. Scholes RJ, Archer SR. Tree-grass interactions in savannas. Annu Rev Ecol Syst. 1997; 28: 517–544.
doi: 10.1146/annurev.ecolsys.28.1.517

10. Eskelinen A. Herbivore and neighbour effects on tundra plants depend on species identity, nutrient
availability and local environmental conditions. J Ecol. 2008; 96: 155–165. doi: 10.1111/j.1365-2745.
2007.01322.x

Mammalian Herbivores Decrease Plant Spatial Establishment

PLOS ONE | DOI:10.1371/journal.pone.0147715 February 5, 2016 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147715.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147715.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147715.s003
http://dx.doi.org/10.1146/annurev.es.05.110174.002223
http://dx.doi.org/10.1146/annurev.es.05.110174.002223
http://dx.doi.org/10.1146/annurev.ecolsys.34.011802.132400
http://dx.doi.org/10.1016/S0169-5347(00)01874-7
http://www.ncbi.nlm.nih.gov/pubmed/10856948
http://dx.doi.org/10.1111/2041-210X.12110
http://dx.doi.org/10.2307/2261482
http://dx.doi.org/10.2307/2261482
http://dx.doi.org/10.1146/annurev.es.25.110194.001403
http://dx.doi.org/10.1146/annurev.es.25.110194.001403
http://dx.doi.org/10.1016/S0169-5347(98)01364-0
http://www.ncbi.nlm.nih.gov/pubmed/21238294
http://dx.doi.org/10.1146/annurev.ecolsys.28.1.517
http://dx.doi.org/10.1111/j.1365-2745.2007.01322.x
http://dx.doi.org/10.1111/j.1365-2745.2007.01322.x


11. Vittoz P, Engler R. Seed dispersal distances: a typology based on dispersal modes and plant traits. Bot
Helv. 2008; 117: 109–124. doi: 10.1007/s00035-007-0797-8

12. Vander Wall SB. Cache site selection by chipmunks (Tamias spp.) and its enfluence on the effective-
ness of seed dispersal in Jeffrey Pine (Pinus jeffreyi). Oecologia. 1993; 96: 246–252.

13. Thomson FJ, Moles AT, Auld TD, Kingsford RT. Seed dispersal distance is more strongly correlated
with plant height than with seed mass. J Ecol. 2011; 99: 1299–1307. doi: 10.1111/j.1365-2745.2011.
01867.x

14. MurdochWW. “Community structure, population control, and competition”—A critique. Am Nat. 1966;
100: 219–226.

15. Janzen DH. Seed predation by animals. Annu Rev Ecol Syst. 1971; 2: 465–492.

16. Nathan R, Casagrandi R. A simple mechanistic model of seed dispersal, predation and plant establish-
ment: Janzen-Connell and beyond. J Ecol. 2004; 92: 733–746. doi: 10.1111/j.0022-0477.2004.00914.x

17. Comita LS, Queenborough S a, Murphy SJ, Eck JL, Xu K, Krishnadas M, et al. Testing predictions of
the Janzen-Connell hypothesis: a meta-analysis of experimental evidence for distance- and density-
dependent seed and seedling survival. J Ecol. 2014; 102: 845–856. doi: 10.1111/1365-2745.12232
PMID: 25253908

18. McCanny SJ. Alternatives in parent-offspring relationships in plants. Oikos. 1985; 45: 148–149. doi: 10.
2307/3565232

19. Kot M, Lewis MA, van den Driessche P. Dispersal data and the spread of invading organisms. Ecology.
1996; 77: 2027–2042. doi: 10.2307/2265698

20. Clark JS. Why trees migrate so fast: Confronting theory with dispersal biology and the paleorecord. Am
Nat. 1998; 152: 204–224. doi: 10.1086/286162 PMID: 18811386

21. Nathan R. Long-distance dispersal of plants. Science. 2006; 313: 786–788. doi: 10.1126/science.
1124975 PMID: 16902126

22. Clark J, Fastie C, Hurtt G, Jackson ST, Johnson C, King GA, et al. Reid’s paradox of rapid dispersal the-
ory and interpretation of paleoecological records. Bioscience. 1998; 48: 13–24. doi: 10.2307/1313224

23. Marazzi B. Chamaecrista fasciculata. In: Faveill, Vincent, editors. In Prep For: Flora of North America
North of Mexico. New York and Oxford; 2010.

24. Fenster CB. Effects of male pollen donor and female seed parent on allocation of resources to develop-
ing seeds and fruit in Chamaecrista fasciculata (Leguminosae). Am J Bot. 1991; 78: 13–23. doi: 10.
2307/2445224

25. Lee TD, Bazzaz FA. Regulation of fruit and seed production in an annual legume, Cassia fasciculata.
Ecology. 1982; 63: 1363–1373. doi: 10.2307/1938864

26. Rios RS, Marquis RJ, Flunker JC. Population variation in plant traits associated with ant attraction and
herbivory in Chamaecrista fasciculata (Fabaceae). Oecologia. 2008; 156: 577–588. doi: 10.1007/
s00442-008-1024-z PMID: 18392859

27. Rutter MT, Rausher MD. Natural selection on extrafloral nectar production in Chamaecrista fasciculata:
The costs and benefits of a mutualism trait. Evolution (N Y). 2004; 58: 2657–2668. doi: 10.1111/j.0014-
3820.2004.tb01619.x

28. Howe HG, Brown JS, Zorn-Arnold B. A rodent plague on prairie diversity. Ecol Lett. 2002; 5: 30–36. doi:
10.1046/j.1461-0248.2002.00276.x

29. Salmon TP, Gorenzel WP. Voles (Meadowmice). UC Cooperative Extension, San Diego CA; 2010.

30. Craven SR, Hygnstrom SE. Damage prevention and control methods. University of Nebraska-Lincoln
Extension; 1994.

31. R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Austria;
2014. Available: http://www.r-project.org/

32. Bolker BM. Ecological models and data in R. Princeton University Press; 2008.

33. Bolker B, Team RDC. bbmle: Tools for general maximum likelihood estimation [Internet]. 2014. Avail-
able: http://cran.r-project.org/package=bbmle

34. Hilbe JM. Negative binomial regression. Second Ed. New York: Cambridge University Press; 2011.

35. Durham C, Pardoe L, Vega-H E. A methodology for evaluating how product characteristics impact
choice in retail settings with many zero observations: An application to restaurant wine purchase. J
Agric Resour Econ. 2004; 29: 112–131.

36. Plummer M. rjags: Bayesian graphical models using MCMC [Internet]. 2014. Available: http://cran.r-
project.org/package=rjags

Mammalian Herbivores Decrease Plant Spatial Establishment

PLOS ONE | DOI:10.1371/journal.pone.0147715 February 5, 2016 13 / 14

http://dx.doi.org/10.1007/s00035-007-0797-8
http://dx.doi.org/10.1111/j.1365-2745.2011.01867.x
http://dx.doi.org/10.1111/j.1365-2745.2011.01867.x
http://dx.doi.org/10.1111/j.0022-0477.2004.00914.x
http://dx.doi.org/10.1111/1365-2745.12232
http://www.ncbi.nlm.nih.gov/pubmed/25253908
http://dx.doi.org/10.2307/3565232
http://dx.doi.org/10.2307/3565232
http://dx.doi.org/10.2307/2265698
http://dx.doi.org/10.1086/286162
http://www.ncbi.nlm.nih.gov/pubmed/18811386
http://dx.doi.org/10.1126/science.1124975
http://dx.doi.org/10.1126/science.1124975
http://www.ncbi.nlm.nih.gov/pubmed/16902126
http://dx.doi.org/10.2307/1313224
http://dx.doi.org/10.2307/2445224
http://dx.doi.org/10.2307/2445224
http://dx.doi.org/10.2307/1938864
http://dx.doi.org/10.1007/s00442-008-1024-z
http://dx.doi.org/10.1007/s00442-008-1024-z
http://www.ncbi.nlm.nih.gov/pubmed/18392859
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01619.x
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01619.x
http://dx.doi.org/10.1046/j.1461-0248.2002.00276.x
http://www.r-project.org/
http://cran.r-project.org/package=bbmle
http://cran.r-project.org/package=rjags
http://cran.r-project.org/package=rjags


37. Elzinga JA, Atlan A, Biere A, Gigord L, Weis AE, Bernasconi G. Time after time: Flowering phenology
and biotic interactions. Trends Ecol Evol. 2007; 22: 432–439. doi: 10.1016/j.tree.2007.05.006 PMID:
17573151

38. Louda SM. Distribution ecology: Variation in plant recruitment over a gradient in relation to insect seed
predation. Ecol Monogr. 1982; 52: 25–41. doi: 10.2307/2937343

39. Maron JL. Insect herbivory above and belowground: Individual and joint effects on plant fitness. Ecol-
ogy. 1998; 79: 1281–1293. doi: 10.2307/176743

40. Brown VK, Gange AC. Differential effects of above and belowground herbivory during early plant suc-
cession. Oikos. 1989; 54: 67–76. doi: 10.2307/3565898

41. Janzen DH. Herbivores and the number of tree species in tropical forests. Am Nat. 1970; 104: 501–
528.

42. Connell JH. On the role of natural enemies in preventing competitive exclusion in some marine animals
and in rain forest trees. Dyn Popul. 1971; 298: 312.

43. Hyatt LA, Rosenberg MS, Howard TG, Bole G, FangW, Anastasia J, et al. The distance dependence
prediction of the Janzen-Connell hypothesis: a meta-analysis. Oikos. 2003; 3: 590–602. doi: 10.1034/j.
1600-0706.2003.12235.x

44. Petermann JS, Fergus AJF, Turnbull LA, Schmid B. Janzen-Connell effects are widespread and strong
enough to maintain diversity in grasslands. Ecology. 2008; 89: 2399–2406. doi: 10.1890/07-2056.1
PMID: 18831160

45. Katul GG, Porporato A, Nathan R, Siqueira M, Soons MB, Poggi D, et al. Mechanistic analytical models
for long-distance seed dispersal by wind. Am Nat. 2005; 166: 368–381. doi: 10.1086/432589 PMID:
16224691

46. Teller BJ, Campbell C, Shea K. Dispersal under duress: Can stress enhance the performance of a pas-
sively dispersed species? Ecology. 2014; 95: 2694–2698. doi: 10.1890/14-0474.1

47. Higgins SI, Flores O, Schurr FM. Costs of persistence and the spread of competing seeders and sprou-
ters. J Ecol. 2008; 96: 679–686. doi: 10.1111/j.1365-2745.2008.0

48. Fenster CB. Gene flow in Chamaecrista fasciculata (Leguminosae) I. Gene dispersal. Evolution. 1991;
45: 398–409. doi: 10.2307/2409673

49. Soons MB, Heil GW, Nathan R, Katul GG. Determinants of long-distance seed dispersal by wind in
grasslands. Ecology. 2004; 85: 3056–3068. doi: 10.1890/03-0522

50. Tilman D. Competition and biodiversity in spatially structured habitats. Ecology. 1994; 75: 2–16. doi:
10.2307/1939377

51. Honek A, Martinkova Z, Saska P. Effect of size, taxonomic affiliation and geographic origin of dandelion
(Taraxacum agg.) seeds on predation by ground beetles (Carabidae, Coleoptera). Basic Appl Ecol.
2011; 12: 89–96. doi: 10.1016/j.baae.2010.11.003

52. Chang G, Xiao Z, Zhang Z. Hoarding decisions by Edward’s long-tailed rats (Leopoldamys edwardsi)
and South China field mice (Apodemus draco): the responses to seed size and germination schedule in
acorns. Behav Processes. 2009; 82: 7–11. doi: 10.1016/j.beproc.2009.03.002 PMID: 19615609

53. Orrock JL, Witter MS, Reichman OJ. Apparent competition with an exotic plant reduces native plant
establishment. Ecology. 2008; 89: 1168–1174. doi: 10.1890/07-0223.1 PMID: 18481540

54. Martin LM, Moloney KA, Wilsey BJ. An assessment of grassland restoration success using species
diversity components. J Appl Ecol. 2005; 42: 327–336. doi: 10.1111/j.1365-2664.2005.01019.x

55. Baer SG, Kitchen DJ, Blair JM, Rice CW. Changes in ecosystem structure and function along a chrono-
sequence of restored grasslands. Ecol Appl. 2002; 12: 1688–1701. doi: 10.1890/1051-0761(2002)012
[1688:CIESAF]2.0.CO;2

Mammalian Herbivores Decrease Plant Spatial Establishment

PLOS ONE | DOI:10.1371/journal.pone.0147715 February 5, 2016 14 / 14

http://dx.doi.org/10.1016/j.tree.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17573151
http://dx.doi.org/10.2307/2937343
http://dx.doi.org/10.2307/176743
http://dx.doi.org/10.2307/3565898
http://dx.doi.org/10.1034/j.1600-0706.2003.12235.x
http://dx.doi.org/10.1034/j.1600-0706.2003.12235.x
http://dx.doi.org/10.1890/07-2056.1
http://www.ncbi.nlm.nih.gov/pubmed/18831160
http://dx.doi.org/10.1086/432589
http://www.ncbi.nlm.nih.gov/pubmed/16224691
http://dx.doi.org/10.1890/14-0474.1
http://dx.doi.org/10.1111/j.1365-2745.2008.0
http://dx.doi.org/10.2307/2409673
http://dx.doi.org/10.1890/03-0522
http://dx.doi.org/10.2307/1939377
http://dx.doi.org/10.1016/j.baae.2010.11.003
http://dx.doi.org/10.1016/j.beproc.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19615609
http://dx.doi.org/10.1890/07-0223.1
http://www.ncbi.nlm.nih.gov/pubmed/18481540
http://dx.doi.org/10.1111/j.1365-2664.2005.01019.x
http://dx.doi.org/10.1890/1051-0761(2002)012[1688:CIESAF]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2002)012[1688:CIESAF]2.0.CO;2

