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Abstract
1.	 In many invaded grasslands, dominant exotic species can produce large amounts 

of litter that modify local abiotic conditions and species' interactions. These 
novel conditions can reduce native species abundance and promote the persis-
tence of exotic species, yet the strength of this disparity may be influenced by 
how consumer pressure interacts with litter accumulation. Consumers may ex-
acerbate this disparity by preferentially targeting native species or by promoting 
heterogeneity in microhabitats due to their movement and small-scale ground 
disturbances that favours fast growing exotic species. How species respond to 
litter accumulation and consumer pressure may depend on either evolutionary 
differences, whereby exotics species may benefit from a lack natural predators, 
or by functional differences, in which species' physiological traits may confer 
fitness advantages to low-light conditions or herbivory or granivory pressure.

2.	 We examined the impact of litter presence and small mammal herbivory on the 
establishment and reproduction of functionally diverse exotic versus native spe-
cies seeded across sites that naturally vary in resource availability in an annual 
invaded California grassland. We assessed whether seed mass and leaf nitrogen 
content (LNC) were predictive of successful establishment and reproduction.

3.	 Litter accumulation affected exotic and native species differently, with litter sig-
nificantly decreasing native recruitment and reproduction, while exotics were 
largely unaffected. Small mammals had a slight positive effect on the establish-
ment of native species when litter was present but did not influence exotic spe-
cies. Regardless of species provenance, larger seeded species established at a 
higher density while species with lower leaf nitrogen content had a higher den-
sity of reproductive individuals. Native species that successfully established and 
reproduced were functionally different in LNC than the resident community, 
while successful exotic species were functionally more similar to the resident 
community in LNC.

4.	 Our study demonstrates that exotic species outperformed native species re-
gardless of the presence of litter or herbivory pressure. Without the removal or 
thinning of litter, it is likely that exotic species will continue to dominate, result-
ing in positive feedback that further favours the persistence of exotic species 
within this invaded grassland system.
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1  |  INTRODUC TION

Invasion success is often determined by multiple interactions be-
tween invading and resident species within recipient communities 
(Seabloom et  al.,  2003; Thebaud et  al.,  1996). The strength and 
frequency of these interactions, however, can change as the com-
position of a community shifts towards greater exotic dominance, 
creating conditions that feed back to disproportionately favour 
the establishment of other exotic species over native species (e.g. 
invasional meltdown; Richardson et  al.,  2000; Simberloff & Von 
Holle, 1999). This is a common scenario in invaded annual grasslands, 
where dominant fast-growing exotic species produce large quan-
tities of litter that create a novel low light/resource environment 
(Facelli & Pickett, 1991; Loydi et al., 2013) that inhibits native spe-
cies recruitment, growth and biomass (Molinari & D'Antonio, 2020), 
reinforcing exotic dominance (Mariotte et al., 2017).

The positive feedback between litter accumulation and inva-
sion may be driven by two key mechanisms. First, native and ex-
otic species can differ in their responses to litter accumulation 
due to intrinsic differences in their evolutionary history (Cadotte 
et  al.,  2010). Dominant exotic species responsible for litter accu-
mulation, as well as newly colonizing exotics, may be adapted to 
high litter environments, whereas native species may be poorly 
adapted to these conditions and therefore suffer under high lit-
ter (Mariotte et  al.,  2017; Simberloff & Von Holle,  1999). Second, 
differences among species in life-history strategies can also influ-
ence how litter filters species. These differences in performance 
are underpinned by functional traits (or combinations of traits) that 
provide distinct trade-offs between survival and growth in a given 
environment (Larson & Funk, 2016; Violle et al., 2007). Trait varia-
tion among species, therefore, may mediate how species respond to 
litter accumulation, independent of their provenance. For instance, 
low light conditions under litter may benefit the germination of both 
exotic and native large-seeded, slow-growing resource conservative 
species (Fynn et al., 2011; Leishman et al., 2000; Letts et al., 2015; 
Moles & Westoby, 2004). These dynamics may interact with other 
ecological processes that mediate successful establishment such as 
small mammal herbivory to differentially impact exotic versus native 
colonization.

Abundant small mammals such as voles may promote or inhibit 
the effects of litter accumulation, through granivory and/or her-
bivory (Batzli & Pitelka,  1971; Mittelbach & Gross,  1984; Olff & 
Ritchie, 1998; Pearson et al., 2011). These interactive effects may 
similarly be a function of evolutionary history, whereby small mam-
mals may preferentially consume native species, reducing their es-
tablishment and reproduction more than exotic species (Pearson 

et  al.,  2011). Alternatively, generalist consumers may promote 
heterogeneity in microhabitats due to their movement and small-
scale ground disturbances (i.e. runways or burrow entrances for 
voles or mounds for gophers) that can either promote the coloni-
zation of less abundant native species (Fehmi & Bartolome, 2002; 
Questad & Foster, 2007) or the colonization of ruderal exotic spe-
cies (Hobbs & Mooney, 1991). The net effect of consumers and litter 
on establishment may ultimately be mediated by specific traits. For 
instance, while litter may favour the recruitment of large-seeded, 
slow-growing species, the seeds of these species are often pre-
ferred by small mammals due to their high energy content (Germain 
et  al.,  2013; Howe & Brown,  2000; Howe et  al.,  2002). Thus, the 
combined effect of litter and herbivory might result in limited estab-
lishment across all seed sizes (Reader, 1993).

The effect of litter accumulation and consumer pressure on es-
tablishment may be further mediated by underlying variation in re-
source availability. High-resource areas are often more vulnerable to 
invasion (Huenneke et al., 1990) yet are also areas where the positive 
effects of herbivory on diversity are more pronounced (Eskelinen 
et  al.,  2016; Hillebrand et  al.,  2007; Larios & Maron,  2021). Litter 
accumulation is often promoted in high-resource areas because 
they favour productive, resource acquisitive species (Eskelinen 
et  al.,  2012; Facelli & Pickett,  1991; Pyšek & Richardson,  2007). 
Copious litter accumulation can in turn promote small mammal ac-
tivity (Larios & Maron, 2021; Liu et al., 2018; Ostfeld et al., 1997), 
because some small mammals predominately forage in areas of 
high litter cover to decrease predation risk (Batzli & Pitelka, 1970; 
Pusenius & Ostfeld, 2000). Taken together, litter accumulation, con-
sumer preference and resource availability may influence species 
differently, with responses depending on species provenance or 
functional strategies.

Although many studies in natural systems (i.e. not planted as-
semblages) have examined the influence of these factors on rates 
of natural colonization of exotics versus natives (Hejda et al., 2009; 
Lemoine et al., 2016), few control for species' propagule pressure. 
This limits our ability to tease apart the mechanisms whereby lit-
ter accumulation influences native versus exotic establishment and 
reproduction (Godoy,  2019). Likewise, few studies assess species' 
responses to experimentally manipulated litter and herbivory from 
a trait perspective (but see Korell et  al.,  2017; Maron et  al.,  2012 
for perennial grasslands). Therefore, teasing apart the relative con-
tribution of evolutionary history versus species' traits in mediating 
species responses to litter and herbivory and whether this dictates 
successful establishment into an invaded system is key for identi-
fying strategies for reintroduction of native species. Given that 
successful establishment of species within a community is the 
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cumulative effect of multiple biotic and abiotic filters over the life 
cycle of the plant, assessing how species respond to these filters at 
different life stages may help explain why some species and which 
traits are more successful at establishing within a community than 
others (Laughlin, 2014).

Here we examine the individual and interactive effects of in-
vader litter and small mammals on native and exotic species estab-
lishment across sites that naturally vary in resource availability. To 
do this, we added seeds of either native or exotic species into plots 
where we manipulated both litter and rodent presence across annual 
invaded grassland sites with varying resource availability. Species 
in both native and exotic seed mixes were selected to encompass 
a broad range of seed mass that span the continuum of resource 
conservative or acquisitive life-history strategies, with similar seed 
mass distributions in each seed mix. Importantly, assessing coloni-
zation success and subsequent performance of native and exotic 
species with similar trait distributions allows us to determine the 
relative contribution of species provenance and functional traits in 
explaining species responses to litter and consumer pressure. We 
predict that if both exotic and native species display a similar suite 
of traits (or axes of functional specialization) that confer advantages 
to particular biotic and abiotic filters, then we would expect prov-
enance is less likely to drive species establishment. Alternatively, 
if the presence of litter and/or consumer pressure benefit exotic 
species over natives, regardless of functional strategies, then prov-
enance may be an important predictor of species success in invaded 
systems. Lastly, to provide some insight as to whether the success-
fully colonizing species either have similar or different traits to the 
resident community, we also evaluated the extent trait differences 
between the added species and resident community impacted spe-
cies fitness. Here in accordance with limiting similarity (MacArthur 
& Levins, 1967), we expect that large trait differences may confer 
fitness advantages to introduced species over those species with 
similar traits to the dominant invaded community.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

This study was conducted in annual grasslands at the University of 
California Sierra Foothill Research and Extension Center (SFREC), 
located in Browns Valley, California, USA (39°15′N, 121°17′W). 
The site has a Mediterranean climate, with a cool wet growing 
season (September–May) and host dry summers (June–August). 
Temperature and precipitation over the course of the experiment 
varied over the three growing seasons: 2014–2015, 2015–2016 and 
2016–2017, with 454  mm (mean 15.5°C), 625mm (mean 14.9°C) 
and 978  mm (mean 14°C) recorded, respectively (PRISM Climate 
Group,  2004). Vegetation at the site is dominated by exotic an-
nual species, with low abundances of native annual species. The 
most abundant exotic species, Elymus caput-medusae, produces 
large amounts of litter, which remains on the landscape due to slow 

decomposition and low palatability (Nafus & Davies,  2014). Other 
dominant exotics species include Avena barbata, Bromus hordeaceus 
and Erodium botrys (nomenclature follows Baldwin et al., 2012). Plant 
consumers in this system include mule deer Odocoileus hemionus and 
small mammals such as field voles Microtus californicus and gophers 
Thomomys bottae (Block & Morrison, 1990).

2.2  |  Experimental design

To assess the influence of litter, small mammals and resources on 
native and exotic species recruitment and reproduction, in the sum-
mer of 2014, we established experiments at eight sites at either end 
of a productivity/soil resource gradient. Four sites were character-
ized by low soil nitrogen and low plant productivity (but high micro-
nutrients), whereas the remaining four sites had high soil nitrogen 
and greater plant productivity (please see Larios & Maron, 2021 for 
details on how site productivity was quantified). Sites were sepa-
rated by at least 150 m to avoid spatial autocorrelation and to ensure 
we were sampling separate small mammal communities (Figure 1A). 
Within each site, we either excluded rodents or not within paired 
9 m × 9 m plots, one of which was fenced to exclude small mammals 
and the other which remained unfenced to allow small mammal ac-
cess (Figure 1B). Electric fences enclosed both paired plots to pre-
vent herbivory or disturbance from cattle. Exclosures were checked 
monthly, to ensure no rodent disturbance was present. To assess 
small mammal activity within the treatment subplots (see below for 
details), percent visual cover estimates of small mammal burrowing 
activity and runway construction were conducted in 2016.

Within each pair of plots, we established 16 subplots 
(0.5 m × 0.5 m) that were randomly assigned to one of eight unique 
treatments (Figure 1). The eight treatments represented a factorial 
combination of (a) litter treatment (removed or left intact), (b) seed 
addition (yes or no) and (c) Origin of species in seed mix (native or ex-
otic). The first set of 8 subplots were seeded in each site in summer 
2014 for a total of 64 subplots. The second set of 8 subplots were 
seeded in the summer of 2015 and provided a replicate over time 
(total of 128 subplots sampled over 2 years).

Species within the seed mix (Table 1) all occurred on the SFREC 
reserve. We did not include the dominant litter producing E. caput-
medusae in the exotic seed mix due to its high invasive status. The 
seed mixes were constructed to represent a similar trait distribu-
tion for seed mass with similar community-weighted means and 
functional diversity. Initial trait values for species were obtained 
from published sources (Anacker & Harrison,  2012; Fernandez-
Going et  al.,  2013; Harrison & Grace,  2007), with missing seed 
mass data obtained from the Kew database (Royal Botanic Gardens 
Kew,  2017) and scientific literature. We added 75 seeds for each 
species within each seed mix, for a total of either 1,275 or 1,200 
seeds per 0.5 m × 0.5 m for the native (n = 17) and exotic (n = 16), 
respectively. While we did not assess germination rates of species 
prior to seeding, 13 of the 17 commercially sourced species in the 
native mix have germination and viability rates higher than 45% and 
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67%, respectively. Seed mixes were added in July and August for 
the subsequent growing season (e.g. August 2014 for Spring 2015 
sampling). This mid-summer timing ensured that we were accurately 
capturing summer granivory.

We assessed the colonization of each species in every subplot 
by counting the number of individuals of each added species that 
established at peak biomass in April–May 2015 and 2016. We as-
sessed reproduction by counting the number of reproductive stems 
of added species. To capture differences in phenology among spe-
cies, we sampled all plots once a week between April and May. We 
estimated the total number of seeds produced by individuals of each 
added species by first randomly selecting 2–4 individuals per species 
within four different subplots (two subplots in the rodent exclosure 
and two subplots in the open plot), to obtain a total of 8–16 individ-
uals per species per site. For each individual, we then estimated per 
capita seed production by counting all viable seeds. If seeds were 
not yet present, we counted the total number of spikelets or inflo-
rescences for an individual and multiplied this number by an esti-
mated number of seeds per spikelet/inflorescence. This multiplier 
was either obtained by field estimates of fecundity of individuals 
outside of plots that produced seed or extracted from a published 
source. If species did not have at least eight individuals within seed 
addition subplots, we sampled all individuals that were present.

To evaluate species responses based on functional traits, we 
measured functional traits that are known to impact germination 

and growth, which included seed mass (Moles & Westoby,  2004), 
specific leaf area (SLA), leaf water content (LWC), maximum plant 
height, leaf nitrogen concentration (LNC) and carbon to nitrogen 
ratio (C:N) (Navas & Violle, 2009). Although we used an initial pub-
lished trait dataset to assemble our seed mixes, we took field mea-
surements of traits from our study site to investigate trait-based 
responses to our experiment. We measured traits on 5–10 individ-
uals of most species outside the treatment plots, avoiding trait es-
timations in experimental plots where treatments could influence 
trait expression. However, of the total 33 seeded species, six species 
could not be found outside of the treatment plots, and for these spe-
cies we had to sample individuals from plots representing each of 
the treatment combinations. For each species, we calculated a mean 
trait value (see Larios & Maron, 2021 for full methodology and trait 
data). Species mean values were used as predictor variables in mod-
els described below. To assess the extent that trait differences be-
tween the added species and the resident community impacted the 
fitness of added species, we calculated community-weighted mean 
trait indices of the resident community. First, we estimated the per-
cent cover of resident species (species that were not included in the 
seed mix but recruited naturally) within all seed addition subplots in 
2015 and 2016. Species cover was visually estimated for each spe-
cies in every subplot, and total cover was allowed to go over 100 
to allow for multiple canopy layers. Second, we sampled traits for 
resident species, following the methodology to that of the seeded 

F I G U R E  1  (A) Location of eight experimental plots within the University of California Sierra Foothill Research and Extension Center 
(SFREC). (B) Schematic of experimental design for a single replicate (block). Within each block, two 9 m × 9 m plots were established either 
allow (black dashed line) or exclude (solid black line) rodent herbivory/granivory. Within each pair of plots, 16 subplots (0.5 m × 0.5 m) were 
assigned one of 8 unique treatments: litter left intact (solid line) or removed (dotted line), crossed with either a seed mix (seed mix type 
denoted by different colours)

(a) (b)
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species (see above). Third, we calculated the resident community-
weighted mean for seed mass, SLA, LWC, LNC and C:N within all 
seed addition subplots spanning each treatment combination and 
year. Plant sampling did not require permits or licences within the 
SFREC reserve.

2.3  |  Analysis

2.3.1  |  Native and exotic species responses to litter, 
small mammals and site resource availability

We assessed the individual and interactive effects of litter and small 
mammals on native and exotic species performance, quantified as (a) 
the probability of species establishment, (b) establishment density 
of a species, (c) number of reproductive stems and (d) seed output. 
We modelled these variables as a function of site resource avail-
ability (low or high), small mammal presence (present or excluded), 
litter (litter or litter removed) and seed mix origin (native or exotic). 
Four-way interactions between species origin, small mammals, litter 
and site productivity were included as fixed effects in all models. 
Plot, nested within site along with sampling year, was included as 
random effect in all models to account for the split-plot design. To 
evaluate how species traits mediated these responses, we addition-
ally included seed mass and LNC as predictor variables within the 
establishment and reproduction models, respectively. We did not 
include other traits in our models due to the high correlation among 
plant traits variables (i.e. height was correlated to SLA (p = −0.47) 

and LWC (p = −0.58), while LNC and C:N ratio were also correlated 
(p = −0.89)). We were not able to include interactions terms between 
our experimental treatments and plant traits due to statistical limita-
tions (i.e. our sample size was not large enough to accurately fit such 
a complex model). To summarize the overall effects of our seed ad-
dition treatment, we used a Wilcoxon test to assess how native and 
exotic species recruitment, density and seed output differed across 
the study. We used the Wilcoxon test to account for the non-normal 
distribution of species recruitment, density and seed output, with 
species origin used as a fixed factor in all tests.

Probability of species recruitment (binary response, 1  =  re-
cruited, 0  =  did not recruit) was modelled using a generalized lin-
ear mixed-effect model with logit-link function and binomial error 
distribution, using the lme4 package in r (Bates et al., 2011). Due to 
the presence of zero values for recruitment density (59%), number 
of reproductive stems (15%) and seed output (15%), potential zero 
inflation was assessed by comparing recruitment density, number 
of reproductive stems and seed output models with different error 
distributions: negative binomial with log-link function and zero infla-
tion parameter, negative binomial with log-link function and Poisson 
with a log-link function, respectively, using the glmmADMB package 
in r (Skaug et al., 2016). AICc values indicated that negative bino-
mial models with zero-inflated parameters were best for all response 
variables.

We used our no seed added plots to account for natural estab-
lishment. First, for subplots where our no seed plot had greater 
stem counts for a species than the seed addition plot, we set estab-
lishment to 0 stems to be conservative about natural recruitment. 

Seed size Native Exotic

Small
<0.00051 g

Achillea millefolium* Petrorhagia dubia*

Clarkia purpurea* Trifolium dubium*

Lasthenia californica* Festuca bromoides*

Clarkia gracilis* Briza minor*

Gilia tricolor* Senecio vulgaris*

Medium
<0.00051 g < X < 0.004 g

Elymus glaucus Bromus hordeaceus

Trifoium microcephalum Festuca perennis

Trifolium willdenovii Trifolium hirtum*

Amsinckia menziesii Briza maxima

Plantago erecta Hordeum murinum

Uropappus lindleyi

Large
<0.004 g

Galium aparine* Avena barbata

Lupinus bicolor Bromus diandrus

Stipa pulchra Carduus pycnocephalus

Achyrachaena mollis Avena fatua

Asclepias fascicularis Erodium botrys*

Lupinus succulentus Trifolium subterraneum

Functional dispersion 0.725 0.728

Seed mass community 0.0041 0.0048

TA B L E  1  Summary information of 
seed mixes used in the seed addition 
experiment, including functional trait 
metrics (CWM, community weighted 
mean; FDis, functional dispersion). * 
Indicate species that were excluded 
from the analysis (see methods). Note 
that the diversity of the seed mixes 
varied due to seed availability
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Second, for several exotic species (n = 7), natural establishment 
was consistently high, and we could not accurately determine 
colonization. These species were predominantly small seeded 
species; therefore, to keep a balanced comparison between the 
added native and exotic species, we dropped native species that 
exhibited similar seed size. Our resulting models reflected the re-
sponse of eleven native and nine exotic added species, although 
models with the full set of species generated similar results (not 
reported). Seed mass and LNC were all log transformed to meet 
the assumptions of linear regression. Full models containing all rel-
evant explanatory variables were simplified by backward stepwise 
selection.

2.3.2  |  Trait differences between colonizing 
species and resident invaded communities

To assess whether the traits of colonizing species that success-
fully recruited were similar to or differed from the resident in-
vaded communities, we first calculated trait differences of seed 
size and LNC between each species present in the reduced seed 
addition groups from the community-weighted mean (CWM) of 
resident invaded communities (i.e. trait difference = species mean 
trait value  −  CWM value; thus, a negative trait difference indi-
cates higher trait values of the added species compared to the 
resident community and vice versa for positive trait differences). 
The resident community consisted of species that were not pre-
sent in the reduced seed mix (i.e. species that established either 
from the soil seed bank or from dispersal events). Resident CWM 
for each trait was calculated for each subplot using fd package in 
r (Laliberté & Legendre,  2010; Laliberté et  al.,  2014). We mod-
elled the trait difference of LNC between invading species and 
the resident community as a function of site resource availability 
(high or low), small mammal presence (present or absent), litter 
(litter or removed) and seed mix origin (native or exotic), using lin-
ear mixed-effect models. We did not model the trait difference of 
seed mass between the invading species and the resident com-
munity, as we excluded small seeded species from the seed ad-
dition group (see above). Excluding the smaller seed species may 
lead to inflated differences between seed mass of the added and 
resident community, with small seeded species being dominant in 
the resident community. Three-way interactions between species 
origin, small mammals and litter were included as fixed effects in 
all models. Plot nested within site was also included as a random 
effect (Bates et al., 2011). Differences between significant explan-
atory variables within all best supporting models were assessed 
using post-hoc pairwise Tukey test using the ghlt function in the 
multcomp r package (Hothorn et al., 2008). To determine whether 
LNC trait differences ultimately impacted the seed output of an 
added species in the experiment, we modelled average species 
seed output as a function of small mammal presence (present or 
absent), litter (litter or litter removed), and seed mix origin (native 
or exotic) and the trait difference for LNC. The trait difference of 

LNC was selected as a predictor variable as variation in LNC was 
important in explaining reproduction responses of added species 
(see below). As above, we used a generalized linear mixed model 
with log-link function. To assess whether the resident community 
composition differed between treatments, we modelled resident 
species cover as a function of site resource availability (high or 
low), small mammal presence (present or absent) and litter (litter 
or litter removed) using a permanova using the vegan r package 
(Oksanen et al., 2020). All data analysis was conducted using the 
R statistical software package version 3.3.3 (R Development Core 
Team, 2010).

3  |  RESULTS

Establishment and reproduction varied widely among added spe-
cies and differed considerably based on species' provenances 
(Table  S1). The proportion of species that established in each 
seed mix was significantly higher for exotics (76%) compared with 
natives (37%, Wilcoxon Signed Rank Test p  >  0.0001) as were 
mean stem densities, 14 stems per 0.25 m2 for exotics compared 
to 2 stems per 0.25  m2 for natives (Wilcoxon Signed Rank Test 
p  =  0.00063). The percentage of species that established and 
produced seed was significantly higher for exotic species (87%), 
compared with native species (64%, Wilcoxon Signed Rank Test 
p > 0.0001). Of the species that did reproduce, exotic species pro-
duced significantly more seed (mean 382 seeds per 0.25 m2) than 
native species (mean 39 seeds per 0.25 m2, Wilcoxon Signed Rank 
Test p > 0.0001). Surveys of small mammal activity conducted in 
open subplots in 2016 revealed that vole activity was greater in 
plots with litter compared to bare plots (Tukey's Post-hoc test, 
p = 0.033). There was no vole activity recorded in the rodent ex-
closure plots.

3.1  |  Species establishment responses

Probability of establishment was best explained by seed mass, 
site resource availability and the interaction between species ori-
gin, litter and rodent presence (Table S2, Figure 2A). Exotic species 
displayed higher establishment probabilities regardless of litter or 
rodent treatments, while the probability of establishment for native 
species decreased significantly in the presence of litter and in the 
absence of rodents (Tukey's Post-hoc test, p > 0.001, Figure 2B). The 
probability of establishment increased with increasing seed mass 
(Figure 2C). Native and exotic species establishment was greater in 
low-resource sites compared to high-resource sites (Tukey's Post-
hoc test, p = 0.003, Figure 2D).

Establishment density was best explained by the interaction 
between species origin, litter and rodent presence (Table  S3, 
Figure 3A). All species, regardless of origin, established at higher 
densities in the absence of litter (Figure  3B). Exotic species had 
significantly higher establishment density compared to native 
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species (Tukey's Post-hoc test, p  <  000.1, Figure  3B). While the 
presence of rodents did not influence establishment density of 
exotic species, native species density increased in the presence 
of rodents, but only in plots with litter present (Tukey's Post-hoc 
test, p < 000.1; Figure 3B). Unlike establishment probability, both 
native and exotic species recruitment density were not influenced 
by seed mass.

3.2  |  Species reproduction responses

The number of reproductive stems and seed output was best ex-
plained by leaf nitrogen content (LNC) and the interaction between 
species origin and litter (Tables S4 and S5, Figure 4A and Figure S1a, 
respectively). Exotic species had a higher number of reproductive 
stems and seed output than native species but were not influenced 

F I G U R E  2  (A) Coefficient plot for the probability of recruitment model. Points are standardized coefficient estimates. Thick, inner bars 
represent ±1 standard error and thin, outer bars ±2 standard errors. (B) Probability of seedling recruitment in relation to the interaction 
of species origin (Native/Exotic), litter treatment (litter /litter removed) and small mammal treatment (excluded/present). (C) Probability 
of seedling recruitment in relation to the seed mass (g) and the interaction between species origin and litter treatment. Points for the 
interaction between species origin and litter treatments are mean probabilities calculated from eight bins of ordered binary values. All bars 
are associated standard errors on the probability scale. (D) Mean probability of seedling recruitment in relation to site productivity. All bars 
are associated standard errors on the probability scale. Letters denote significantly different groups (p < 0.05), based on pairwise post-hoc 
tests
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by litter treatment (Figure 4B, Figure S1b). Native species displayed 
a small, but significant increase in the number of reproductive stems 
and seed output in the absence of litter (Tukey's Post-hoc test, 
p < 0.0036, and p < 0.0037, respectively). There was a negative re-
lationship between LNC and the number of reproductive stems and 
seed output, with species with higher LNC experiencing decreased 
reproductive stems and seed output (Figure 4C and Figure S1c, re-
spectively). The presence of small mammals did not influence the 
number of reproductive stems or seed output for either native or 
exotic species.

3.3  |  Trait differences between added species and 
resident communities

Overall, we recorded 50 resident species across all seed addition 
subplots. Resident species mean cover varied between species 
(Table S6) and was significantly different between litter treatments 
and site available resources (both p < 0.0001, Table S7). The aver-
age difference in LNC of added native and exotic species that repro-
duced varied widely from the resident community and each other. 
Native species displayed a larger average difference in LNC than 
the resident community regardless of litter treatment (p < 0.001), 
while exotic species displayed lower or marginally larger average 
difference in LNC than the resident community (p = 0.006) in the 
presence or absence of litter, respectively (Figure 5A, Table S8). LNC 
differences between added species and the resident community also 
explained seed output and varied by species origin, regardless of the 
presence of litter. Exotic species with mean LNC similar or margin-
ally lower than the resident community displayed higher fecundity. 
In contrast, native species with higher mean LNC than the resident 
community displayed lower fecundity (Figure 5B, Table S9).

4  |  DISCUSSION

Our results demonstrate that successful colonization into a invaded 
annual grassland is influenced by multiple processes that dispropor-
tionately favour exotic species. Controlling for propagule pressure 
via seed addition, we found that the establishment and reproduction 
of added native species significantly decreased in the presence of 
exotic litter, as has been previously documented in other systems 
(Johnson et  al.,  2018; Molinari & D'Antonio,  2020). However, this 
was not the case for added exotic species, which were not sensi-
tive to the presence of exotic litter. Small mammals had a slight 
positive effect on the establishment of added native species when 
litter was present. These colonization dynamics were mediated by 
the functional traits of the species—seed mass for establishment 
and leaf nitrogen for reproduction. The degree to which a species' 
trait overlapped with the resident community was a strong predic-
tor of mean seed output for added species, where species that had 
more similar LNC to the resident community produced more seeds. 
Together, these results suggest that invaded annual grassland can 
favour the establishment of exotic over native species and that while 
plant traits do mediate colonization dynamics, exotic species tend to 
outperform native species regardless of these traits.

Litter from the invaded community negatively affected native 
species performance but had no effect on exotic species per-
formance. The negative effects of litter on native species were 
observed at multiple life stages, including the probability of es-
tablishment and the density of established and reproductive in-
dividuals. Negative litter effects on colonization and growth are 
often due to litter acting as a physical barrier that can reduce light 
availability (Johnson et  al.,  2018; Molinari & D'Antonio,  2020). 
While we observed that native establishment decreased in the 
presence of litter, the low density of individuals across the study 

F I G U R E  3  (A) Coefficient plot for recruitment density model. Points are standardized coefficient estimates. Thick, inner bars represent 
±1 standard error and thin, outer bars ±2 standard errors. (B) Mean stem density in relation to the interaction of species origin, small 
mammal and litter treatments. All bars are associated standard errors on the probability scale. Letters denote significantly different groups 
(p < 0.05), based on pairwise post-hoc tests
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suggest that the successful natural establishment of these spe-
cies may be constrained by other factors such as low germination 
rates (Wainwright & Cleland, 2013) or propagule limitation (Aicher 
et al., 2011; Loydi et al., 2013; Meisner et al., 2012). For example, 
we observed low seed output by native species in our study. The 
influence of litter on species performance is bolstered by the fact 
that we found higher establishment probability at low-resource 
sites where litter accumulation is much less than at high-resource, 
high litter sites. Low-resource sites often coincide with lower rates 

of litter accumulation, thus improving germination and recruit-
ment (Tilman, 1993).

We found that small mammals provided a small reprieve from 
the negative effects of litter for native species at the establishment 
phase. When litter was present, small mammals increased both the 
probability and density of native species establishment. We specu-
late that this was due to increased small mammal foraging activity in 
high litter areas, causing disturbance, that increased light availability 
for native species (Borer et al., 2014; Korell et al., 2017). High litter 

F I G U R E  4  (A) Coefficient plot for the number of reproductive stems model. Points are standardized coefficient estimates. Thick, inner 
bars represent ±1 standard error and thin, outer bars ±2 standard errors. (B) Species mean number of reproductive stems in relation to the 
interaction to species origin and litter treatments. Bars represent standard error. Letters denote significantly different groups (p < 0.05), 
based on pairwise post-hoc tests. (C) Species mean number of reproductive stems in relation to leaf Nitrogen (mg/g). Coloured points denote 
and treatment group combinations of species origin and competitive environment. Shaded band represents 95% confidence interval
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areas with greater cover can be attractive to small mammals seeking 
to avoid predators (Pusenius & Ostfeld,  2000). We concomitantly 
observed the lowest native establishment in rodent exclosures, sug-
gesting that litter effects are exacerbated in the absence of small 
mammals, likely as a result of resident exotic biomass and therefore 
litter being greater in the absence of small mammals (Figure S3).

In contrast, exotic species establishment was not constrained 
by the presence of litter or small mammals. Exotic species often 
have more plastic germination cues (Wainwright & Cleland, 2013), 
allowing them to still recruit in the high litter microclimates, which 
have been characterized as having lower soil temperatures and light 
availability and higher soil moisture (Warren et al., 2013). The lack 
of influence of litter on exotic species performance is not always 
species specific and can be independent of litter type. For example, 
Mariotte et al. (2017) observed an increase in exotic species germi-
nation, recruitment and fecundity with increasing litter depth, re-
gardless of litter origin. Within our study site, exotic species may 
benefit from the prevalence of the co-occurring Medusahead Elymus 
caput-medusae, which has formed dense patches of litter, due to slow 
decomposition and low palatability (Nafus & Davies,  2014). This 
appears to produce a positive feedback between litter and exotic 
species, whereby continual litter accumulation can increase exotic 
species performance (Mariotte et al., 2017; Wolkovich et al., 2009), 
which, in turn, promotes both increased litter production and abun-
dance of exotic species (Simberloff & Von Holle, 1999). Over time, 
this cycle may be reinforced by subsequent changes in the soil 
chemistry (Farrer & Goldberg, 2009; Hawkes et al., 2005) and mi-
crobial communities in grassland systems, further supporting the 
persistence of exotic species. For example, in California grasslands, 

dominant annual exotic grass species can promote species-specific 
soil microbial communities (Hawkes et  al.,  2006) and can alter ar-
buscular mycorrhizal fungi communities colonizing native plant roots 
(Hausmann & Hawkes, 2009).

Despite the overall differences in establishment between na-
tive and exotic species, for both groups of species we found that 
seed mass was a good predictor of establishment success, with 
larger seeded species displaying increased recruitment probabil-
ity. Because of sampling challenges, we were not able to explore 
the relationship between provenance and seed mass across the 
full range of the seed mix; however, we additionally re-analysed 
all recruitment models just for native species, including all seed 
sizes. The results of these models support our findings that seed 
mass is a good predictor of species recruitment, with the probabil-
ity of recruitment increasing for larger seeded species (Figure S3, 
Table S10). The strong response of larger seeded species indicates 
an alternate strategy that could be successful in this invaded 
grassland. Larger seed species provide more resources to newly 
germinated seedlings, allowing an advantage in low light condi-
tions (Jensen & Gutekunst,  2003; Westoby et  al.,  1996). Larger 
seeds may also produce seedlings that may be better adapted to 
penetrating a thick layer of litter compared to small seeded spe-
cies (Amatangelo et  al.,  2008; Carson & Peterson,  1990; Chen 
et al., 2018; Loydi et al., 2013). However, the benefits that larger 
seeded species have in recruiting into sites with more stressful 
conditions may not readily translate to greater adult abundance at 
these sites because larger seeded species also experience greater 
seed predation. Within the same study system, Larios and Maron 
(2021) observed that CWM seed mass decreased over time in the 

F I G U R E  5  Difference in (A) leaf Nitrogen (Nm, mg/g)) between the community-weighted mean of resident communities (naturally 
recruiting species that were not seeded in experimental plots, grey dashed line) and both exotic and native species that were seeded into 
litter treatments. Data are for all species that recruited and reproduced. Letters denote significantly different groups (p < 0.05), based on 
pairwise post-hoc tests. (B) Predicted mean seed output in relation to differences in leaf Nitrogen content (mg/g) of seeded exotic and native 
species to the community-weighted mean (CWM) of resident communities (naturally recruiting species that were not seeded in experimental 
plots). Shaded band represents 95% confidence interval
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presence of voles, suggesting that voles are disproportionally 
consuming larger seeds. Importantly, like many annual systems 
(Leishman et  al.,  2000), our grassland system was dominated by 
small-seeded species (average CWM seed mass = 0.003), so while 
we observed that larger seeded species increased in establish-
ment, small-seeded species do well in this system.

The differences in establishment between native and exotic 
added species persisted through reproduction where we ob-
served that exotic species had a greater number of reproductive 
individuals and thus greater seed output, consistent with past ob-
servations that exotic species produce significantly more seed on 
average than native species in Californian grasslands (D'Antonio 
et  al.,  2007; DiVittorio et  al.,  2007; Young & Evans,  1989). We 
continued to observe a strong effect of litter on the number of 
reproductive native individuals. Contrary to establishment dy-
namics, species reproduction dynamics were correlated with LNC, 
with both the number of reproductive stems and seed output de-
creasing for both exotic and native species with increasing LNC. 
Although this result is consistent with studies finding that targeted 
herbivory upon species with high nitrogen concentrations can re-
duce performance (Howe et al., 2002; Zorn-Arnold et al., 2006), 
we did not detect differences in abundances in species with high 
LNC between small mammal treatments. Indeed, within the same 
study system, Larios and Maron (2021) observed over longer 
term sampling that in the absence of voles, CWM leaf Nitrogen 
increased, indicating the occurrence of preferential herbivory of 
high Nitrogen species. The decrease in the number of reproduc-
tive stems and seed output for species with high LNC may be an 
artifact of the negative relationship between seed mass and seed 
production (Moles & Westoby,  2006), with many nitrogen-fixing 
forbs typically exhibiting large seed mass due to their thick seed 
coats (Russi et al., 1992; Smýkal et al., 2014). We observed this re-
lationship, with seed production significantly decreasing with seed 
mass for high LNC species (F1,21 = 10.1, p = 0.0017), indicating that 
seed production per stem may negatively covary with seed mass 
for these species.

The success of an added species may not rest on its traits alone 
but also on the differences between the species' traits to those of 
the resident community (Funk et al., 2016; Gallien & Carboni, 2017; 
Hooper & Dukes, 2010). We observed that having differing LNC was 
important for native species reproduction but was not as important 
for exotics, suggesting that native and exotic performance within 
these invaded communities may be driven by niche differentiation 
(Leibold & McPeek, 2006; MacArthur & Levins, 1967). These results 
show that while niche differences may be influencing the reproduc-
tive potential of native species, exotic species that were functionally 
similar to the resident community may have a competitive advan-
tage in reproduction, indicating that competitive trait hierarchies 
involving LNC may be more important during this life stage (Fried 
et al., 2019; Herben & Goldberg, 2014). In combination, these eco-
logical mechanisms impact native and exotic species entering the 
community differently, with successful native species having to be 

functionally diverse in LNC than the resident community for im-
proved reproduction, while exotic species do not need to differ.

The relative lack of rodent influence on establishment or repro-
ductive output for either native and exotic species was unexpected 
and suggests that foraging behaviour may be more stochastic or 
frequency dependent, reducing their impact on rarer or newly in-
vading species (Howe & Brown,  2000). This result contrasts with 
the commonly observed consumer driven changes in reducing plant 
productivity and biomass of dominant species in grassland systems 
(Hulme, 1996; Maron et al., 2014; Pearson et al., 2012). While lim-
ited effects of rodent herbivory on plant performance have been 
recorded (Gibson et al., 1990), this may be contingent on temporal 
variation in abiotic conditions (Norrdahl et al., 2002) and site produc-
tivity (Bakker et al., 2006). However, in our study, the relative lack 
of consumer pressure was evident in both high- and low-resource 
sites. Additionally, the relative lack of rodent influence may be ex-
plained in part by the fact that our study corresponded with the cul-
mination of an extended multi-year drought in California (Griffin & 
Anchukaitis, 2014), which as a result of limiting resources, may have 
reduced local vole populations and their subsequent influence. An 
increase in vole activity was observed in surveys conducted in 2017 
(Larios & Maron, 2021), indicating that vole populations had yet to 
fully recover during the duration of our study.

5  |  CONCLUSIONS

The results of this study highlight that both species provenance and 
functional traits are important factors mediating the establishment 
of species in response to multiple biotic and abiotic filters in an in-
vaded grassland. Here we provide evidence that litter accumulation 
affects exotic and native species differently, with litter significantly 
decreasing native recruitment and reproduction, while exotics were 
largely unaffected. We also show that seed mass and LNC are key 
functional traits in explaining species recruitment probability and 
reproduction, respectively. Lastly, for enhanced reproduction and 
persistence within this system, native species need to vary greatly in 
LNC than that of the resident community. To enhance native species 
performance in this system, seed addition of larger seeded species 
would be needed to minimize seed limitation, however, without the 
removal or thinning of litter, it is likely that exotic species will con-
tinue to dominate, resulting in positive feedback that further favours 
the persistence of exotic species.
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