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Abstract Biotic resistance is commonly invoked to

explain why many exotic plants fail to thrive in

introduced ranges, but the role of seed predation as an

invasion filter is understudied. Abiotic conditions may

also influence plant populations and can interact with

consumers to determine plant distributions, but how

these factors jointly influence invasions is poorly

understood. In central Argentina’s Caldenal savannas,

we experimentally examined how seed predation and

water availability influenced recruitment/establish-

ment of nine exotic plant invaders over 2 years. We

then explored how seed predation patterns related to

invasion patterns. Excluding rodent seed predators

dramatically increased seedling recruitment for eight

of nine exotic species (by 100–300 % in most cases)

and increased young/adult plant abundance for four

species in one or both years. Adding water to

ameliorate drought tended to increase seedling num-

bers for most species, but these trends were not

significant. Vegetation surveys revealed that exotic

plant richness was 50 % lower in matrix habitat

compared with disturbed roadsides and that cover of

the two most aggressive invaders, which were both

strongly suppressed by seed predation, was 75–80 %

lower in matrix than roadside habitats. Seed offerings

indicated seed removal by rodents was 11 times

greater in intact matrix habitat compared with road-

sides. Rodent seed predation represents a significant

source of biotic resistance to plant invasions. Ubiqui-

tous disturbances such as road construction can disrupt

this filter. The widely recognized role that disturbance

plays in facilitating invasions, which is largely attrib-

uted solely to reduced plant competition, may also

arise from disruption of top–down controls.

Keywords Biotic resistance � Road

disturbance � Plant recruitment � Seed predation �
Water addition

Introduction

Most exotic plants that successfully traverse the

world’s oceans to reach new terra firma fail to

establish or thrive in their new ranges (Williamson

and Fitter 1996; Mack 1996). Hence, an important

question for both understanding invasions and for
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better managing natural defenses against invaders is,

‘‘What factors limit the establishment and prolifera-

tion of exotic species?’’ The primary hypothesis

proposed to explain why many invaders may fail to

thrive in recipient communities is the biotic resistance

hypothesis (Elton 1958; Mitchell and Power 2003;

Parker et al. 2006). This hypothesis states that

invading species may encounter varying degrees of

resistance from biotic interactions such as competi-

tion, predation, and parasitism, which can impede their

ability to establish and proliferate (Elton 1958).

Studies of biotic resistance to plant invasions have

historically focused on competitive interactions

(Levine et al. 2004). Although consumer effects are

increasingly recognized as a potentially important

source of biotic resistance to plant invasions (Parker

et al. 2006), the bulk of this work has focused on

consumers acting as herbivores. Yet, some of the best

documented cases of consumer effects on native plant

populations and communities derive from studies

illustrating the importance of seed predators in limit-

ing plant recruitment (Louda 1982, 1983; Brown and

Heske 1990; Maron and Kauffman 2006). For terres-

trial plants, invaders generally arrive as seeds which

must survive, germinate, and establish nascent plant

populations. Additionally, seeds are often the primary

mechanism allowing invasions to progress beyond the

initial bulkhead. Hence, seed survival and seedling

establishment are critical stages for successful colo-

nization and expansion of invading plant populations.

Post-dispersal seed predation by rodents can sub-

stantially impact native plant recruitment (Reader

1993; Ostfeld et al. 1997; Edwards and Crawley 1999;

Orrock et al. 2008; Pearson and Callaway 2008;

Zwolak et al. 2010), and a few studies show that

reduced recruitment from post-dispersal seed preda-

tion can affect adult plant population density (Maron

and Kauffman 2006), plant community structure

(Brown and Heske 1990), and plant distributions

(Bartholomew 1970; Louda 1983). However, only a

handful of studies have examined the effects of rodent

seed predation on exotic plant invasions. These studies

indicate that rodents can affect recruitment and

establishment of exotics, particularly for larger-seeded

species (Reader 1993; Nuñez et al. 2008; Pearson et al.

2011, 2012; Maron et al. 2012). Such rodent seed-

predation can contribute to long-term and widespread

reductions of exotic plant populations (Pearson et al.

2012), which can have community-level ramifications

as shown by long-term rodent exclusion studies in the

southwestern US where exotics were among the

species showing strongest population increases in

response to rodent exclusion (Brown and Heske 1990;

Allington et al. 2013). These studies suggest that

rodents may present a significant source of biotic

resistance via seed predation that could help to

determine exotic plant abundance and distributions

within invaded ranges and that seed size may be one

important factor influencing this filter (Brown and

Heske 1990; Reader 1993; Nuñez et al. 2008; Pearson

et al. 2011, 2012; Maron et al. 2012). However, the

general importance of this filter in affecting plant

invasions across systems is unknown, and we know

virtually nothing about how this filter may vary

temporally or spatially as a function of abiotic drivers

such as disturbance and precipitation.

One aspect of invasion resistance implicitly not

addressed in the biotic resistance hypothesis is abiotic

resistance. It is generally accepted that certain envi-

ronmental conditions strictly preclude many prospec-

tive invaders (e.g., tropical species cannot invade

arctic tundra due to physiological constraints), though

this question is rarely formally tested (Mack 1996).

Yet many invaders undoubtedly become established in

environments where conditions may fluctuate tempo-

rally from optimal to hostile. Such situations may

serve as conditional controls over invader abundance

rather than outright barriers, and they may also

influence biotic resistance. Ultimately, the interaction

between biotic and abiotic factors may determine the

distribution and local abundance of plants by control-

ling natural enemy abundance or affecting plant life

history transitions in ways that influence natural

enemy efficacy (Louda 1983; Louda and Rodman

1996; DeWalt et al. 2004; Shea et al. 2005; Maron and

Crone 2006). Recent studies show that temporally

variable abiotic conditions such as fluctuating water

inputs may be as important as biotic factors in

affecting exotic plant population dynamics (Carrillo-

Gavilán et al. 2012; Ortega et al. 2012; Allington et al.

2013). Because seed predation affects seedling emer-

gence and establishment, stages when plants are

particularly sensitive to water limitation, it is likely

that seed predation may interact with precipitation

inputs such that the effects of seed predation are

important in wet years when they carry forward to later

plant stages, but seed predation effects may be

overwhelmed by abiotic constraints when
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precipitation is low and most seedlings that survive

predation die from abiotic stress. The role of abiotic

conditions and the interaction of biotic and abiotic

processes in affecting plant invasions is a potentially

important but underdeveloped area of research.

Here we experimentally examine the independent

and interactive effects of; (1) post-dispersal seed

predation by rodents; and (2) water addition for

ameliorating drought conditions on recruitment and

establishment of nine exotic plant species in the

Caldenal savanna of central Argentina. We also

examine how spatial variation in seed predation rates

relates to local patterns of exotic plant abundance to

assess whether observed impacts of seed predation on

recruitment might help explain spatial patterns of

exotic plant abundance.

Materials and methods

Study system

We located our study in Parque Luro Provincial

Reserve, a 7,500-ha provincial park 30 km south of

Santa Rosa, in La Pampa Province, central Argentina

(36�5604.2900S, 64�13051.6400W). Mean annual tem-

perature is 15.4 �C (1941–1990). Mean annual pre-

cipitation is 634 mm (1911–2010 for Santa Rosa,

30 km S to Parque Luro, Vergara, UNLPam, unpub-

lished data) and occurs mostly during the spring–

summer (October–March). Mean precipitation during

the 2-year study was 375 mm in 2009 and 705 mm in

2010. The park lies within the Caldenal vegetation

type, a forest/savanna habitat dominated by the tree

Prosopis caldenia (Cano 1980). We selected the park

because it contains largely intact native vegetation

communities, but has extensive patches of plant

invasion, particularly along roads, fire breaks, and

other heavily disturbed areas. There is no domestic

grazing or hunting in the park. Large herbivores

present include Sus scrofa, Cervus elaphus, and Rhea

americana. We focused on open grassland–savanna

habitat where understory vegetation was dominated

primarily by native grasses such as Nassella tenuiss-

ima, Piptochaetium naposteanse, and Poa ligularis,

with Solanum spp. and Baccharis spp. among the more

common native forbs.

We examined the following nine exotic species

because they represent a range of invasiveness:

Carduus thoermerii, Centaurea solstitialis, Chenopo-

dium album, Diplotaxis tenuifolia, Hypochaeris rad-

icata, Rumex crispus, Salsola kali, Taraxacum

officinale, and Tragopogon dubius. Recent surveys

(Pearson et al. unpubl data) indicate that these species

represent 15 % of 62 of the exotics in the area and

range from highly invasive weeds that occur com-

monly and at high local density across the region (e.g.,

D. tenuifolia, C. solstitialis, C. album) to more

naturalized species that occur uncommonly and at

low local abundance (e.g., H. radicata, T. officinale, R.

crispus). The study species disperse seeds mid-late

summer, emerge in the fall, and flower in late spring-

early summer (Troiani and Steibel 2008). Exceptions

in this phenological pattern are C. album and S. kali,

which disperse seeds in the fall, emerge in late winter-

early spring, and flower in late summer. Although two

species, C. solstitialis and C. album are known to

produce seeds with delayed germination (Hierro et al.

2009; Estanga-Mollica unpubl data), a large propor-

tion of the seeds produced annually by these and the

other species used in our study readily germinate upon

watering under optimal greenhouse conditions (Chi-

uffo unpubl data).

Small mammal species that have been documented

in the general area and are known to consume seeds as

part or most of their diet include Akodon azarae,

Calomys musculinus, Calomys laucha, Eligmodontia

typus, Graomys griseoflavus, Microcavia australis,

Oryzomys flavescens, and Thylamys pusillus (Ellis

et al. 1998; Giannoni et al. 2005). Some of these small

mammals are also insectivorous and herbivorous.

Granivorous birds and invertebrates are also present in

the system, but this study targeted small mammals (we

addressed invertebrates in another study). Rodent

populations tend to peak from December to March

(Mills et al. 1992).

Rodent exclusion and water addition experiments

We evaluated effects of rodents on exotic plant

recruitment by adding seeds of focal species to cages

that either allowed or precluded rodent access. Cages

were constructed of 0.5 cm by 0.5 cm wire mesh that

was 40 cm 9 40 cm wide and 20 cm deep with tops

that opened and closed to access the contents. Cages

were placed in the ground by digging a 10 cm deep

hole, inserting the cage, and refilling it 10 cm with the

excavated soil. Thus, soils were disturbed and free of
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established plants prior to seed addition. Cages were

randomly assigned to rodent access (open) or no

access (closed) in each pair. Open cages had two

10 cm wide 9 7 cm high holes cut into each side just

above the ground surface to allow rodent entry, while

closed cages were left intact. Both treatments pre-

cluded entry by birds in this system, but ants and small

invertebrates had full access to both treatments. Cages

were set out in three replicate pairs (one open and one

closed cage in each pair) at each of 10 locations. Paired

cages were placed 0.5 m apart, and pairs were spaced

30–60 m apart at each site. Minimum distance

between sites was 1 km. Cage locations were placed

C2 m from exotic plants; sites were usually tens of

meters from exotic plants.

Seeds were collected from wild plants around the

study area as they became mature for each species.

Fifty seeds per species were added to each cage in

January 2009. The exceptions were the two later

fruiting species, C. album and S. kali, which were

added in April and May, respectively. In all cases, only

seeds that looked healthy and filled with an embryo

were used in the experiments. Seeds were spread

evenly across cage floors with a 3 cm-wide boundary

from cage walls and patted down so they were set into

the soil surface but plainly visible. Sites were visited

approximately every 2 weeks from March until early

November 2009, and the total number of live seedlings

per species in each cage was counted on each visit. On

the last visit, the number of young/adult and flowering

plants was counted.

Water inputs can be highly variable in this system

and an important limiting factor for plant recruitment

(Hierro et al. 2009). To examine how water inputs

affected exotic plant recruitment, we repeated the

above experiment in 2010 except that we added a

fourth pair of cages to each site and randomly assigned

two of each of the cage pairs to a water treatment

(either ambient conditions or water addition). Ambient

water treatments experienced natural drought (Fig. 1).

Water addition treatments received water as needed to

ensure mean monthly precipitation inputs (Fig. 1,

based on the 95 years average 1911–2006 for Santa

Rosa et al. unpublished data). These plots received a

maximum of 1–2 L of water per cage per application

to ensure water was absorbed in the soil and did not run

off. Watering began 29 April when precipitation first

fell below normal and continued as needed (when

precipitation fell below normal) until 30 November,

which is the end of the growing season for most of the

species. Seed addition occurred in 2010 in early

February. Plots were visited monthly February–

December to count seedlings (early periods) and

young/adult plants (later periods), because the 2009

surveys indicated monthly visits were sufficient to

quantify emergence. Data were collected as two

phases: emergence (period when the seedlings first

emerged with cotyledons to first leaves) and estab-

lishment at the end of the season (surviving young/

mature/flowering plants). The timing for each species

differed based on phenology. Herbivory was also

quantified by classifying plants as showed signs of

feeding or not, but this was minimal and so is not

reported. All exotics used were already established in

the region, and only seeds from these naturalized

populations were used. At the end of the experiment

each year, all plants were destroyed before seed set.

Sites were monitored into 2013 to ensure no exotic

plants established from the experiment.

Vegetation patterns

Vegetation patterns in the park suggested that exotic

plant abundance was dramatically higher in disturbed

areas, particularly along roadsides. To quantify this

effect, vegetation was surveyed when plants were at

peak biomass at the end of the growing season in

November and December, 2007 in roadside distur-

bance zones and within the Caldenal savanna (Chiuffo
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Fig. 1 Monthly mean annual precipitation, 2010 precipitation,

and 2010 water addition levels for the study area and

experimental plots in Parque Luro, central Argentina. Annual

mean precipitation shows up as grey filled circles where water

addition levels overlap
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2009). Vegetation was sampled along 14.5 m wide

belt transects that extended from within the distur-

bance zone created by the road-cut to 100 m into the

matrix habitat (defined as the predominant grassland–

savanna habitat that was dissected by the roads),

perpendicular to the road. Sampling was conducted at

five locations along each transect, two of which were

in the road-cut (0 m, which is the road edge, and five

meters from the road edge, which was always several

meters from the matrix habitat) and three of which

were within the matrix habitat (25, 50, and 100 m from

the road edge). At each sampling location, five

0.25 m2 quadrats were placed at 3 m intervals parallel

to the road. All species were identified in each plot and

percent cover was estimated for each plant species in

each quadrat. Three such transects were stratified

across the park.

Seed predation patterns

To determine whether large disturbances like road

construction disrupted rodent seed predation, we

compared rodent seed removal between undisturbed

Caldenal savanna (matrix habitat) and recently graded

roadsides from February to April 2010. We focused on

roads that had been graded within the past year to

examine conditions associated with initial plant

establishment following disturbance. We set out

Phalaris canariensis seeds (a non-native, highly

palatable, pet-food seed) on the surface of clean sand

in 14-cm dia. Petri trays (80 seeds per tray). Trays

were set out in pairs, with one tray placed 20 m from

the road edge into the matrix habitat and the other tray

placed within the road disturbance zone between the

roadbed and the matrix vegetation (usually C5 m from

the matrix edge). Each tray was covered with a

40 cm 9 40 cm square of 0.5 cm 9 0.5 cm wire

mesh placed over the tray in an arc that peaked

10 cm above the ground to prevent birds from

accessing the trays (ground foraging birds in the area

are predominantly doves and larger). Ten such pairs

were set out at each of ten sampling sites located along

roadways across the park with 100 m between each

sample pair within a site and 1 km between each

sampling site. Trays were set out for 4–5 days sessions

(three to four transect pairs at a time), after which

remaining seeds were collected and counted. Ants

occasionally were able to access the dishes, but ant

seed removal was distinguishable from rodent seed

removal by the absence of husked seeds, tracks, and

feces left by rodents, and the presence of ant tracks and

dead ants trapped in the trays. Stations accessed by

ants were excluded from analyses (11 of 100 pairs).

Statistical analyses

Exotic plant recruitment (number of live seedlings per

plot) was examined using MANOVA (PROC GLM

SAS version 9.3; SAS Institute 2009). The model for

the 2009 data included rodent treatment (access or no

access) as a fixed factor and site as a random factor,

while the model for 2010 data also included water

treatment (ambient drought vs water addition) and its

interaction with rodent treatment as fixed effects. Cage

pairing was incorporated as a blocking factor. Average

emergence (February–May) was used as the response

because some seedlings died and new ones emerged

across sampling periods. Hence, this variable repre-

sents the average effect of rodents on seedling

recruitment. We used similar models to examine

rodent exclusion effects on the number of mature or

flowering plants counted at the end of the growing

season during the final sampling period each year. In

this analysis, we ignored the 2010 watering treatment

(it was not significant), but examined between year

effects by treating rodent exclusion, year, and year by

rodent exclusion as fixed factors. Four species (nearly

half) had sufficient abundance at the end of the season

for this analysis. We transformed the seedling and

mature plant abundance data using natural log trans-

formations to meet assumptions of multivariate nor-

mality. We used linear regression to examine the

relationship between seed mass and rodent effect on

recruitment (average number of seedlings emerging)

in 2009. We compared the number of seeds removed

from trays in matrix and roadside habitats using a

generalized linear mixed model (PROC GLIMMIX)

fitted to a negative binomial distribution, with habitat

(matrix vs roadside) as the fixed factor, station pairing

as a blocking factor, and site as a random factor. We

used similar models to examine exotic species rich-

ness and cover treating habitat (matrix = all plots

within the matrix versus roadside = all plots in the

disturbance zone) as the fixed factor, and site and

replicates within site and strata as random factors. The

negative binomial distribution was used for the species

richness data and the beta distribution was used for the

percent cover data.
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Results

Emergence of all but one exotic species increased

substantially (doubled or more) in one or both years

when seeds were protected from rodent seed predation

(Figs. 2, 3). In 2009, the overall MANOVA for

rodent effect was highly significant (F9,50 = 5.98,

P \ 0.001), with seedling emergence increasing sub-

stantially for seven of the nine species when rodents

were excluded (Table 1). In 2010, the overall

MANOVA for rodent effect was also highly significant

(F9,68 = 5.90, P \ 0.001), but the water treatment

was not significant (F9,68 = 0.51, P = 0.86) and there

was no significant interaction between rodent exclu-

sion and water addition (F9,68 = 0.51, P = 0.866). In

2010, six of the nine species showed significant

increases in emergence in response to rodent exclusion

and a seventh species, C. thoermerii, showed a

marginally significant increase (Table 2). However,

none of the individual species showed a significant

increase in emergence in response to water treatments

or interactions between water treatments and rodent

exclusion (Table 2). Seed size (Table 1) was not

significantly correlated with the effect of seed preda-

tion on seedling emergence (F = 0.44; P = 0.529;

r2 = 0.059), i.e. the difference in emergence between

seed predator-exclusion and seed predator-access

cages.

Rodent effects on seedling recruitment carried

through to affect abundance of mature and flowering

plants by the end of the season, though results varied by

year for some species (Fig. 4). Rodent exclusion

significantly increased abundance of mature and

flowering plants of the annual C. solstitialis

(F1,136 = 4.57, P = 0.034) with greater abundance

in 2009 than in 2010 (F1,136 = 110.73, P \ 0.001),

and no significant year by rodent exclusion interaction

(F1,136 = 2.05, P = 0.155). End-of-season abundance

of the perennial D. tenuifolia was higher in rodent

exclusion cages (F1,136 = 17.11, P \ 0.001), higher in

2009 than in 2010 (F1,136 = 42.40, P \ 0.001), and

the rodent effect was much stronger in 2009 than in

2010 (F1,136 = 12.59, P \ 0.001). Final abundance of

the annual S. kali was not significantly higher in rodent

exclusion cages overall (F1,136 = 0.99, P = 0.322),

nor did its abundance differ between years

(F1,136 = 0.23, P = 0.631), but rodent exclusion sig-

nificantly increased plant abundance in 2010 compared

to 2009 (F1,136 = 10.62, P = 0.001). Final abundance

of mature/flowering T. dubius was significantly greater

in rodent exclusion cages compared with control cages

(F1,136 = 8.77, P = 0.004) but this effect was driven

mostly by stronger effects in 2010 (F1,136 = 3.34,

P = 0.070). T. dubius abundance did not differ

between years (F1,136 = 1.87, P = 0.174).

Exotic species richness was significantly higher

along roadsides than within matrix habitat (F1,11 =

10.09, P = 0.009; Fig. 5b). Mean percent cover was

significantly higher in roadside than matrix habitats

for D. tenuifolia (F1,11 = 8.99, P = 0.012; Fig. 5c)

and C. solstitialis (F1,11 = 17.12, P = 0.002; Fig 5d),

the two most invasive study species and the only two

which were common enough in both vegetation types

to compare between habitats. The number of seeds

removed from seed offering trays was about 11 times

lower along the roadsides compared to within the

matrix habitat (F1,160 = 21.86, P \ 0.001; Fig. 5a).

Discussion

Although biotic resistance is commonly invoked to

explain why most exotics fail to establish or thrive in

invaded systems, the role that native generalist seed

Fig. 2 Effects of rodent exclusion on seedling recruitment for

nine exotic plants in 2009 in Caldenal savannas of central

Argentina (mean ± SE). Open cages allow rodent access while

closed cages preclude rodents. Asterisks indicate significant

differences between pairings at P = 0.05
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predators play in suppressing exotic plants is poorly

understood. We found that rodents represent a

substantial source of biotic resistance to exotic plants

in Caldenal savannas of central Argentina. Precluding

rodent access to seeds dramatically increased recruit-

ment of eight of nine exotic species that we examined

in one or both years of the study. The effects of rodents

in suppressing recruitment resulted in substantial

reductions in final abundance of young and adult

flowering plants for nearly half of the species studied.

We also found that rodent seed predation pressure

differed substantially in relation to large-scale distur-

bances; seed predation was 11 times lower along

roadsides compared with adjacent undisturbed matrix

habitat. Invader success followed a reciprocal pattern

of abundance, with higher overall invader richness in

the roadsides and greater abundance of two of the most

aggressive invaders along disturbed roadsides as

compared with adjacent matrix habitats. Although

this pattern of invader success undoubtedly reflects

differences in plant competition between disturbed

roadsides and matrix habitat (e.g., Hierro et al. 2011),

our results suggest that rodent seed predation may

contribute substantially to these patterns as well.

Contrary to our expectation, water inputs did not

significantly influence exotic plant recruitment or the

strength of rodent seed predation effects for any of the

species we examined.

Numerous studies have quantified removal of

exotic seeds by granivores in a variety of systems

(Blaney and Kotanen 2001; Vilá and Gimeno 2003;

Shahid et al. 2009; Alba-Lynn and Henk 2010;

Carrillo-Gavilán et al. 2010, 2012), but few have

examined how seed predation relates to recruitment

and establishment of exotic plants (Pierson and Mack

1990; Reader 1993; Nuñez et al. 2008; Pearson et al.

2011, 2012; Maron et al. 2012). Making the link

between seed predation and its effects on plant

establishment is crucial to understanding how this

filter might affect plant community composition given

Fig. 3 Effects of rodent

exclusion and water addition

(to ameliorate drought) on

seedling recruitment for

nine exotic plants in 2010 in

Caldenal savannas of central

Argentina (mean ± SE).

Asterisks indicate

significant differences

between pairings for the

rodent treatment at

P = 0.05. No water

treatment effects or

interactions were

significant. Note that the

scale for T. dubius differs

from the others due to very

high recruitment for this

species
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that seed predation may not lead to impacts on

recruitment if plants are safe-site rather than seed

limited (Eriksson and Ehrlen 1992). We found strong

effects of rodent seed predation on exotic plant

recruitment, with 89 % (8 of 9) of the species we

examined being suppressed in one or both years,

generally by 100–300 % or more. A growing number

of studies have now shown rodent seed predation

impacts on recruitment for a range of exotic tree and

herbaceous plant species in a variety of systems

(Reader 1993; Nuñez et al. 2008; Pearson et al. 2011;

Maron et al. 2012), but how seed predation impacts

translate to adult plant populations is rarely explored

(Brown and Heske 1990; Pierson and Mack 1990;

Pearson et al. 2012; Allington et al. 2013). Maron and

Simms (2001) showed that even small effects of seed

predation on recruitment can result in large effects on

plant populations over time. We found that seed

predation impacts on plant recruitment carried through

to substantially reduce abundance of mature cohorts

and flowering adults for four of our nine species in one

or both years, including three of the top ten invaders in

this system. We saw similar trends for other species,

but data were insufficient to test these effects.

Collectively, these studies suggest that rodent seed

predation is an important biotic filter to invasion.

Recent work suggests that this filter may help explain

which invaders become abundant and which do not as

a function of selective seed predation (Pearson et al.

2011, 2012). However, in our system the affected

species ranged from the strongest to weakest invaders,

suggesting that rodent seed predation did not qualita-

tively determine which invaders thrived and which did

poorly, but rather quantitatively reduced recruitment

of virtually all species to a half or a third of their

invasive potential.

Numerous studies of rodent seed predation have

shown that seed selection is largely a function of seed

size, with rodents tending to select for larger seeds

(Mittelbach and Gross 1984; Brown and Heske 1990;

Table 1 Rodent exclusion effects on seedling emergence in

2009 based on MANOVA for nine exotic plant species

Species Life-

history

strategy

Seed

mass

Effect

size

F P

C. album A 0.0005 146 5.51 0.022

C. solstitialis A 0.0017 174 49.75 <0.001

C. thoermerii B 0.0037 80 8.36 0.005

D. tenuifolia P 0.0002 221 27.95 <0.001

H. radicata P 0.0006 263 29.43 <0.001

R. crispus P 0.0014 59 2.28 0.137

S. kali A 0.0012 11 0.12 0.735

T. dubius A/B 0.0090 133 15.94 <0.001

T. officinale P 0.0003 133 4.13 0.047

Seed masses (g) and life history strategy (A = annual,

B = biennial, P = perennial) are also given along with the

percent increase in emergence in the absence of small

mammals (effect size). In all cases df = 1,58

Bold values indicate the p-values that are significant at P \
0.05 level

Table 2 Effects of rodent exclusion, water addition, and the

interaction between rodent exclusion and water addition on

seedling emergence in 2010 based on MANOVA results for

nine exotic plant species

Species Treatment F P

C. album Rodent 4.53 0.037

Water 0.04 0.835

Interaction 0.06 0.808

C. solstitialis Rodent 7.64 0.007

Water 0.08 0.783

Interaction 0.00 0.96

C. thoermerii Rodent 3.01 0.087

Water 1.21 0.274

Interaction 0.35 0.557

D. tenuifolia Rodent 9.35 0.003

Water 0.61 0.438

Interaction 0.57 0.451

H. radicata Rodent 1.67 0.200

Water 2.45 0.122

Interaction 0.26 0.608

R. crispus Rodent 0.44 0.511

Water 1.11 0.296

Interaction 0.50 0.481

S. kali Rodent 12.10 <0.001

Water 0.37 0.544

Interaction 0.58 0.450

T. dubius Rodent 32.77 <0.001

Water 0.70 0.404

Interaction 0.01 0.924

T. officinale Rodent 5.38 0.023

Water 0.93 0.337

Interaction 0.38 0.539

In all cases df = 1,78

Bold values indicate the p-values that are significant at P \
0.05 level
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Reader 1993; Edwards and Crawley 1999; Pearson

and Callaway 2008; Nuñez et al. 2008; Zwolak et al.

2010; Pearson et al. 2011; Maron et al. 2012; Connolly

et al. unpublished data, but see Carrillo-Gavilán et al.

2010). A few studies have linked such selection to

differential plant recruitment, showing that rodents

more strongly suppress larger seeded plants (Reader

1993; Pearson and Callaway 2008; Pearson et al. 2011;

Maron et al. 2012; Connolly et al. unpublished data).

In our system, we found no relationship between

rodent impacts on recruitment and seed size, but most

of our species had relatively large seeds exceeding the

minimum size threshold (0.0005 g) that others have

observed for rodent impacts on plant recruitment

(Maron et al. 2012). Nonetheless, we observed signif-

icant reductions in recruitment of two species (D.

tenuifolia and T. officinale) which fell below this

threshold, indicating that this threshold did not apply

in our system. Size of rodent granivores is correlated

with seed-size selection (Brown and Lieberman 1973).

Hence, the rich rodent seed predator guild of the

Caldenal, which is comprised of numerous large and

small seed predators [ranging from around 235 g for

adult M. australis down to 13 g adults in C. laucha

(Yahnke et al. 2001)], may obscure seed predation-

seed size relationships through compensatory effects

when compared with temperate systems where seed

predator communities may be dominated by one or

few species (Reader 1993; Maron et al. 2012). While

seed size may influence rodent seed predation at the

species level, in more species rich granivore commu-

nities, seed size may not clearly predict impacts on

plant recruitment.

Seedling emergence and plant recruitment can vary

substantially due to a variety of factors (e.g., Smith

et al. 2000). Rodent population density can also vary

greatly over time, and rodent abundance directly

correlates with intensity of rodent seed predation and

can interact with other factors affecting plant popula-

tions (Pearson and Fletcher 2008; Pearson and Call-

away 2008; Zwolak et al. 2010; Allington et al. 2013).

We saw substantially lower seedling recruitment in

2010 versus 2009 (in all treatments) despite higher

early precipitation in 2010 and our attempts to

ameliorate drought during this year. Although we

saw weak trends toward increased recruitment for

most of the species we examined when we ameliorated

drought, particularly in the absence of rodents, these

effects were not significant. However, our water

addition experiment was only conducted for 1 year

and, although most of the growing season had below

average precipitation, there were large precipitation

events at the beginning of the growing season which

resulted in above average rainfall for the year that may

have undermined our watering treatment. The lack of

evidence for drought effects suggests that other

unmeasured processes such as pathogens or inverte-

brate seed predators may have driven differences in

recruitment between years. In this semiarid environ-

ment pathogens may have relatively lower impacts on

seeds, but little is known about this. Our work on

invertebrate seed predation in this system indicates

that ants have very strong effects on these same

species (unpublished data). Pathogens, ants, and other

factors affecting seedling emergence would have

equal access to both rodent cage treatments and so

would not confound our results, but they could

overshadow effects of rodents by reducing the

Fig. 4 Effects of rodent exclusion on abundance of young/adult

and flowering plants (mean ± SE) by the end of the growing

seasons in 2009 and 2010 for the four species with sufficient

final abundance to statistically test for rodent effects
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numbers of seedlings recruiting within cages, partic-

ularly if they acted in a density dependent manner to

have stronger effects in control cages. Despite these

substantial differences in seedling emergence between

years, rodents had strong effects on recruitment of

most species in both years.

Foraging pressure by insects and rodents can create

cryptic distribution limits for native plants that are

sometimes mistakenly attributed to plant competition

or abiotic constraints (Louda 1982; Louda and Rod-

man 1996; Orrock et al. 2006; Ferreira et al. 2011). A

few studies have shown that spatial differences in

foraging pressure from native herbivores may also

limit distributions of some exotic plants (Lambrinos

2006; Cushman et al. 2011; Eckberg et al. 2012). Our

seed predation assays showed that seed predation

pressure by rodents was 11 times higher in matrix

habitat versus roadsides, potentially contributing to

the pattern of higher exotic plant richness along

roadsides compared to matrix habitat. Additionally,

two of the more widespread and aggressive invaders in

this system, D. tenuifolia and C. solstitialis, species

which experienced very strong release from rodent

seed predators, were significantly more abundant

along roadsides relative to the matrix habitat. The

common pattern of exotic plant invasions correlating

with disturbances is generally attributed entirely to

increased resource availability associated with

reduced plant competition (e.g., Davis et al. 2000).

Undoubtedly, competition plays a substantial role in

the patterns we observed (Hierro et al. 2011). How-

ever, our results show that rodent seed predation can

substantially reduce recruitment of numerous exotic

species (see also Reader 1993; Pearson et al. 2011;

Maron et al. 2012), and that such predation pressure

can be greatly reduced in recent large-scale distur-

bances such as road-cuts where exotics commonly

thrive and establish source populations for spreading

into matrix habitat (e.g., Gelbard and Belnap 2003).

This study demonstrates that seed predation by

native generalist rodents can strongly suppress recruit-

ment of a variety of exotic plants, strongly enough to

Fig. 5 Rodent seed removal (mean ± SE) in intact matrix

vegetation versus along road-cuts as measured by seed removal

from Petri dishes. a Species richness of all exotic plants, b and

percent cover of D. tenuifolia, c and C. solstitialis, d between

intact matrix vegetation and adjacent road-cuts in Caldenal

savanna of central Argentina (mean ± SE). Asterisks indicate

significant differences between pairings at P = 0.05

b
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affect densities of mature and flowering plants, a result

rarely documented. It also shows that seed predation

pressure can be dramatically reduced in large-scale

disturbances and may contribute to the greater abun-

dance of exotics commonly observed in disturbed

habitats. Rodent seed predation appears to be an

important general source of resistance to plant inva-

sions (Reader 1993; Brown and Heske 1990; Pierson

and Mack 1990; Pearson et al. 2011, 2012; Maron

et al. 2012; Connolly et al. unpublished data). Prior

studies suggest that seed size is an important trait for

determining which exotic species may be affected by

seed predation (Reader 1993; Pearson et al. 2011;

Maron et al. 2012). Our results suggest that predicting

seed predation impacts may become more complex as

seed predator community richness increases. While

rodents appear to be the primary seed predators in

some systems (Maron et al. 2012; Connolly et al.

unpublished data), ants and birds are important seed

predators in others (Mares and Rosenzweig 1978;

Inouye et al. 1980; Kelt et al. 1984), and different seed

predator guilds can have very different effects on plant

recruitment. For example, while rodents tend to select

for larger-seeded species, ants may tend to select for

smaller-seeded species (Inouye et al. 1980; Ferreira

et al. 2011). Hence, the net effect of biotic resistance

on invasion will vary as a function of the specific seed

predator or guild and their cumulative effects on native

versus exotic plant recruitment. Developing a more

complete understanding of how seed predation affects

plant recruitment and plant community structure will

advance our understanding of community ecology and

facilitate management for improved biotic resistance.
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