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Abstract Biotic resistance has been invoked as a major barrier to woody species invasion, although the role of
resident generalist consumers and their interaction with seed availability in a local community has received little
attention.We assessed tree seed consumption by rodents under two different scenarios: (i) We documented in field
spatio-temporal patterns of seed predation by native rodents on two exotic tree species, Gleditsia triacanthos or
‘honey locust’ and Robinia pseudoacacia or ‘white locust’ (family Leguminosae), in five grassland habitats of the
Inland Pampa, Argentina. (ii) We conducted laboratory feeding trials to evaluate tree seed consumption in the
presence (cafeteria-style feeding trials) and in the absence (non-choice feeding trials) of alternative food supplies.
Seed predation was generally higher for Robinia than for Gleditsia seeds, both in field and laboratory conditions. For
both tree species, seed predation varied between habitats and seasons and was higher in the native tussock grassland
than in the remaining studied communities, whereas the crop field showed the lowest levels of consumption along
with the absence of captured rodents. Seed consumption of Gleditsia and Robinia among the four grassland
communities (which did not differ in rodent abundance) was negatively associated with the availability of alternative
food. Laboratory feeding trials showed a higher consumption of Gleditsia seeds in the non-choice than in the
cafeteria-style feeding trials, while the consumption of Robinia seeds did not differ in the absence or presence of
alternative seeds. These patterns indicate that the contribution of resident granivores to invasion resistance might
depend on colonizer species identity, recipient community type and season of the year. We suggest that rodent
preferences for different invader seeds will interact with the availability of alternative food in the local habitat in
influencing the amount of predator-mediated biotic resistance to invasion.
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INTRODUCTION

Along with environmental conditions, biotic interac-
tions determine the performance of species in a
community (Jaksic & Marone 2007). For plant com-
munities, competition and both pre- and post-
dispersal seed predation are known to influence
species composition and relative abundances (Nuñez
et al. 2008). Post-dispersal seed predation causes con-
siderable seed losses in a wide variety of plants, being
a key factor affecting the recruitment and spatial dis-
tribution of many species (Edwards & Crawley 1999).
For example, granivores can destroy over 95% of seeds
produced by preferred species in shrub steppe envi-
ronments, eucalyptus and temperate deciduous forests
(Hulme 1994a,b; Anderson & MacMahon 2001). In

the case of grasslands, it is known that granivory inter-
acts with competitive interactions among plant
species, reducing or increasing the effects of domi-
nance (Howe & Brown 2000; Murillo et al. 2007).

Resource harvest is highly context-dependent across
a range of spatial scales (Ostoja et al. 2012) that
include plant communities, patches and seed selection
within patches. At each scale, foraging decisions are
made in light of a range of habitat characteristics,
including quality and quantity of food, direct and indi-
rect predation risk, and potential rate of harvest
(Ostoja et al. 2012). Density-dependent foraging is
predicted by optimal foraging theory (Charnov 1976)
and has been well demonstrated for granivorous
rodents in North American deserts (Ostoja et al.
2013), but many authors have shown that consump-
tion of seeds does not depend only on their abun-
dance, quality and preference by the predator, but also
on the neighbourhood characteristics. Mixed seeds
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neighbourhoods have been shown to result in
associational effects among co-occurring resources
that are mediated by generalist consumers (Ostoja
et al. 2013). In seed neighbourhoods with a mixture of
species, some species may confer associational resist-
ance (Ostoja et al. 2013), also referred to as apparent
mutualism (Holt 1977), when an increase in seeds of
one species leads to an increase in the abundance
of the second because of a decrease in the intensity of
predation (Holt & Kotler 1987; Abrams & Matsuda
1996). Alternatively, being in a mixed seeds neigh-
bourhood might increase the susceptibility of a seed
species to predation. This is known as associational
susceptibility or short-term apparent competition
(Holt & Kotler 1987; Ostoja et al. 2013). Optimal
foraging can produce short-term apparent competi-
tion if a predator behaves opportunistically at both
patch and seed selection scales (Veech 2001). On the
other hand, the presence of a highly preferred seed
type at high density leads to a functional, aggregative
or numerical response in the populations of seed
predators, which may spend more time searching for
food or may be aggregated in sites where the preferred
species is present, and so increasing the consumption
of alternative prey species (Holt & Kotler 1987).

In the case of species introduced in a new region, the
lack of specialist enemies may cause a decrease in the
intensity of attacks that may result in favourable con-
ditions for the introduced species with respect to resi-
dent species. However, exotic species must cope with
the biotic resistance of competitors and generalist
enemies in the recipient community (Mitchell et al.
2006). In some cases, generalist enemies can exert a
great impact in the invader species via seed predation
(Brown & Heske 1990; Nuñez et al. 2008; Pearson
et al. 2011, 2014) or herbivory (Vilà & D’Antonio
1998), while in other cases their effect is not significant
(Willson & Whelan 1990; Cappuccino & Carpenter
2005; Pearson et al. 2011). In addition to the direct
effects of predators on exotic species, differential con-
sumption may alter the competitive relations with resi-
dent species (Murillo et al. 2007). In some cases,
greater consumption of resident species promotes the
establishment of exotics (Ostfeld et al. 1997), whereas
in contrast if exotic species are more consumed pre-
dation is part of the biotic resistance of the resident
community (Nuñez et al. 2008), as is the case for many
invasive species in different systems (Simberloff 2009).

Rodents represent the main post-dispersal seed
predators in many plant communities (Edwards &
Crawley 1999; Howe & Brown 2000; Manson et al.
2001). However, environments that differ in vegetation
structure frequently show different patterns of seed
consumption that are probably related to differences in
rodent abundance and availability of alternative foods
(Brown 1988; Manson et al. 2001; Caccia et al. 2006;
Murillo et al. 2007; Busch et al. 2012). In the presence

of seeds of different species, rodents may consume
them according to innate traits like size, nutritional
quality, or morphological and chemical defences
(Brown & Heske 1990; Moles et al. 2003; Xiao et al.
2006), but also depending on the neighbourhood
(Ostoja et al. 2013).

Around the world, grassland ecosystems are intensively
altered by alien plant invasions and human activities, such
as agriculture and livestock husbandry (Gibson 2009).
Particularly,woody species invasions exert a negative effect
in grassland conservation and in the services that these
habitats provide (Jackson et al. 2002). To what extent
granivory by rodents may act as an agent of biotic resist-
ance in these systems depends on the abundance and
characteristics of the alternative food, the vegetation struc-
ture, rodent abundance, and food requirements (Manson
et al. 2001; Busch et al. 2012). In consequence, the role of
rodents in the community biotic resistance to tree invasion
in grasslands may vary across different recipient commu-
nitiesandseasonsof theyearandmaydependontheir food
preferences.

One of the most aggressive invaders in the Pampas
grasslands of east-central Argentina is the honey locust
(Gleditsia triacanthos, family Leguminosae, subfamily
Caesalpinioideae), which is present along roadsides,
within crop fields forming woodlots and along riparian
habitats (Ghersa & León 1999). However, previous
studies showed that different plant communities vary
in their susceptibility to woody invasion; native tussock
grasslands appear to be more resistant to tree invasion
than old-field communities dominated by exotic forbs
and grasses (Chaneton et al. 2004; Mazía et al. 2010;
Busch et al. 2012). In native tussock Pampas grass-
lands, seed predation by rodents has been found to
reduce herbaceous plant invasion (Murillo et al. 2007)
and seems to affect the emergence of G. triacanthos in
simulated armadillo diggings (Mazía et al. 2010). Also,
Mazía et al. (2013) found that seed consumption by
rodents acted as a first filter to G. triacanthos establish-
ment in old-field grasslands dominated by exotic forbs
and grasses.These previous studies led us to conduct a
more extensive comparison of the effect of rodents on
tree seeds in different plant communities with different
histories and intensity of agrarian labours. Different
plant communities or even similar communities with
different disturbance histories likely vary in seed avail-
ability, cover and predation risk, resulting in different
foraging patterns (Ostoja et al. 2012), and may influ-
ence the effect of rodents on exotic seed species.

The main goal of this paper was to assess tree seed
consumption by rodents under different scenarios.
First, we compared different plant communities (field
conditions) that represent the most important land
uses in Pampean Region (see below), and differ in
structure, floristic composition, land use history, sus-
ceptibility to invasion, and presumably in the supply of
alternative food for resident granivores. Second, we
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conducted feeding trials under controlled conditions
to evaluate seed consumption in the presence and
absence of alternative food supplies. In all cases,
woody seeds belonged to two exotic trees, honey locust
and white locust (Robinia pseudoacacia, family
Leguminosae, subfamily Papilionoideae), which repre-
sent common woody invaders in the Pampean Region
(Ghersa & León 1999).

METHODS

Study site and studied species

The study was conducted at Estancia San Claudio, a farm
owned by the University of Buenos Aires in Carlos Casares
county (35°53′ S, 61°12′ W), Inland Pampa, Buenos Aires
Province, Argentina. The climate is subhumid with mean
temperatures 23.4°C in January and 8.2°C in July (data
obtained from a meteorological station located 6 km from
the study area). Mean annual precipitation was about
1090 mm (standard deviation = 216 mm, 1976–2009).
During the study period, climatological conditions were
within the average values recorded for the period 1976–2009.
The region was originally occupied by mesic perennial grass-
lands with the absence of native trees (Cabrera 1976). The
Inland Pampa has been extensively transformed to row-crop
agriculture and livestock grazing. Native grassland commu-
nities are presently confined to small relict fragments and
narrow corridors (Ghersa & León 1999), being often domi-
nated by tall-tussock grasses (Mazía et al. 2010), and many
spontaneous herbaceous communities, with both native and
exotic species, are confined to semi-natural remnants, aban-
doned fields, roadsides, railway embankments and pastures.
In addition, exotic trees were extensively planted along road-
sides and fields, recreation areas, and around farmhouses
(Ghersa & León 1999). Old-field grassland communities are
developed in abandoned agricultural areas, and after several
years of succession become typically dominated by exotic
forage grasses (Tognetti et al. 2010).

Gleditsia triacanthos and R. pseudoacacia are two invasive
woody species that have colonized grasslands, abandoned
fields, woodlots and riparian corridors in the study area
(Facelli & León 1986; Ghersa & León 1999). Gleditsia
triacanthos is a deciduous dicot species native to eastern USA
that was introduced in the region in the mid-1800s as an
ornamental and shade plant and was also used for hedges
(Chaneton et al. 2004). Adult individuals of G. triacanthos
can reach up to 20 m in height and form dense woodlots of
more than 1600 trees per hectare, which greatly reduce her-
baceous productivity and prevent the passage of livestock.
Seeds are readily dispersed by cattle (Marco & Páez 2000)
and native mammals, such as armadillos and foxes. The life
history traits of this species, such as high seed production,
high germinability, rapid growth and a short juvenile phase,
indicate high invasive potential (Marco & Páez 2000; Mazía
et al. 2010), and hence it is considered the most aggressive
invasive woody species in mesic Pampas (Ghersa et al. 2002)
and a worldwide invasive species (Global Compendium of
Weeds: http://www.hear.org/gcw/index.html).

Robinia pseudoacacia is also a deciduous dicot species
native to temperate areas of North America and is well
adapted to extreme environmental conditions, such as
drought, air pollution and high light intensities . Adult indi-
viduals can reach up to 25 m in height and form dense
woodlots, which reduce herbaceous productivity and prevent
the passage of livestock. In the study area, R. pseudoacacia is
found invading pastures, abandoned fields, woodlots and
riparian corridors, but is less frequent than G. triacanthos.
For both woody species, bud break starts in early spring
(September) while ripe fruits fall during autumn (May).

Study sites

The five communities studied were separated approximately
by 2–7 km (Fig. 1) and corresponded to the following:
a. A native tussock-grass community located within a

500 m long by 60 m wide corridor extending for 10 km
parallel to an abandoned railway line. It is dominated by
Paspalum quadrifarium, a native tall C4 perennial

Fig. 1. Map of the study area and the location of the studied communities in Carlos Casares county (35°53′ S, 61°12′ W),
Inland Pampa, Buenos Aires Province, Argentina.

TREE SEED CONSUMPTION BY RODENTS IN PAMPEAN GRASSLANDS 257

© 2014 The Authors doi:10.1111/aec.12208
Austral Ecology © 2014 Ecological Society of Australia

http://www.hear.org/gcw/index.html


bunchgrass, which accounts for 90% of the total stand-
ing biomass. Hereafter, we will refer to this community
as ‘native grassland’.

b. A 32-year-old successional field located in a 4-ha enclo-
sure on a formerly grazed pasture. It comprises a mixture
of exotic grasses such as Lolium multiflorum, Bromus
catharticus, Festuca arundinacea, Dactylis glomerata and
Sorghum halepense, and tall weeds as Conium maculatum,
Carduus acanthoides and Cirsium vulgare (Machera
2006).There is also a patch of about 0.5 ha correspond-
ing to a G. triacanthos woodlot. Hereafter, we will refer to
this community as ‘grassland and woodlot’.

c. A 20-year-old successional field located in a 2-ha enclo-
sure on a formerly grazed pasture dominated by peren-
nial exotic grasses, mainly Cynodon dactylon, S. halepense
and F. arundinacea (Tognetti et al. 2010). Hereafter, we
will refer to this community as ‘cynodal’.

d. A 10-year-old successional field in a 1-ha enclosure on a
formerly grazed pasture dominated by perennial exotic
grasses, mainly S. halepense, and tall weeds as
C. maculatum, C. acanthoides and C. vulgare. Hereafter,
we will refer to this community as ‘sorghum field’.

e. An agricultural field that showed typical agrarian
labours, such as sowing and harvesting of crops, princi-
pally corn, soybeans and wheat. During the study (2010–
2011), crop rotation included wheat (winter–spring) and
soybean (summer–autumn). Hereafter, we will refer to
this community as ‘crop field’.

The four grassland communities studied (a–d) showed
high (90–95%) plant cover at ground level throughout the
year, providing potential shelter and food resources for
rodent populations; while the crop field showed strong vari-
ations in plant cover (0–100%) according to the phenology of
crops. Spatial heterogeneity in plant cover and food availabil-
ity for rodents was mainly accounted for at the community
scale because the communities considered were internally
homogeneous with respect to plant composition.

Potential seed predators in the area are birds, ants and
small mammals (body mass <45 g).The native sigmodontine
rodents, Akodon azarae, Calomys musculinus, Calomys laucha,
Oligoryzomys flavescens and the Pampa cavy Cavia aperea are
commonly present in the area (Busch et al. 2012). All rodent
species, except the Pampa cavy which is considered strictly
herbivorous, are omnivorous consumers feeding on inverte-
brates, green parts of plants, and seeds of grasses and forbs
(i.e. S. halepense and C. acanthoides, Bilenca et al. 1992; Ellis
et al. 1998). Rodent population densities vary temporally in
relation to seasonal changes in temperature and precipita-
tion, which affect food availability and energy requirements
(Busch & Kravetz 1992).

Data collection

The study was conducted during 2010–2011 at different
phases of the rodent population cycle: non-breeding season
with moderate abundance (winter, July 2010), breeding
season with minimum abundance (spring, October 2010),
breeding season with low abundance (summer, February
2011) and non-breeding season with maximum abundance
(autumn, April 2011).These phases were established accord-
ing to previous data (Busch & Kravetz 1992).

In field conditions, seed loss caused by rodents was esti-
mated through the supply of seeds in artificial foraging sta-
tions (Busch et al. 2012). Seed removal trials were conducted
simultaneously at all sites in each season of the year (winter:
between July 21 and 31 in 2010; spring: between October 7
and 17 in 2010; summer: between February 1 and 11 in
2011; and autumn: between April 20 and 30 in 2011). At
each site, three transects with 10 foraging stations were
placed, except in the grassland and woodlot where three
transects with nine stations each were located because of the
dimensions of the plot. In the latter site, foraging stations
were equally distributed between the grassland and the
woodlot. Foraging stations were spaced at 10m intervals, and
in each of them two containers (feeders) separated by 1 m
were placed. Within each site, transects were separated by at
least 70 m. Seeds in foraging stations were offered in plastic-
lidded containers (500 cm3) which had a circular hole of
2 cm in diameter to allow rodent access (Orrock &
Damschen 2005).These containers protected the seeds from
the effect of rain and wind, reducing the chances of seed loss
or mortality independent of predation. The edges of the
openings were covered with adhesive tape to prevent the
entry of ants and other insects that could remove seeds, as
well as to detect rodent or bird consumption by the recovery
of hairs or feathers attached to the tape. At each foraging
station, 10 seeds of G. triacanthos in one of the containers
and 10 seeds of R. pseudoacacia in the other were offered,
mixed with an artificial substrate constituted by small pieces
of rubber (diameter 0.5 cm, thickness 0.01 cm). This sub-
strate was added in order to mimic natural conditions in
which rodents must look for seeds that are mixed with plant
material and soil (Busch et al. 2012).

The total number of foraging stations from which infor-
mation was obtained varied because of the eventual loss of
containers. At the beginning of the study, foraging stations
were checked for three consecutive days and no evidence of
consumption was found, so exposure time was extended to
10 days. Seed removal was estimated as the difference
between the initial and final number of seeds recovered after
the exposure period.

Natural seed availability

Seed availability in the seed bank was estimated from the
number and species identity of seedlings emerged from soil
samples (Ter Heerdt et al. 1996). During February 2010, 15
soil samples were randomly collected at each community at
distances from foraging stations that are daily covered by the
rodent species that are present in the area (between 1 and
20 m, Cittadino et al. 1998) in order to allow the comparison
between seed consumption and availability. Soil samples
covered an area of 7.7 cm2 and were extended up to 5 cm in
depth. Plant composition did not show great spatial variation
within each community and so we considered that these
samples were representative of overall seed bank availability.
Samples from each community were pooled and placed in an
appropriate medium for germination. After 3 months, plants
were harvested and then seedlings were counted and
identified.This method may have underestimated seed avail-
ability because seeds of some species have innate dormancy
and may have failed to germinate, while on the other hand
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availability may have been overestimated if we counted seeds
buried in shallow soil that were not available for rodents.
However, these limitations would have affected the estima-
tion of seed availability in a similar way in all communities,
and in consequence they might not affect the comparison
among communities.

Rodent abundance at each community

In order to assess the composition and abundance of rodent
communities in the different communities studied, three
lines of 15 Sherman live traps separated by 10 m were set
between June 19 and 22 (2011), during a season of high to
moderate rodent abundances (autumn–winter). A trapping
period of three nights is considered adequate to estimate
rodent abundances (Aplin et al. 2003). All communities were
simultaneously sampled. No rain occurred during this period
and the moon was in the full phase. However, abundant
cloudiness was registered throughout the sampling period,
counteracting the negative effect of moonlight on rodent
activity (Longland 1994; Mattos & Orrock 2010). Based on
previous studies, differences in abundance among sites were
assumed to be consistent throughout the year (Busch et al.
2012).

The distance between lines was at least 20 m, depending
on the dimension of the habitat. Traps were baited with
a mixture of rolled oats, bovine fat and peanut butter, and
were checked every morning for three consecutive days.
Animals captured were identified to species and were given
an individual mark before being released at the site
of capture. A rodent density index (RDI) was estimated for
each community as the proportion of trap-nights with
capture (without considering recaptures within a trapping
session): RDI = (number of individuals captured/number of
traps × number of nights).

Feeding trials

Rodents captured at the study area were placed in plastic
cages of 60 cm (length) × 30 cm (height) × 25 cm (width)
with a hermetic cap, perforated with 8–10 holes (1 cm diam-
eter) in order to allow air exchange between the interior of
the cage and the external environment. Cotton was added as
nesting material inside a cardboard tube attached with glue
to the centre of the floor of the experimental cage.The cages
were kept outdoors during the experiment, in an environ-
ment similar to the sites where rodents were captured. At
least 10 h before the start of the experiment, individuals were
placed in the experimental cages with water ad libitum
(located at the centre of the cage) but without food
administration. During the experiment, rodents remained
inside the experimental cages from 19:00 of the day of
capture to 7:00 of the following day, approximately.This time
interval was selected because of the nocturnal habits of
rodents.

Seed consumption of woody and herbaceous species
that are usually present in the study area was assessed.
Seed mass varied over three orders of magnitude from 1
to 200 mg: Paspalum quadrifarium (0.73 ± 0.29 mg),

L. multiflorum (2.46 ± 0.47 mg), S. halepense (6.88 ± 1.
46 mg), B. catharticus (13.11 ± 0.80 mg), R. pseudoacacia
(18.97 ± 4.90 mg) and G. triacanthos (171.54 ± 36.42 mg).

In the cafeteria-style feeding trials, the total mass of seeds
of each species offered varied between 200 and 300 mg,
while the number depended on its mass. The mass of the
different species offered was established to force individuals
to consume seeds of more than one species.Thus, it could be
determined if woody seeds were consumed as a last resort
when no other food was available. At the beginning and at the
end of the experiment, seeds were weighed and counted
using a magnifying glass (Leica, 5×). Seeds of both woody
species and grasses were simultaneously offered to each
rodent (n = 21). Herbaceous and woody species were offered
separated in plastic circular containers (feeders) of 3 cm in
diameter and 1.4 cm high, which were attached to the walls
of the cage by a plastic wire protector in order to facilitate the
handling of the feeders by the experimenter at the time of
placement and removal of the remaining food at the begin-
ning and at the end of the experiment. The feeders were
distributed equidistantly along the walls of the experimental
cage. For each rodent, the locations of feeders with seeds of
different plant species were selected at random. Before the
beginning of the experiment, we waited until the rodent was
in the centre of the experimental cage inside the cardboard
tube provided as a refuge (neutral start).

In the non-choice feeding trials, 20 seeds of
R. pseudoacacia were offered to each individual of a first
group of rodents (n = 11) and 10 seeds of G. triacanthos were
offered to a second group (n = 13). Seeds were offered in
feeders randomly distributed within the experimental box.

Data analysis

Tree seeds consumption in field conditions

Seed consumption was estimated by two different variables:
seed encounter, as the proportion of the containers with
consumption, and seed removal rate, as the mean number of
seeds consumed from containers where consumption was
detected (Hulme 1994a). Both response variables were mod-
elled assuming binomial error distributions, using analysis of
deviance and logit link functions in generalized linear mixed
models (GLMM).The effect of species identity (fixed factor,
two levels), the studied communities (five levels) and seasons
(repeated measures, four levels) on both seed encounter and
seed removal rate were assessed using the R statistical
package (version 2. 15.2; R Development Core Team 2013)
and lme4 package (Bates et al. 2013).Transects were consid-
ered as a random factor nested in each community. Fisher
Least Significant Difference comparisons (α = 0.05) were
conducted when significant differences were found.

A GLMM using stats package (glm library, R
Development Core Team 2013) was performed to compare
the rodent density indexes (RDI) per transect between the
communities where rodents were captured. Since rodent
capture was considered to be not limited by the number of
traps placed in each community (135), the model assumed
Poisson error distributions of the response variable (propor-
tion of traps with capture from a fix number of traps) with
overdispersion (quasi-Poisson).
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In order to evaluate the association between food availabil-
ity and woody seed consumption in the different studied
communities, Pearson parametric correlations (Zar 1996)
were carried out between food availability and the mean
number of seeds removed in all containers.The variable food
availability was Ln-transformed to obtain a linear relation-
ship of both variables. The normality and homoscedasticity
assumptions were tested using the Shapiro–Wilk W-test and
the Levene’s test for homogeneity of variances, respectively.

Feeding trials

In non-choice feeding trials, the number of individuals
that consumed at least one seed of G. triacanthos or
R. pseudoacacia was compared by a non-parametric Mann–
Whitney ‘U’ test for independent samples (Zar 1996).

A GLMM using stats package was performed to compare the
proportion of seeds of each woody species consumed and the
proportion of consumption of G. triacanthos or R. pseudoacacia in
the absence (non-choice feeding trials) and in the presence of
alternative food (cafeteria-style feeding trials). The models
assumed binomial error distributions of the response variables.

In the cafeteria-style feeding trials, differences in the propor-
tionsof individuals thatconsumedat leastoneseedofeachspecies
were evaluated using a classic Cochran non-parametric test for
dependent samples (Siegel & Castellan 1988). Then, multiple
contrasts for the Cochran test were performed among different
plant species (Marasculo & McSweeney 1967).

To compare the proportion of seeds consumed per individual
rodent among plant species, a GLMM (lme4 package, Bates
et al. 2013) was carried out.The model assumed binomial error
distributions of the response variable. When significant differ-
ences were found, Fisher Least Significant Difference compari-
sons (α = 0.05) were conducted. For all analyses a P-value <0.05
was considered statistically significant.

RESULTS

Seed removal

Seed encounter by rodents was 42.6% (in 498 out
of 1169 containers at least one seed was removed) and

seed consumption was detected in 49.5% of the con-
tainers that contained R. pseudoacacia seeds (n = 584)
and in 35.8% of those containing G. triacanthos seeds
(n = 585). Rodent consumption was confirmed by the
presence of remains of seed coats, faeces and hairs.
Particularly, rodent faeces and hairs were detected in
86% of the containers where seeds were consumed.

Seed encounter depended on both the interaction
between species identity and season and on plant com-
munity and season (species × season and commu-
nity × season, Table 1, Figs. 2, 3). Seed encounter was
generally higher for R. pseudoacacia in comparison with
G. triacanthos, and for both woody species the highest
number of containers with consumption was detected in
autumn. Seed encounter of R. pseudoacacia was constant
in the remaining seasons, while there were seasonal varia-
tions in G. triacanthos consumption (Fig. 2).

Seed encounter of both woody species was higher in
the native grassland (0.61 ± 0.031) than in the other
communities, and it was maximum in autumn and
winter, and minimum in spring and summer (P <
0.05, Fig. 3). On the other hand, the crop field showed
the lowest mean proportion of containers with con-
sumption (0.14 ± 0.022), with higher values in spring
in comparison to winter, summer and autumn (P <
0.05, Fig. 3). The sorghum field, cynodal and grass-
land and woodlot communities registered similar and
intermediate average values of seed encounter (0.5 ±
0.032, 0.47 ± 0.032 and 0.41 ± 0.34, respectively).
The sorghum community showed the highest value of
seed encounter in autumn, whereas it was higher in
summer than in winter and spring. Seed encounter in
the cynodal community also differed among seasons. It
was maximum in autumn and minimum in spring.The
grassland and woodlot community showed higher seed
encounter in autumn than in winter, spring and
summer (Fig. 3).

The mean number of seeds removed per container
depended on the interaction among species identity,
plant community and season (species × commu-
nity × season,Table 1). In winter, seed removal of both

Table 1. Results of the generalized linear mixed model that assessed the effect of species identity, the community (between
factor) and season (repeated measure) on the encounter and removal of Robinia pseudoacacia and Gleditsia triacanthos seeds in the
Inland Pampa, Argentina

d.f.

Seed encounter Seed removal

χ2 P χ2 P

Species 1 28.48 <0.0001 330.83 <0.0001
Community 4 35.66 <0.0001 7.04 0.1336
Season 3 135.93 <0.0001 242.93 <0.0001
Species × community 4 1.73 0.7847 36.85 <0.0001
Species × season 3 13.13 0.0044 124.93 <0.0001
Community × season 12 156.46 <0.0001 350.41 <0.0001
Species × community × season 12 5.94 0.9189 41.09 <0.0001

Transects were considered as a nested factor in each community.
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R. pseudoacacia and G. triacanthos was higher in the
native grassland than in the other communities
(P < 0.05, Fig. 4a). In spring, removal of R. pseu-
doacacia seeds was higher in the grassland and woodlot
than in the remaining communities, while removal
of G. triacanthos seeds was higher in the grassland
and woodlot, sorghum and crop field communities
than in the native grassland and cynodal communities
(P < 0.05, Fig. 4b). In summer, seeds of R. pseu-
doacacia were removed more intensively in the crop
field, grassland and woodlot, cynodal, and sorghum
field than in the native grassland community (P < 0.05,
Fig. 4c). In the case of G. triacanthos, seed removal was
higher in the crop field, cynodal and sorghum field
than in the grassland and woodlot and native grassland
communities (P < 0.05, Fig. 4c). Finally, removal of
R. pseudoacacia seeds in autumn was higher in the
native grassland than in the remaining communities,
while seeds of G. triacanthos were less removed in
the grassland and woodlot community in comparison
with the remaining studied communities (P < 0.05,
Fig. 4d).

Rodent abundance

A total of 114 rodents were captured with a trapping
effort of 675 trap-nights. The rodent density index
(RDI) was 0 in the crop field and ranged between 0.19 and
0.24 in the remaining communities (χ2

3;0.95 = 0.55,
P = 0.91). Although no rodent was captured at the crop
field, it was considered that they were present at low
density because there was consumption of seeds (Fig. 2).
Akodon azarae was the most abundant rodent species in all
the communities (Fig. 5), accounting for the 100% of
individual captures in the native grassland, the cynodal,
and the grassland and woodlot (26, 33 and 26 individuals,
respectively), while in the sorghum field it represented
93%(n = 29).At this site,the remaining7%of thecaptures
corresponded to C. musculinus.

Alternative food availability in the field

The number of plant species that germinated from soil
samples ranged from 6 in the crop field to 14 in the

Fig. 2. Mean proportion of containers with consumption (±standard error) for Robinia pseudoacacia and Gleditsia triacanthos
according to seasons in the Inland Pampa, Argentina. Means with the same letters indicate the absence of statistically significant
differences (P > 0.05, Fisher Least Significant Difference comparisons). ( ) Robinia, ( ) Gleditsia.

Fig. 3. Mean proportion of containers with consumption of woody seeds (±standard error) according to the season in five
communities in the Inland Pampa, Argentina. Data from woody species (Robinia pseudoacacia and Gleditsia triacanthos) were
pooled since the species × communities × seasons and species × communities interactions were not statistically significant.
Means that shared at least one letter did not differ significantly (P > 0.05, Fisher Least Significant Difference comparisons). ( )
NG, ( ) G and W, ( ) Cyn, ( ) SF, ( ) CF.
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native grassland (Table 2). Seedling abundance was
higher in the grassland and woodlot community than
in the crop field and native grassland communities,
while the remaining two sites showed almost similar
and intermediate abundances (Table 2). Seedlings of
woody species were not found in the seed germination
trials; however, the species that germinated were a

Fig. 4. Mean number of seeds removed from containers where consumption was detected (±standard error) for
Robinia pseudoacacia and Gleditsia triacanthos according to the five studied communities throughout the seasons of the year (a,
b, c, d) in the Inland Pampa, Argentina. (C, crop field; Cyn, cynodal; G and W, grassland and woodlot; NG, native grassland;
SF, sorghum field). Means that shared at least one letter did not differ significantly (P > 0.05, Fisher Least Significant Difference
comparisons). ( ) Robinia, ( ) Gleditsia.

Fig. 5. Rodent density indexes (RDI) (mean ± standard
error) in the studied communities during the period of inter-
mediate to high abundance (autumn–winter) in the Inland
Pampa, Argentina. (Cyn, cynodal; G and W, grassland and
woodlot; NG, native grassland; SF, sorghum Field). Means
that shared at least one letter did not differ significantly. ( )
Calomys musculinus, ( ) Akodon azarae.

Table 2. Total seedling abundance and number of species
emerged from 75 soil samples belonging to the five studied
communities in the Inland Pampa, Argentina

Community

Number of
emerged
seedlings

Number
of species

Crop field 12 (0) 6
Sorghum field 65 (42 Sorghum) 7
Cynodal 66 (27 Lolium, 1 Bromus) 7
Grassland and

woodlot
169 (16 Bromus) 8

Native grassland 25 (11 Lolium, 2 Paspalum) 14

Between brackets is detailed the number of emerged seed-
lings corresponding to one of the same species used in the
feeding trials.
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good reflection of the onsite vegetation (almost 75% of
the standing species in each site were found in the seed
germination trials).

The crop field showed the lowest levels of consumption
(taking in account both seed encounter and the mean
number of seeds removed in containers with consump-
tion) of both woody seeds, along with the absence of
captured rodents. The variation in the consumption of
woody seeds among the other plant communities, which
did not significantly differ in rodent abundance, was nega-
tively associated with the increase in availability of alterna-
tive food (rpearson = −0.98, P =0.0237, d.f. = 2 and
rpearson = −0.96, P = 0.0415, d.f. = 2 for G. triacanthos and
R. pseudoacacia; respectively).

Feeding trials

When seeds of R. pseudoacacia and G. triacanthos were
offered in non-choice feeding trials (n = 24), the pro-
portion of rodents that consumed at least one seed was
0.6 (seven individuals) for the first and 0.38 (five
individuals) for the latter, but these proportions were
not significantly different (Z = 1.2, P = 0.23, n = 11
and n = 13, respectively). In turn, the proportion of
seeds consumed per individual rodent was also higher
for R. pseudoacacia than for G. triacanthos, and the dif-
ference was statistically significant (χ2

1;0.95 = 27.58,
P < 0.0001).

In the cafeteria-style feeding trials (n = 21), the pro-
portion of A. azarae individuals that consumed at least
one seed differed significantly among species
(Q = 67.8; d.f. = 5; P < 0.0000). Seeds of
G. triacanthos were consumed less in comparison with
seeds of grasses and R. pseudoacacia (P < 0.05; Fig. 6).
The proportion of seeds consumed per individual
rodent showed significant differences among plant

species (χ2
4;0.95 = 1015.52, P < 0.0001). Seeds of

G. triacanthos and R. pseudoacacia were consumed in a
lower proportion than those of herbaceous species, but
seeds of R. pseudoacacia were more consumed than
those of G. triacanthos (P < 0.05, Fig. 7).

There was a higher consumption of G. triacanthos
seeds in the non-choice than in the cafeteria-style
feeding trials (χ2

1;0.95 = 15.09, P < 0.0001), while the
consumption of R. pseudoacacia seeds did not differ
significantly in the absence or presence of alternative
seeds (χ2

1;0.95 = 2.9, P = 0.09).

DISCUSSION

Our results suggest that, although the intensity of seed
consumption varied between communities, seasons
and tree species, rodents would be part of the biotic
resistance of the resident community to tree invasion
since they consumed seeds of both woody species,
especially in autumn and winter when there is the
major seed rain of R. pseudoacacia and G. triacanthos
(Mazía et al. 2013).

Overall consumption (taking into account both seed
encounter and the number of seeds removed in con-
tainers with consumption) of the seeds of the woody
species was higher in the native grassland than all the
other studied communities, while the crop field showed
both the lowest levels of consumption and abundance
of rodents. In this latter habitat, we did not capture any
rodents, but they were probably present in low abun-
dance because we registered signs, such as faeces and
hairs, in feeders. In consequence, rodent abundance
contributed to the differences in seed predation
between communities, and as well may explain seasonal
variations because seed predation was higher in periods

Fig. 6. Proportion of Akodon azarae individuals that con-
sumed at least one seed for each of the species included in the
cafeteria test. Similar letters indicate the absence of statisti-
cally significant differences (P > 0.05, Fisher Least Signifi-
cant Difference comparisons).

Fig. 7. Mean proportion of consumed seeds (±standard
error) for Sorghum halepense, Bromus catharticus, Lolium
multiflorum, Robinia pseudoacacia and Gleditsia triacanthos in
21 feeding trials conducted.The small size of P. quadrifarium
seeds did not allow counting them, and therefore this species
was not included in the analysis. Similar letters indicate the
absence of statistically significant differences (P > 0.05,
Fisher Least Significant Difference comparisons).
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of high abundance of rodents (autumn–winter). A pre-
vious study conducted in the native grassland and in the
grassland and woodlot communities found that while
the total amount of seeds consumed differed among
seasons, consumption per individual rodent was
similar, suggesting that differences were related to
abundance (Busch et al. 2012). However, seasons may
not only differ in rodent abundance but also in food
requirements and resource availability; therefore, this
evidence must be taken with caution.

Differences in consumption among non-cultivated
grassland habitats, which showed similar rodent abun-
dance, would support the hypothesis that seed con-
sumption by rodents is context-dependent (Ostoja
et al. 2012) because consumption of woody species
seeds differed among communities according to the
availability of alternative food. This effect was also
confirmed by the laboratory trials, especially for
G. triacanthos, which was more consumed in the
absence of alternative food than when it was offered
with seeds of herbaceous species and R. pseudoacacia
seeds. Communities with high plant productivity may
be more prone to woody plants invasion (because alter-
native food decreases the intensity of predation on these
species) than habitats of low productivity, provided that
rodent abundance is not positively correlated to plant
productivity. This is verified in our system, since the
native grassland, mainly dominated by P. quadrifarium,
is less productive than the other grassland communities
studied (Machera 2006), but rodent abundance was
similar. Rodent species of the area are omnivorous, and
consumed, in addition to seeds and green parts of
plants, insects and other invertebrates; in consequence,
their abundance is determined by a variety of alterna-
tive foods items (in addition to non-biotic factors).
Their effect on seeds must be higher in seasons when
insects are rare, such as autumn and winter, as was
observed in this study. Food of non-vegetal origin may
contribute to maintain higher rodent densities through-
out the year than would be expected if the rodents were
strictly granivorous or herbivorous. Moreover, culti-
vated fields, where rodents are less abundant, may be
more susceptible to woody invasion if they were aban-
doned without crops, especially if they are near to
woodlots of exotic species or if they are grazed, since
livestock are effective seed dispersers that partially
digest the seminal cover, thus favouring its subsequent
germination (Blair 1990).

The higher consumption of R. pseudoacacia seeds
with respect to G. triacanthos in both field and labora-
tory trials is probably related to differences in seed sizes,
since small-sized rodents present in the study area
consume small-sized herbaceous seeds (Bilenca et al.
1992; Ellis et al. 1998; Murillo et al. 2007). A similar
result was obtained when comparing the consumption
of small-sized seeds of Prosopis caldenia with large-sized
seeds of G. triacanthos (Busch et al. 2012). Studies

conducted in other grasslands suggest that size may
be more determinant than ‘novelty’ (i.e. lack of con-
sumption of novel items) because small seeds of herba-
ceous exotic species, such as Phalaris aquatica and
C. acanthoides, were more consumed than seeds of the
native P. quadrifarium (Murillo et al. 2007). On the
other hand, the low ranking of G. triacanthos seeds in
predator preferences agrees with the proposal of Garcia
et al. (2007), which states that the predation preference
ranking is the inverse of that of seed protection against
predators because of their hard coat that brings protec-
tion against predators. In addition, G. triacanthos seeds
have a poor nutritional value, with a high proportion of
indigestible compounds (Manzi et al. 1979).

The higher consumption of R. pseudoacacia seeds in
comparison with G. triacanthos is consistent with the
different expansion patterns locally observed for these
woody species. Gleditsia triacanthos is widely spread
forming dense woodlots, while R. pseudoacacia is more
restricted in distribution and density. Gleditsia
triacanthos seeds have traits, such as large size and a
hard coat, that allow escape from small-sized preda-
tors, although its seeds may still be intensively attacked
by insects of the bruchiid family (Gold & Hanover
1993). Moreover, its seeds may remain viable in the
soil seed bank for long periods and emerge when con-
ditions become favourable (Blair 1990).

Competitive relationships between resident vegeta-
tion and invasive woody plants species, such as inhibi-
tion of germination by microhabitat conditions and
competitive exclusion of seedlings by established
vegetation, and the occurrence of disturbances are
known to limit tree recruitment (Mazía et al. 2001,
2010). However, our results showed that these barriers
could be altered in some communities by the seed
predator’s food preferences. Predator’s preference for
resident vegetation rather than G. triacanthos and
R. pseudoacacia may increase the propagule pressure of
these species and may counteract the negative impacts
exerted by the established vegetation. Although woody
species were not offered mixed with resident species,
taking into account both the negative relation between
woody seed consumption and alternative seed avail-
ability at the community scale and the preferences of
rodents for herbaceous resident seeds with respect
to woody species observed in feeding trials, it may be
suggested that the resident plant community would
exert an apparent mutualism (Holt 1977) or asso-
ciational resistance (Ostoja et al. 2013) on invader
seeds via seed predator’s food preferences, especially
in autumn and winter when woody seed consumption
is more intensive. In consequence, in some habitats,
these tree species would experience a lower intensity of
seed predation, which in turn would increase both the
number of propagules available for germination and
the chances of population expansion. Our data are
consistent with previous studies in different habitats

264 E. MUSCHETTO ET AL.

© 2014 The Authorsdoi:10.1111/aec.12208
Austral Ecology © 2014 Ecological Society of Australia



that also have found that seed predation by rodents on
herbaceous and tree species could be an important
factor of biological resistance (Ostfeld et al. 1997;
MacDougall & Wilson 2007), and that its relevance
depends on habitats, season of the year and plant
species (Murillo et al. 2007; Nuñez et al. 2008;
Pearson et al. 2011; Busch et al. 2012).

An important limitation of our study was the narrow
temporal scale of our observations and the lack of
replicates at the community scale. Therefore, caution
must be used when making wider generalizations
based on the results of this study, and further work is
needed. For example, the indirect positive interactions
between resident and exotic plant species must be
confirmed with new experiments especially designed
to test these interactions, particularly offering woody
species seeds mixed with resident seeds. On the other
hand, larger scale (both in time and space) experi-
ments with rodent removal may clarify if predation
influences plant invasion comparing with areas
without removal.

In summary, we conclude that rodents consumed
seeds of both woody species, that their effect is greater
on R. pseudoacacia, whereas G. triacanthos may prob-
ably escape from their control. Habitats with more
alternative food of vegetal origin are more prone to be
invaded by these woody species than habitats with
fewer alternative foods, suggesting that rodent con-
sumption is context-dependent. Thus, the outcome of
competitive relationships between resident vegetation
and invasive woody plants species (Mazía et al. 2001)
would be reversed when they interact via a seed preda-
tor that prefers to consume resident vegetation.

ACKNOWLEDGEMENTS

We thank the staff at the ‘Estancia San Claudio’ and
Administración de Campos (UBA) for logistic support.
Comments from Enrique Chaneton on an early version of
the manuscript were positive. John Orrock provided
helpful comments to improve the manuscript.This study
was funded by Consejo Nacional de Investigaciones
Científicas y técnicas and Universidad de Buenos Aires.

REFERENCES

Abrams P. A. & Matsuda H. (1996) Positive indirect effects
between prey species that share predators. Ecology 77, 610–
16.

Anderson C. J. & MacMahon J. A. (2001) Granivores,
exclosures, and seed banks: harvester ants and rodents in
sagebruz-steppe. J. Arid Environ. 49, 343–55.

Aplin K. P., Brown P. R., Jacob J. C., Krebs J. & Singleton R.
(2003) Field Methods for Rodent Studies in Asia and the Indo-
Pacific. Australian Center for International Agricultural
Research, Canberra.

Bates D., Maechler M. & Bolker B. (2013) Lme4: linear mixed-
effects models using S4 classes. R package version
0.999999-2. Available from URL: http://CRAN.R-project.
org/package=lme4

Bilenca D. N., Kravetz F. O. & Zuleta G. A. (1992) Food habits
of Akodon azarae and Calomys laucha (Cricetidae, Rodentia)
in agroecosystems of central Argentina. Mammalia 56, 371–
83.

Blair R. M. (1990) Honey locust (Gleditsia triacanthos L. In:
Silvics of North America,Vol. 2, Hardwoods.Agriculture Hand-
book 654 (eds R. M. Burns & B. H. Honkala) pp. 358–64.
US Department of Agriculture, Forest Service, Washington,
DC.

Brown J. H. & Heske E. J. (1990) Control of a desert-grassland
transition by a keystone rodent guild. Science 250, 1705–7.

Brown J. S. (1988) Patch use as an indicator of habitat prefer-
ence, predation risk, and competition. Behav. Ecol. Sociobiol.
22, 37–47.

Busch M., Knight C., Mazía C. N., Hodara K., Muschetto E. &
Chaneton E. J. (2012) Rodent seed predation on tree
invader species in grassland habitats of the inland Pampa.
Ecol. Res. 27, 369–76.

Busch M. & Kravetz F. O. (1992) Competitive interactions
among rodents (Akodon azarae, Calomys laucha, Calomys
musculinus and Oligoryzomys flavescens) in a two habitat
system. I: spatial and numerical relationships. Mammalia 56,
541–54.

Cabrera A. L. (1976) Regiones Fitogeográficas Argentinas. Acme,
Buenos Aires.

Caccia F. D., Chaneton E. J. & Kitzberger T. (2006) Trophic and
non-trophic pathways mediate apparent competition
through post-dispersal seed predation in a Patagonian
mixed forest. Oikos 113, 469–80.

Cappuccino N. & Carpenter D. (2005) Invasive exotic plants
suffer less herbivory than non-invasive exotic plants. Biol.
Lett. 1, 435–8.

Chaneton E. J., Mazía C. N., Machera M., Uchitel A. & Ghersa
C. M. (2004) Establishment of honey locust (Gleditsia
triacanthos) in burned Pampean grasslands. WeedTechnol. 18,
1325–9.

Charnov E. L. (1976) Optimal foraging, the marginal value
theorem. Theor. Popul. Biol. 9, 129–36.

Cittadino E. A., Busch M. & Kravetz F. O. (1998) Population
abundance and dispersal in Akodon azarae (Pampean
grassland mouse) in Argentina. Can. J. Zool. 76, 1011–
18.

Edwards G. R. & Crawley M. J. (1999) Rodent seed predation
and seedling recruitment in mesic grassland. Oecologia 118,
288–96.

Ellis B. A., Mills J., Glass G. E., McKee K. T., Enria D. A. &
Childs J. E. (1998) Dietary habits of the common rodents
in an agroecosystem in Argentina. J. Mammal. 79, 1203–20.

Facelli J. M. & León R. J. C. (1986) El establecimiento
espontáneo de árboles en la Pampa: un enfoque
experimental. Phytocoenología 14, 263–74.

Garcia D., Martinez I. & Obeso J. R. (2007) Seed transfer among
bird-dispersed trees and its consequences for post-dispersal
seed fate. Basic Appl. Ecol. 8, 533–43.

Ghersa C. M., de la Fuente E., Suárez S. & León R. J. C. (2002)
Woody species invasion on the Rolling Pampa grasslands,
Argentina. Agric., Ecosyst. Environ. 88, 271–8.

Ghersa C. M. & León R. J. C. (1999) Successional changes in
agroecosystems of the Rolling Pampa. In: Ecosystem of Dis-
turbed Ground (ed. L. R. Walker) pp. 487–502. Elsevier
Science BV, Amsterdam.

TREE SEED CONSUMPTION BY RODENTS IN PAMPEAN GRASSLANDS 265

© 2014 The Authors doi:10.1111/aec.12208
Austral Ecology © 2014 Ecological Society of Australia

http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4


Gibson D. J. (2009) Grasses and Grassland Ecology. Oxford Uni-
versity Press, Oxford. Global Compendium of Weeds. Avail-
able from URL: http://www.hear.org/gcw/index.html

Gold M. A. & Hanover J. W. (1993) Honeylocust (Gleditsia
triacanthos), a multi-purpose tree for the temperate zone.
Int.Tree Crops J. 7, 189–207.

Holt R. D. (1977) Predation, apparent competition, and the struc-
ture of prey communities. Theor. Popul. Biol. 12, 197–229.

Holt R. D. & Kotler B. P. (1987) Short-term apparent
competition. Am. Nat. 130, 412–30.

Howe H. F. & Brown J. S. (2000) Early effects of rodent
granivory on experimental forb communities. Ecol.Appl. 10,
917–24.

Hulme P. E. (1994a) Post-dispersal seed predation in grassland:
its magnitude and sources of variation. J. Ecol. 82, 645–52.

Hulme P. E. (1994b) Seedling herbivory in grassland: relative
impact of vertebrate and invertebrate herbivores. J. Ecol. 82,
873–80.

Jackson R. B., Banner J. L., Jobaggy E. G., Pockman W.T. & Wall
D. H. (2002) Ecosystem carbon loss with woody plant inva-
sion of grasslands. Nature 418, 623–6.

Jaksic F. M. & Marone L. (2007) Ecología de Comunidades.
Ediciones Universidad Católica de Chile, Santiago. 336 pp.

Longland W. S. (1994) Effects of artificial bush canopies and
illumination on seed patch selection by heteromyid rodents.
Am. Midl. Nat. 132, 82–90.

MacDougall A. S. & Wilson S. D. (2007) Herbivory limits
recruitment in an old-field seed addition experiment.
Ecology 88, 1105–11.

Machera M. (2006) La invasión de pastizales por especies
exóticas: el papel de disturbios de diferente escala espacial.
PhD dissertation. Facultad de Ciencias Exactas y Naturales,
University of Buenos Aires, Buenos Aires.

Manson R. H., Ostfeld R. S. & Canham C. D. (2001) Long-term
effect of rodent herbivores on tree invasion dynamics along
forest-field edges. Ecology 82, 3320–9.

Manzi A. E., Ancibor E. & Cerezo A. S. (1979) Cell-wall car-
bohydrates of the endosperm of the seed of Gleditsia
triacanthos. Plant Physiol. 92, 931–8.

Marasculo L. A. & McSweeney M. (1967) Nonparametric post
hoc comparisons for trend. Psychol. Bull. 67, 401–12.

Marco D. E. & Páez S. A. (2000) Invasion of Gleditsia triacanthos
in Lithraea ternifolia montane forests of central Argentina.
Environ. Manage. 26, 409–19.

Mattos K. J. & Orrock J. L. (2010) Behavioral consequences of
plant invasion: an invasive plant alters rodent anti-predator
behavior. Behav. Ecol. 21, 556–61.

Mazía C. N., Chaneton E. J., Ghersa C. M. & León R. J. C.
(2001) Limits to tree species invasion in Pampean grassland
and forest plant communities. Oecologia 128, 594–602.

Mazía C. N., Chaneton E. J., Machera M., Uchitel A., Feler M.
V. & Ghersa C. M. (2010) Antagonistic effects of large and
small-scale disturbances on exotic tree invasion in a native
tussock grassland relict. Biol. Invasions 12, 3109–22.

Mazía C. N., Tognetti P. M. & Cirino E. D. (2013) Patch identity
and the spatial heterogeneity of woody encroachment in exotic-
dominated old-field grasslands. Plant. Ecol. 214, 267–77.

Mitchell C. E., Agrawal A. A., Bever J. D., Gilbert G. S. &
Hufbauer R. A. (2006) Biotic interactions and plant
invasions. Ecol. Lett. 9, 726–40.

Moles A.T., Warton D. I. & Westoby M. (2003) Do small-seeded
species have higher survival through seed predation than
large-seeded species? Ecology 84, 3148–61.

Murillo N., Laterra P. & Monterubbianesi G. (2007) Post-
dispersal granivory in a tall-tussock grassland: a positive
feedback mechanism of dominance? J. Veg. Sci. 18, 799–
806.

Nuñez M., Simberloff D. R. & Relva M. A. (2008) Seed preda-
tion as a barrier to alien conifer invasions. Biol. Invasions 10,
1389–98.

Orrock J. L. & Damschen E. I. (2005) Corridors cause differen-
tial seed predation. Ecol. Appl. 15, 793–8.

Ostfeld R. S., Manson R. H. & Canham C. D. (1997) Effects of
rodents on survival of tree seeds and seedlings invading old
fields. Ecology 78, 1531–42.

Ostoja S. M., Schupp E. W., Durham S. & Klinger R. (2012)
Seed harvesting by generalist consumer is context-
dependent: interactive effects across multiple spatial scales.
Oikos 122, 563–74.

Ostoja S. M., Schupp E. W., Durham S. & Klinger R. (2013)
Seed harvesting is influenced by associational effects in
mixed seed neighbourhoods, not just by seed density. Funct.
Ecol. 27, 775–85.

Pearson D. E., Callaway R. M. & Maron J. L. (2011) Biotic
resistance via granivory: establishment by invasive, natural-
ized, and native asters reflects generalist preference. Ecology
92, 1748–57.

Pearson D. E., Hierro J. L., Chiuffo M. & Villarreal D. (2014)
Rodent seed predation as a biotic filter influencing exotic
plant abundance and distribution. Biol. Invasions 16, 1185–
96.

R Development Core Team (2013) R: a Language and Environ-
ment for Statistical Computing. R Foundation for Statistical
Computing, Vienna.

Siegel S. & Castellan J. N. (1988) Nonparametric Statistics for
Behavioral Sciences. McGraw Hill, New York. 399 pp.

Simberloff D. (2009) The role of propagule pressure in biologi-
cal invasions. Annu. Rev. Ecol. Evol. Syst. 40, 81–102.

Ter Heerdt G. N. J., Verweij G. L., Bekker R. M. & Bakker J. P.
(1996) An improved method for seed-bank analysis: seed-
ling emergence after removing the soil by sieving. Funct.
Ecol. 10, 144–51.

Tognetti P. M., Chaneton E. J., Omacini M., Trebino H. J. &
León R. J. C. (2010) Exotic vs. native plant dominance over
20 years of old-field succession on set-aside farmland in
Argentina. Biol. Conserv. 143, 2494–503.

Veech J. A. (2001) The foraging behavior of granivorous rodents
and short-term apparent competition. Behav. Ecol. 12, 467–
74.

Vilà M. & D’Antonio C. M. (1998) Fruit choice and seed
dispersal of invasive vs. noninvasive Carpobrotus (Aizoaceae)
in coastal California. Ecology 79, 1053–60.

Willson M. F. & Whelan C. J. (1990) Variation in postdi-
spersal survival of vertebrate-dispersed seeds: effects of
density, habitat, location, season, and species. Oikos 57,
191–8.

Xiao Z., Wang Y., Harris M. & Zhang Z. (2006) Spatial and
temporal variation of seed predation and removal of
sympatric large-seeded species in relation to innate seed
traits in a subtropical forest, Southwest China. For. Ecol.
Manage. 222, 46–54.

Zar J. H. (1996) Biostatistical Analysis. Prentice Hall, London.

266 E. MUSCHETTO ET AL.

© 2014 The Authorsdoi:10.1111/aec.12208
Austral Ecology © 2014 Ecological Society of Australia

http://www.hear.org/gcw/index.html

