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Abstract Post-dispersal seed predation can severely
limit plant recruitment, but its ultimate impact could
be modulated by environmental factors and by the
composition of the granivore guild. Here, we analyze
the relative impact of the non-native wild boar and
native rodents on seed survival and seedling estab-
lishment of the mast conifer Araucaria araucana.
Predation, seed survival and seedling establishment
were measured at different microsites and distances
from 11 isolated trees in Lanin National Park
(Argentina) over a period of marked fluctuation in
seed production. Wild boar consumed between 10
and 30% of available seeds on a 13-day period,
threefold less than rodents. Wild boar predation was
mainly affected by forest canopy composition, while
microsite conditions influenced both kind of preda-
tors, with high chronic rodent predation underneath
dense vegetation and moderate (but interannually
variable) wild boar predation at poorly vegetated
microsites. Predation by rodents was spatially clus-
tered at the microsite scale, particularly during
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non-mast years; while predation by wild boar was
spatially structured at a coarser scale and less
modified by masting. The exclusion of wild boar
increased significantly the amount of surviving seeds,
resulting in higher seedling establishment in inter-
mediate production years, but not affecting it during
the mast year. At tree level, seedling establishment
was negatively correlated with predation; while at
stand level, cone production accounted for most of
the seedling establishment variability. The current
wild boar population may not be affecting the
seedling establishment at population scale, probably
due to minimization of its impact by the Araucaria
masting strategy. However, if wild boar population
numbers continue to increase, their impact may shift
from individual tree scale to stand scale, threatening
Araucaria forest regeneration.

Keywords Masting - Araucaria araucana -
Exotic - Wild boar - Rodent - Predator satiation -
Larger seeds

Introduction

Exotic species are considered one of the main factors
of biodiversity alteration (Vitousek et al. 1997) by
modifying community’s composition, food webs and
ecological processes (Mooney et al. 2005; Ruscoe
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et al. 2006). The invasion of exotic herbivore species
may alter the native granivory assemblage and their
interactions with plants (Moles and Drake 1999;
Choquenot and Ruscoe 2000; Wilson et al. 2007) and
may ultimately modify the relative importance of
granivory and/or herbivory compared with the other
forces that control seedling establishment (Allen et al.
1994; Campbell and Atkinson 2002; Wilson et al.
2003).

At a local scale, the population size of a species
with large edible seeds may be limited either by
habitat carrying capacity or by intrinsic ability of
populations to grow. In the former case, the limitation
is the microsite and population size would change
only if the habitat structure changed by disturbance,
independent of the amount of seeds produced or
surviving. In the latter case, the population size may
be regulated by seed availability (seed limitation)
and/or by germination success and seedling survival
(recruitment limitation; Clark et al. 1999). Therefore,
the ultimate effect of an exotic species will depend on
which stage of the plant demography it affects and
the strength and extent of this effect in terms of the
spatial and temporal scale from the plant perspective.

The impact of granivory by exotic species on seed
survivorship on long-lived trees may be minimized, if
the plant is a mast seeding (intermittent synchronous
output of seeds) species and if this evolutionary
adaptation is associated with predator satiation,
allowing a higher probability of seedling recruitment
after the peak seed production (Predator Satiation
Hypothesis: Janzen 1971; Silvertown 1980; Ostfeld
et al. 1996). On the other hand, the environment may
greatly influence the effect of the exotic predator on
plant demography, if herbivory occurs mainly on
microsites where plant reproductive fitness is nor-
mally maximized due to higher seed or seedling
survivorship and establishment rates. For example,
the exotic species may affect the abundance and/or
distribution of recruits away from the parent if it
attacks mainly the sites that are “safe” against native
predators (Gomez et al. 2003; Iida 2004). Environ-
mental influence can also be seen if microsites favor
predation in the area of higher primary seed disper-
sion, where the exotic species may ultimately modify
the initial seed rain pattern produced by wind
dispersal (Nathan and Casagrandi 2004). Few studies
considered these two aspects of plant ecology in the
context of biological invasions and the consequences
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on plant recruitment (Choquenot and Ruscoe 2000;
Sweetapple 2003; Wilson et al. 2007).

Related to the worldwide European cultural expan-
sion, wild boar (Sus scrofa) has established in every
continent and in several oceanic islands (Lever 1985).
Because it is an r-strategist with high ecological
plasticity, high opportunistic feeding behavior and
the highest reproductive potential of all ungulates in
relation to body mass (Rosell et al. 2001), this
introduction followed by invasion has become of
great concern among conservation biologists and is
now considered one of biggest threats to biodiversity
conservation (Singer et al. 1981; Tisdell 1984; Lowe
et al. 2004; Cruz et al. 2005; Silva and Saavedra
2008).

In all the places where wild boar has been
introduced (Australia, New Zealand, United States,
Hawaii, Galapagos islands, Chile and Argentina)
negative impacts to the ecosystem like changes on
species composition, local extinctions of plants,
reduction of species diversity and promotion of
exotic plant invasion by soil disturbance were
reported (Howard 1964; Bratton 1975; Challies
1975; Wood and Roark 1980; Howe et al. 1981;
Singer et al. 1981; Campbell and Rudge 1984; Tisdell
1984; Coblentz and Baber 1987; Vtorov 1993;
Sweitzer and Van Vuren 2002; Merino and Carpinetti
2003; Cruz et al. 2005; Skewes et al. 2007).

In its natural range in Europe and Asia, wild boar
is associated with large-seeded species (Quercus spp.
and dipterocarp forests) where the ungulate predates
on seeds and seedlings (Groot Bruinderink and
Hazebroek 1996; Ickes et al. 2001; Rosell et al.
2001; Pulido 2002). In this scenario, the ultimate
effect of wild boar on seedling establishment and
recruitment depends on the masting characteristics of
the trees, on the understory vegetation structure and
on the animal numerical response to food pulses
occurrences and to snowy winters or summer
droughts (Massei et al. 1997; Curran and Leighton
2000; Curran and Webb 2000; Kuiters and Slim
2002; Maillard and Fournier 2004; Bieber and Ruf
2005; Melis et al. 2006).

In oak and dipterocarp forests, the rodent assem-
blage consumes large amounts of seeds and is
influenced by masting events and climate conditions
(Jensen 1982; Wolff 1996), but compared with wild
boar, the interaction probably differs in terms of the
spatial and temporal scale due to differences in
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movement capacities and home range sizes (McShea
2000; Sodeikat and Pohlmeyer 2001). Resident and
less mobile species, like rodents, might increase seed
predation rates by changing their diet and/or through
reproduction within the seed fall season (Hulme and
Hunt 1999). In contrast, large nomadic vertebrates
like wild boar, acting at a different spatial scale, may
perceive the seed as a patchy-distributed resource that
is seasonally available, so the expected response
could be a change in their diet while they migrate
(Curran and Leighton 2000; Silman et al. 2003).

We studied the temporal and spatial patterns of
post-dispersal seed predation by rodents and non-
native wild boar (S. scrofa) on a mast species, the
large-seeded conifer Araucaria araucana. In addi-
tion, we assessed the relative effects of the different
granivores on seedling establishment considering the
influence of masting, the distance from the source and
vegetation heterogeneity. In this context, we discuss
the influence of wild boar predation on an ecosystem
without this type of herbivore and its relative
importance compared with the other factors that limit
A. araucana regeneration. To conduct this study, we
posed the following questions: (a) do rodents and
wild boars have similar quantitative, temporal and
spatial seed predation patterns?; (b) does seed
predation by rodents and wild boars differ according
to masting, vegetation cover or distance to the
source?; (c) is there evidence of seedling establish-
ment limitation by wild boar seed predation?

Materials and methods
Study species

Araucaria araucana (Araucariaceae) is a long-lived
(>1,200 years), large seeded dioecious emergent
conifer found in the temperate forest of South
America (Veblen et al. 1995). Female cones contain
100-200 large nuts (pifiones) weighting ~3.5 g,
which are dispersed by gravity only up to 13 m from
the parent tree (Mufloz Ibafiez 1984). Seeds start to
fall in March until June and exceptionally, Septem-
ber. A. araucana is a masting species with a low
average fecundity (960 seeds per tree) and a moderate
temporal variation in cone production that fluctuates
annually between 2 and 45 mean cones per tree with a
highly synchronized production among trees within

population and among populations at a regional scale
(Sanguinetti and Kitzberger 2008). Main native post-
dispersal seed predators are the greater long-clawed
mouse (Chelemys macronyx), the long haired mouse
(Abrotrix longipilis), the long-tailed mouse (Oligo-
ryzomis longicaudatus) and the arboreal mouse
(Irenomys tarsalis) (Shepherd and Ditgen 2005).
According to Shepherd and Ditgen (2008),
A. longipilis may play a relevant role as a disperser
of Araucaria seeds to favorable microsites for
seedling germination. An exotic predator, the wild
boar, invaded the forests in our study area during the
1970s, from east to west (Jaksic et al. 2002). A
dietary study shows that, in autumn, wild boar feces
contain more than 90% of Araucaria seeds (Izquierdo
et al. 2001).

Study area

This study was conducted from 2004 to 2008 in a
250 ha A. araucana and Nothofagus pumilio or
Nothofagus antarctica mixed patch in Lanin National
Park, Neuquén Province, Argentina (39°34'44"S/
71°27'39"W) with an average winter temperature of
7-8°C (De Fina 1972). The selected patch was the
largest and densest, and was 2—19 km apart from the
other parches. In xeric sites N. antarctica shrubs
(<5 m height) dominate the understory and gaps
within the forest. Tall grasses are the predominant
vegetation in moderate shade to sunny sites. Beneath
A. araucana trees, there is less vegetation cover, such
as short forbs (<0.5 m in height), Araucaria seedling
clumps, and dead leaves or bare soil, depending on
soil type and amount of sunlight. Forest gaps in
humid places are occupied by dense high pastures or
dense bamboo Chusquea culeou thickets.

Experimental studies

Seed predation and the influence of environmental
factors

Within 30 ha of the selected patch, we randomly
chose and marked 11 female A. araucana trees
distant at least 30 m from the nearest female tree. We
studied seed predation by rodents and wild boar
and the effects of masting, habitat, microsites and
distance from parent tree from 2004 to 2008
(Table 1). Seeds were placed along two radial
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transects per marked tree, in groups of 20 seeds, at 5,
10, 15, 20 and 25 m from the tree base. Each of the
trees and the seed groups were geographically located
with GPS for spatial analyses. Seed predation was
estimated by considering the proportion of seeds
removed on three consecutives nights from the total
seeds per group or per marked tree, depending on the
analysis performed (Hulme and Hunt 1999). In 2004,
2006, 2007 and 2008, between March and June, we
also performed the same study but over periods of 13
consecutive nights (hereafter called “fortnight”),
repeating it consecutively after replacing the predated
seeds, when possible. In 2004 and 2007, we per-
formed six consecutive fortnight samplings. In 2006,
only two fortnight samples were obtained between
April and May and in 2008, we measured seed
predation only once during May-June, when the
highest seed consumption usually occurred, because
of the great scarcity of seeds. In 2005, it was
impossible to do the fortnight sampling altogether,
because of the extremely poor cone productivity
(mean value of two cones per tree) which hindered us
to obtain sufficient seeds for the experiment. Habitats
were defined according to canopy composition:
A. araucana and N. pumilio mixed forest and
A. araucana and N. antarctica mixed forest. Micro-
sites were classified as either: bare soil (N = 15), leaf
litter (N = 20), forbs or Araucaria seedling clumps
(N = 18), tall grasses (N = 23), shrubs or bamboo
thickets (N = 34), representing an increasing gradi-
ent of vegetation cover. Levels of vegetation cover
were defined as “low” (pooling bare soil and leaf
litter, N = 35), “medium” (forbs and tall grasses,
N = 41) and “high” (shrubs and bamboo thickets,
N = 34). The groups of marked seeds at the fixed
distances were placed randomly within microsite
types.

In order to differentiate the predation produced by
each type of predator, we obtained information from
colleagues that concurrently monitored the predator’s
activities with automatic cameras in 2004 and 2005 at
different microsites during the whole seed fall season
(Shepherd and Ditgen 2005; 2008). Using 10 cameras
at different locations within the Araucaria study
forest, more than 1,700 photos of granivores were
used to identify seed predator species and the way
they fed and damaged the seeds. Rodents, wild boar
and, less frequently, hare fed on untouched seeds on
the ground. Rodents may act as scatter-hoarders and

mainly remove the marked seeds, but when they feed
in situ they leave teeth marks on the seed. In contrast,
wild boar finds the seeds during rooting activity and
destroys them completely; leaving flattened empty
seed covers.

Masting behavior was assessed using cone counts
per seeding tree obtained from our related study on
cone production at tree and forest level in the same
trees and study area where seed predation was
evaluated (Sanguinetti and Kitzberger 2008). Mean
cone production per tree was 23, 1, 12, 35 and 7 for
2004, 2005, 2006, 2007 and 2008 year, respectively.

Variation of predation within the seed fall season

Data obtained between March and June in 2004 and
2007 with the fortnight seed predation repeated
measures were used to analyze seed consumption
variation within the seed fall season and the predator
response during a moderate and high cone production
year, respectively. In 2004, 2006 and 2007, we
monitored in November the fate and abundance of
marked seeds that remained after the last fortnight
sampling of the season (Table 1).

Seed predation and seedling establishment

Between 2004 and 2008, we measured Araucaria
seedling establishment around the 11 selected trees
where seed predation experiments were performed
(Table 1). Using eight radial transects of 20 m per
tree, we estimated the abundance of seedlings per
square meter. The year of establishment was esti-
mated through seedling height, due to the strong
relationship between this variable and age (F(;70) =
517.2; R? = 0.881; P < 0.0001; Sanguinetti, unpub-
lished data). The seedling establishment accumula-
tion over the period 2004-2008 was compared with
the estimated seed predation rates of rodents, wild
boar or both at tree level.

Effect of wild boar exclusion on seed survival
and seedling establishment

In 2004, we constructed two 2,500 m? exclosures
against large granivores, each encircling five seeding
trees. Between 2004 and 2007, we used eight radial
transects of 15 m per tree in the exclosures to
estimate abundance of seeds and seedlings per square
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meter, and we used 5 of the 11 initially marked trees
as control for each exclosure (Table 1). At the same
time, we counted the number of cone scales to obtain
an estimation of the total seed fallen per plot,
considering the strong correlation between seeds
and scales inside the cone (F( 5 = 17.1; R? =
0.487; P < 0.001; Sanguinetti, unpublished data).
This allowed us to estimate the seed survivorship
variation with distance from the source, inside and
outside the exclosure. We also estimated the year of
establishment of seedlings over a period of 3 years
before and 3 years after exclosures construction.

Changes in predator relative abundance

Between 2003 and 2007, the relative abundance and
the forest use by wild boar were monitored by
recording the proportion of ground uprooted by boars
(Hone 1995). Six parallel, permanent transects
(300 m long and 4 m wide), separated from one
another by 100 m, were established to cover the
entire area where the seed predation was estimated.
The annual mean value of the number of rootings and
their size per transect were used as an index of
changes in wild boar relative abundance and forest
use. Mean rodent relative abundance data from 2003
to 2007 were obtained from a related study carried
out in the same forest. An increment between 1.8-
and 3.5-fold was observed from February to April in
rodent relative abundance for all the years during the
period 2004-2007. The years with the highest and
lowest rodent numerical responses during the fall
seed season were 2004 and 2007, respectively. In
April, the mean rodent relative abundances (captures
per 100 trap nights; N = 500 trap nights) were 1.38,
0.77, 0.75 and 1.04 for 2004, 2005, 2006 and 2007,
respectively (Shepherd and Ditgen, unpublished data,
2008).

Data analyses

Seed predation and the influence of environmental
factors

Seed predation rates were analyzed using general
linear mixed models using Statistica 6.0 software.
The proportion of eaten and/or removed seeds was
root arcsine transformed and tested for normality
using Kolmogorov Smirnov test before analysis with
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ANOVA and MANOVA repeated measures were
performed. Seed predation by rodents and wild boar
at 3 and 13 days, the dependent variables, were
performed separated or together by univariate or
multivariate analysis, respectively. In the 13-day
experiment, each seed group was considered the
subject and fortnights and years as the repeated
measures (two within-subject levels), distance from
parent tree as covariate fixed effect, and habitat,
microsites or vegetation cover were considered the
between-subject random factors (Sokal and Rohlf
1994). Six repeated measures were used when we
compared years 2004 and 2007 and only data from
the 3-day experiment was used to analyze the among
years variation on seed predation during 2004 to
2008. For this analysis, the natural logarithm of the
number of cones per tree was used as a covariable to
evaluate the masting effect on seed predation. The
effect of distance from the parent on seed survivor-
ship was explored by regressions with the Cox’s
Proportional Hazard semiparametric model, using the
maximum partial likelihood as estimation method
(Scheiner and Gurevitch 2001).

Within seed fall season variation of predation

Seed predation variation within seed fall season was
evaluated using general linear models (GLM) with
repeated measures. Data from 2004 and 2007 were
used from six repeated measures covering almost the
entire seed fall season.

Spatial variation of seed predation

To verify potential variations on the spatial pattern of
seed predation by rodents and wild boar, Moran’s
I spatial autocorrelation statistic was used (Moran
1950). Point-referenced seed groups (x and y coor-
dinates) and seed exploitation data by predator
identity were used to estimate the Moran Index and
the correlogram with different lag distances. Mean
I values for each predator were obtained from the
largest data set performed by the repeated measures
sampling design during 2004 and 2007. Significance
test was performed for complete spatial randomness
(Moran 1950). Significantly positive Moran’s I values
at a certain lag distance mean that seed predation
rates from points separated by that distance are
more similar than those farther apart, denoting a
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“contagious” or “aggregated” effect. On the other
hand, significantly negative values for a particular lag
distance mean that seeds separated by that distance
suffered different seed predation rates denoting the
existence of a “repulsive” effect at that spatial scale.
To test for different spatial patterns of predation
among predators, we performed a partial-Mantel test
using the distance matrices for seed exploitation by
each predator and a third matrix, holding constant, of
distances between seed locations. Significance was
determined by a permutation test and a z-test.

Seed predation and seedling establishment

Annual estimates of seed predation rates by each type
of predator and seedling establishment per tree were
used in regressions analysis. Seed predation by each
type of granivore or the overall predation rates were
considered as predictor variables, and the density of
seedling established per tree and year were used as
the dependent variable.

Effect of wild boar exclusion on seed
survival and seedling establishment

The effect of wild boar exclusion on seed survival
was analyzed by generalized linear models (GLMs)
using the number of seeds per plot and transect of 10
seeding trees inside and outside the exclosures as the
dependent variable; the treatment as a factor; and the
distance to the tree as a covariate, using a log
function as a link function. On the other hand, the
ratio seeds:scales per plot was used as a seed
survivorship index and a Homogeneity-slope model
test was applied to verify significant differences on
seed survival with distance between trees inside and
outside the exclosures.

Seedling establishment variation was analyzed
using Kruskal Wallis test considering the number of
seedlings per tree as the dependent variable and the
treatment as a factor. For each year, a Mann—Whitney
test was performed to verify the significance level of
seedling abundance per tree affected by the treatment.

Changes in predator relative abundance
An analysis of variance was performed to evaluate

the existence of significant differences between years
of seed predator relative abundance and forest use.

Before the analysis was done, the number and size of
rooting per transect and the proportion of the ground
covered by rooting were natural log and root arcsine
transformed, respectively. Information about within
season variation on relative abundance of rodents
provided by Shepherd and Ditgen was used to
interpret the temporal variation on seed predation
rates.

Results

Seed predation and the influence of environmental
factors

Masting effect

In general, wild boar consumed 3-6 times less seeds
than rodents, accounting for 10-30% of overall
granivory (Fig. 1). Seed predation by native and
exotic species had a significant different temporal
pattern among years (Table 1; MANOVA test) where
both kinds of granivores increased seed consumption
during non-mast years, but rodents had a strong
temporal variation (Fig. 1). Only native species had a
significantly negative relationship between seed pre-
dation and seed production [ANCOVA effect:
F.50) = 8.43; P = 0.005 (native) vs. F(; s0y = 0.52;
P = 047 (exotic)].

1.0 1 o Rodent
-o- Wild boar

i[nter—mast year
-+~ Both T

1 aQ .
, Mast year
A4

0.8
0.6

0.4

Seed predation (proportion)

0.2

.c

0.0 c.. SR [t
' 2004 2005 2006 200 2008
Year

Fig. 1 Mean (£SE, N = 11) A. araucana seed predation by
rodent, wild boar or both predators per tree during the period
2004-2008 estimated from 3-day seed disappearance during
May. For each data set different letters means significant
differences (P < 0.01). Arrows represents masting condition:
inter-mast (continue) and mast (discontinue)
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Table 2 Among years variation in seed predation by native
and exotic species: habitat, vegetation cover, and distance
(covariate) effects on 3 days seed predation by rodent, wild

boar, or both predators examined by repeated measures
ANOVA and MANOVA from data obtained during the period
2004-2008

Rodent Wild boar MANOVA test

Effects df MS F P MS F P df F P

Distance 1 0.00 0.0 0.896 0.00 0.1 0.708 2 0.1 0.932
Habitat 1 0.09 1.3 0.256 0.13 4.5 0.037 2 3.7 0.028
Cover 2 2.62 36.7 <0.001 0.19 6.9 0.002 4 16.5 <0.001
Habitat x cover 2 0.86 12.0 <0.001 0.07 2.4 0.099 4 6.0 <0.001
Year 4 0.88 19.4 <0.001 0.10 6.7 <0.001 8 101.4 <0.001
Year x distance 4 0.04 0.9 0.467 0.00 0.3 0.877 8 0.9 0.487
Year x habitat 4 0.24 54 <0.001 0.04 2.9 0.022 8 44 <0.001
Year x cover 8 0.08 1.8 0.081 0.05 35 0.001 16 5.0 <0.001
Year x habitat x cover 8 0.04 0.9 0.511 0.03 1.9 0.053 16 2.3 0.005

Bold values are significance at P < 0.05

Habitat and microsite effects

Habitat type was an important variable producing
different ratios of seed predation by exotic and native
granivores (MANOVA: Habitat: F 104y = 11.09;
P < 0.0001) principally due to the strong habitat
selectivity of wild boar, which positively selects
mixed Araucaria—-N. pumilio over Araucaria—N.
antarctica forests (Tables 1, 2). Only seed predation
by native species exhibited temporal variation on
habitat effect (Table 1) due to a stronger decrease in
N. pumilio habitat during mast year.

Microsites explained much of the variation in seed
predation by native and exotic species and their
overall predation intensity (Tables 1, 2). Seeds in
C. culeou bamboo thickets had a significantly higher
predation than all other microsites (post hoc Bonfer-
roni test, P < 0.0001). Predation underneath shrubs
was significantly higher than in leaf litter and bare
soil microsites (P < 0.05). In bamboo and shrubs,
rodents were the main predators whereas wild boar
consumed significantly more seeds in high pastures,
dead leaves and short shrubs microsites (P <
0.0001). Therefore, vegetation cover effect explained
the differences on seed predation, where seed preda-
tion was significantly higher at dense vegetation
microsites (F(2, 106y = 28.18; P < 0.0001); no differ-
ences were found among microsites with medium and
low cover (P = 0.163). Wild boar concentrated their
predation on low or moderate vegetation cover while
rodents consumed more seed in high cover
microsites.
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Species-specific differences in predation and sur-
vival rates were explained by predation at high
vegetation cover irrespective of the year or at low
vegetation cover only during the non-mast year also
(e.g., 2004)(Fig. 2, MANOVA test; Table 2). During
mast years, low cover microsites received similar low
predation levels by both granivore types. These
differences among native and exotic species between
masting and no masting years were mostly explained
by an intra-seasonal behavior predation within
high cover patches (Fig. 2; MANOVA: Year x Fort-
night x Cover: F59 192y = 2.53; P < 0.001).

Distance effects

Distance to seed source was a poor linear predictor of
Araucaria seed predation rates. Only when microsites
were considered, did distance explain a significant
part of the variation in seed predation rates. A
consistent pattern of maximum seed survivorship at
intermediate distances (15 m) emerged when high
cover microsites were excluded from the analyses;
regardless of year and time within the seed fall
season. A significant interaction was observed
between predator identity and distance, where seed
survival from rodents showed a positive relationship
with distance (proportional Cox-regression analy-
sis: y* = 67.9, P < 0.0001, b = 0.023 =+ 0.002) and
seed survival from wild boar showed a negative
relationship with distance (proportional Cox-regres-
sion analysis: y> = 64.4; P < 0.0001, b = —0.030
=+ 0.003).
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Within seed fall season predation

Intra-seasonal patterns of predation changed between
native and exotic granivores and according to the
masting condition. During the non-mast year 2004,
predation by rodents increased early within the

Cover: Medium Cover: High

seed fall season and remained high during the
mid-late season, whereas predation by wild boar
increased toward the end of the seed fall season. In
contrast, during the masting year 2007, predation by
rodents increased steadily while wild boar predation
decreased slightly with time (Fig. 2; MANOVA:
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Fortnight x Year: F(;996 = 4.03; P < 0.0001). There-
fore, within-season seed predation by both exotic and
native almost doubled within the seed fall season during
non-mast year of 2004, but this trend was dampened
from May to June during strong mast year 2007
(Year x Fortnight, Table 2). In consequence, between
March and June a higher proportion of seeds survived to
overall seed predation during 2007. However, during
winter and early spring in years with enough production
of seeds, predation by wild boar doubled the rate by
rodents; and ate 65% of the remaining seeds.

Spatial variation in seed predation

Spatial patterns of seed predation showed marked
differences between native and exotic species and
years, with exceptions at very short distances (5 m)
and very long distances (>250 m). At short distances,
both predators showed high positive spatial autocor-
relation, but at long distances both granivores showed
lack of autocorrelation, irrespective of the year of
observation. Predation by rodents showed a signifi-
cant positive autocorrelation within trees contrasting
with spatially independent predation patterns in wild
boar, and an opposite pattern at distance between
neighboring trees where the exotic showed a signif-
icant negative autocorrelation (Fig. 3). The clumping
in rodent granivory was enhanced during the non-
mast year of 2004, compared to the mast year of
2007. In contrast, wild boar did not substantially
change the spatial pattern of seed predation between
these years. However, partial-Mantel tests show that
both predators had a significantly high correlation
value between seed predation patterns (0.784)
(t=19.93; P <0.001) that significantly departed
from randomness (P = 0.001).

Seed predation and seedling establishment

During 2004-2008, a negative but not significant
relationship was observed between seedling estab-
lishment and seed predation rates at tree level
(Fig. 4). This negative relationship held true when
seed predation was partitioned into native and exotic
species, but was stronger for wild boar (Fig. 4;
Table 4). At tree level, no significant influence of
cone production on seedling establishment was
observed. However, at stand level, cone production
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Fig. 4 Relationship between seedling establishment and mean
seed predation rates by wild boar, rodents and both predators
per tree during the period 2004-2008

accounted for most of the seedling establishment
variability, while overall predation and wild boar
predation became marginally significant (Table 4).

Effect of wild boar exclusion on seed survival
and seedling establishment

Wild boar exclusion produced a significant variation
on seed survivorship only in the spring of mast year
2007, when a fourfold increase was observed (Wald
xz = 135.5, P < 0.0001). No seeds were detected in



Exotic granivory and seedling establishment in Araucaria

699

Table 3 Within seedfall variation in seed predation by native and exotic species: Habitat, microsite, and distance (covariate) effects
examined by repeated measures ANOVA from data obtained during 2004 and 2007 with six within-year periods of 13 days

Rodent Wild boar Overall

Effects df MS F P MS F P MS F P

Distance 1 0.04 0.1 0.732 0.32 1.9 0.168 0.07 0.2 0.641
Habitat 1 0.01 0.0 0.962 2.55 15.6 0.001 242 7.3 0.008
Microsite 5 9.59 28.2 0.001 1.11 6.8 0.001 5.22 15.7 0.001
Year (Yr) 1 11.78 75.1 <0.001 0.39 4.8 0.031 16.89 171.8 0.001
Yr x distance 1 0.59 3.8 0.055 0.05 0.6 0.442 1.12 114 0.001
Yr x habitat 1 0.22 14 0.235 0.00 0.0 0.936 0.17 1.7 0.189
Yr x microsite 5 0.51 33 0.009 0.04 0.5 0.751 0.68 6.9 0.001
Fortnight (Fnt) 5 0.36 7.1 <0.001 0.10 2.9 0.013 0.64 14.8 0.001
Fnt x distance 5 0.04 0.8 0.527 0.02 0.5 0.785 0.03 0.7 0.606
Fnt x habitat 5 0.21 4.2 0.001 0.06 1.8 0.110 0.23 52 0.001
Fnt x microsite 25 0.07 1.5 0.064 0.07 1.9 0.008 0.04 1.0 0.481
Yr x Fnt 5 0.18 3.6 0.003 0.26 6.3 0.001 0.18 35 0.004
Yr x Fnt x distance 5 0.08 1.6 0.163 0.09 2.2 0.053 0.03 0.6 0.710
Yr x Fnt x habitat 5 0.20 4.0 0.001 0.03 0.7 0.644 0.22 42 0.001
Yr x Fnt x microsite 25 0.16 33 0.001 0.05 1.2 0.208 0.20 3.9 0.001

MS, Mean squares

Table 4 Multiple regression analyses results showing the effects of cone production (at tree and stand level) and seed predation by
exotic, native or overall predation over seedling density per tree for the period 2000-2007

At tree level

At stand level

df F P df F P

Intercept 1 335 <0.0001 Intercept 1 22 0.145
Cones (tree) 1 1.3 0.256 Cones (stand) 1 14.1 <0.001
Exotic 1 9.9 0.003 Exotic 1 4.9 0.030
Native 1 15.2 <0.001 Native 1 2.2 0.145
F .40y 8.0, R* 0.38, R: 0.61, P < 0.001 F(3.40): 14.6, R* 0.52, R: 0.72, P < 0.001

Intercept 1 34.1 <0.0001 Intercept 1 25 0.121
Cones (tree) 1 1.3 0.260 Cones (stand) 1 13.0 <0.001
Overall 1 17.9 <0.0001 Overall 1 3.8 0.057

Foury: 12.2, R% 037, R: 0.611, P < 0.001

Foa1y: 21.30, R% 051, R: 0. 71, P < 0.001

Significantly effects at P < 0.05 are highlighted

2005 and no significant differences were observed
between treatment conditions in 2006 (Wald y* =
0.045, P = 0.831; Fig. 5a). The seed survivorship
index (ratio seeds:scales) significantly changed in
mast year 2007 where wild boar was excluded, and
a clear negative relationship between seed survivor-
ship and distance was observed (Fig. 5b). At tree
level, seedling establishment accumulation of
4 years significantly increased twofold inside the

wild boar exclosures (0.23 4 0.06 vs. 0.11 & 0.03
seedlings m~?; K-W test: Hq 18 = 14.06, P =
0.0002) compared to control plots. The effect of
wild boar exclusion on seedling establishment was
stronger during inter-mast years, when higher
differences were observed between treatment condi-
tions (Fig. 5c), but was non significant during the
mast year 2007 (Mann-Whitney test: U gy = 27.0,
P = 0.233).
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Fig. 5 Wild boar exclusion effects on seed survivorship and
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Changes in predator relative abundance
Wild boar rooting numbers, size and percent cover on

the forest floor changed significantly among years
(Fan0) = 4,94, P = 0.006, F(420) = 9,3, P = 0.0002,
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F00) = 3,02, P = 0.04; respectively). Wild boar
rooting activity was higher during 2007, 2004 and
2003 with 9.1 (£1.9 SE), 9.0 (£1.4 SE) and 8.9
(£3.8 SE) rootings per transect. In contrast, rooting
numbers in 2005 and 2006 were 5.5 (+=1.4 SE)and 3.2
(£0.8 SE), respectively, suggesting a lower wild boar
activity in the forest during this period. Similar results
where observed with percent cover of rooting in the
forest floor and with rooting sizes: on average, sizes
varied between 22 and 102 m? during the higher use
years and only 6.2 m? in 2006. Rodent relative
abundance increased significantly in mid-April dur-
ing 2004, 2006 and 2007 (Shepherd and Ditgen,
personal communication), coinciding with the fort-
night period when seed predation by rodents
increased.

Discussion

Native and exotic species had different relative
impacts on post-dispersal seed predation in
A. araucana forest, according to the amount of seeds
consumed, their temporal and spatial variation and
their responses to vegetation heterogeneity. In our
study area, although rodents were the main seed
eaters, introduced S. scrofa consumed an important
proportion of the total seeds, especially outside dense
understory vegetation and close to seeding trees,
where wild boar predation was higher than 30%,
equivalent to that of rodents.

Wild boar had a lower predation fluctuation
between years and a lower response to strong inter-
mast and mast events and showed a broader predation
activity within season, extending their seed consump-
tion during winter and spring becoming at that
moment the main predator. In our study area, wild
boar reduced significantly the amount of surviving
seeds during mast year but this effect did not alter
seedling establishment, suggesting that other factors
related with recruitment limitation may be acting on
this conifer. However, this recruitment limitation is
not related with this exotic species because, contrary
to what happens in Quercus spp. forest, wild boars do
not eat or destroy Araucaria seedlings during rooting
activities. These results suggest that during inter-mast
years A. araucana seedling establishment is con-
trolled by seed availability (seed production and/or
surviving limitation) where a reduction on seed
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predation pressure by wild boar exclusion may allow
a higher seedling establishment. This non-native
ungulate may only be affecting A. araucana seed
survivorship and seedling regeneration at the indi-
vidual level but may not affect the tree population as
a whole. Consequently, the masting pattern of this
conifer, characterized by the high synchrony between
trees and populations, may alternatively result in the
starvation and the satiation of native and exotic
predators in order to guarantee that a minimal
threshold of seeds survive to overcome the next filter
to population recruitment that affects seedling sur-
vival and growth. However, although wild boar
affected seed survivorship at the study site, consid-
ering the small sample size these results cannot yet be
generalized and more studies are needed to determine
the real extent of wild boar impact on Araucaria
forests.

Temporal variation and masting effect

The significant inverse relationship between cone
productivity and seed predation levels during the
period 2004-2007 at the population level, together
with important increases in seed survival and seedling
establishment during mast year, support the Predator
Satiation Hypothesis (Janzen 1971; Silvertown 1980).
Similar results were observed for mast seeding tree
species that interact with resident and mobile preda-
tors and where the high spatial synchrony between
trees and populations was considered an important
factor for seed satiation (Jensen 1982; McShea 2000).
Seed predation in A. araucana may depend not only
on the crop size during a particular year, but also on
the size of the previous crop. The two highest seed
predation rates were observed during 2005 and 2008,
after years with moderate to high crop sizes. On the
other hand, during 2006 and 2007 we observed the
lowest predation rates, after years with poor crop
sizes. This interannual predation pattern was
observed on mast large-seeded species with wild
boar and rodents as the main predators (Singer et al.
1981; Ickes et al. 2001; Rosell et al. 2001).

Our estimates of seed predation by wild boar is
15-fold greater than the values reported for the
species on oaks (Quercus spp.) in Europe, where the
species is native and consumes one seed for every 99
eaten by rodents (Gomez et al. 2003). According to
Uzal and Nores (2004), wild boar populations are

controlled by a complex negative feedback system
with a primary factor acting with a one year delay
(the unstable acorn and beech food supply caused by
mast fluctuation) and a secondary factor with 2 years
of delay related with weather conditions or with the
time lag of a cohort to reach reproductive status.
Several empirical datasets reveal the importance of
food pulses provided by large-seeded trees on wild
boar birth synchrony (Maillard and Fournier 2004)
and on population dynamics (Jedrezejewska et al.
1997; Bieber and Ruf 2005). Other studies concluded
that the severity of the winter was the main force
controlling wild boar population dynamics (Melis
et al. 2006). In our system, the severe winter and low
seed production of 2005 could have determined both
the low Araucaria forest use by wild boar in 2006 and
the lack of an increase in seed predation during the
mast event in 2007. This relationship between forest
use and seed consumption variation by the introduced
wild boar and masting was observed in Quercus spp.
forests in USA, where wild boar decrease signifi-
cantly the forest use during inter-mast years and
where the volume of the stomach filled by acorns
changed from <10 to 84% from inter-mast to mast
years (Singer et al. 1981).

Rodents were the main seed predators from March
to June, and, according to trap data (Shepherd and
Ditgen, unpublished data, 2008), increased seed
predation during the fall seed seasons was caused
by numerical responses of the rodent population.
Lower rodent densities were observed during the
lowest inter-mast years but this does not prevent the
occurence of the highest seed predation rates. During
mast years, trap data suggest that rodents may not
build-up their numerical response enough to increase
seed predation. Wild boars became more preponder-
ant from June onward and the fact that they started
consuming A. araucana seeds at the peak of their
availability, together with the difference in use
intensity among years, may suggest that they could
be maximizing food intake and minimizing travel and
search costs by using the highest quality habitat
during peak seed availability as was observed in USA
(Singer et al. 1981). This preliminary conclusion is
supported by the fact that the studied Araucaria forest
seems to be the patch most used by wild boars in
autumn. During 2008, no seed predation by wild boar
was detected on the neighboring patches (Sanguinetti,
unpublished data, 2008). However, more studies are
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necessary to understand how wild boars respond to
spatial heterogeneity in terms of habitat and seasonal
variations in food availability. One of the issues to
consider in the future should be seed predation during
spring, when wild boar could be feeding on seeds
dispersed by rodents, as was observed in Europe with
Quercus spp. (Focardi et al. 2000). If this was the
case, wild boar could affect the potential function of
A. longipilis as secondary disperser.

Habitat and microsite effects

Seed predation by rodents and wild boar was strongly
affected by vegetation heterogeneity at coarse and
fine spatial scales, but these interactions changed
within the seed fall season and among years. Our
results suggest that wild boar feeding decisions may
occur first at a coarse vegetation scale defined by
canopy composition (Singer et al. 1981) and, within
this habitat, predation would be regulated by a finer
scale associated with open understory with few
vegetation cover. On the other hand, rodents are
more regulated by fine scale heterogeneity related
with high understory vegetation cover (Caccia et al.
2006). Wild boar seems to be consuming seeds at
“safe” places against rodent predation, especially
during mast years, when rodents leave mostly vacant
that type of environment, due to the enough resource
available under denser vegetation. The existence of
high seed predation by rodents in areas with bamboo,
regardless the year, suggest that A. araucana seedling
regeneration may be strongly hampered by the
indirect effect of bamboo on seed survivorship by
providing optimum habitat for their main predators,
as was observed elsewhere (Wada 1993).

Distance effects

Rodents and wild boar showed an opposite feeding
pattern. Rodents tended to consume seeds farther
away from the parent trees, where vegetation cover is
denser, while wild boars preferred lower cover
microsites, more commonly found next to the parent
tree. This explains the raise in seed survivorship at
intermediate distances. The strong change in the
distribution of surviving seeds around the seeding
tree with wild boar exclusion seems to confirm the
distance-dependent seed predation by this exotic
species.
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Seed predation spatial pattern by rodents
and wild boar

The significant differences on seed predation pattern
between rodents and wild boar may be related to
their differences in feeding strategies, movement
limitations and home range sizes. Wild boars usually
move seasonally along 3.6-12.3 km? of their home
range for food (Singer et al. 1981; Rosell et al.
2001). Therefore, they are able to select particular
places for feeding according to food abundance. In
our study area, wild boars use the Araucaria forest
during the seed fall season like was observed in
North American oak forests (Singer et al. 1981).
Within the forest, the significant negative autocor-
relation pattern in wild boar seed predation at
neighboring trees scale may be related to the
selection of certain mother trees located on humid
sites with a specific vegetation cover. The existence
of a positive autocorrelation only at very short
distances within trees may be the consequence,
according to the distance to the source pattern
observed, of a higher seed predation occurring in a
small area close to the selected seeding tree where
wild boars probably spend more time searching for
food. On the other hand, rodents have a small home
range, usually less than 1800 m”> (Redford and
Eisenberg 1992) and often with a size similar to
the seed rain area of the A. araucana tree (530-
700 mz); therefore, their predation pattern will be
more related with their ability to increase caching
and/or to produce a numerical response at the tree
scale. The spatial autocorrelation of rodents with a
significant increment within tree scale during the
inter-mast year may suggest that seed predation is
controlled by the abundance of seeds within the
vegetated sites and by the fact that rodents take
more risk venturing on poor vegetated sites during
low cone production years. The spatial autocorrela-
tion analysis together with the microsite effects on
seed predation coincide and support the conclusion
that during inter-mast years rodents move all around
the seed rain area searching for seeds at all types of
microsites, while on a mast year they restrict their
movements to vegetated sites with enough food.
These differences between rodents and wild boar on
seed predation spatial patterns may affect the spatial
pattern of seedling establishment. The results of the
regression analysis performed at tree and stand
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scales suggest that seedling establishment is related
with seed predation by rodents at tree scale and by
wild boar at tree and stand scales.

Short and long term effects of seed predation
on A. araucana regeneration

Our estimates of predation rates and seed survivorship,
the results of the multiple regression analysis over
seedling density per tree for the period 2000-2007 and
the effect of wild boar exclusion suggest that rodents
and wild boar strongly limit the availability of seed for
germination during inter-mast years, but not during
mast events, where neither the native nor the exotic
species apparently inhibit seedling establishment. This
conclusion is supported by the fact that at stand scale,
seedling establishment depends mostly on the number
of seeds produced. During the mast year 2007, similar
number of seedlings were counted inside and outside
the exclosure regardless the significantly higher
number of seeds surviving without wild boar. This
unexpected result may indicate that more seeds
survive outside the exclosure between November and
February and/or germination is facilitated by wild boar
disturbance, both possibly due to the covering of seeds
with soil during rooting activity. Although wild boar
seed predation is high and occurs mainly on microsites
that are “safe” against rodent predation and favorable
for seedling establishment, the rooting disturbance
may compensate this negative effect allowing the
surviving seeds to reach the seedling stage.

In general, we may conclude that the spatial
and temporal pattern of seedling establishment in
A. araucana is probably determined by seed, micro-
site and recruitment limitation factors acting simul-
taneously. Temporally, seedling establishment is
limited by cone production and modulated by seed
predation and microsites. In this context, the current
wild boar population is affecting the favorable
microsites for Araucaria seed germination and
seedling establishment, but without depleting all the
available seeds; moreover, it is not affecting seedling
growth and survival, due to Araucaria large roots and
tough and unpalatable leaves. These could be one of
the main differences between Quercus spp. and
Araucaria forest since in the former wild boar not
only consumes a lot of seeds but also eats and uproots
many seedlings (Groot Bruinderink and Hazebroek

1996; Sweitzer and Van Vuren 2002; Gomez et al.
2003).

Therefore, for our study area, we preliminarily
predict the existence of pulses of seedling establish-
ment during the summer after the occurrence of mast
years. However, seed predation by wild boar may
produce an important impact on the individual fitness
of mother trees by reducing the abundance of
seedlings and/or modifying their spatial distribution.
We predict that trees surrounded by a high proportion
of open vegetation in humid places will be more
affected by wild boar predation, and their seedlings
should establish at intermediate distances from the
parent tree; whereas trees with a low seed production
potential and surrounded by a high proportion of
dense vegetation will be more affected in their
regeneration success by rodent predation, and their
rare seedlings should be expected to occur near the
parent. Highest levels of seedling regeneration are
expected to occur in places with a high density of
mother trees without bamboo or shrub understory,
and beneath the biggest trees, that can compensate for
the higher seed predation rates through a dispropor-
tional cone output during a mast year.

This study suggests that the current wild boar
population, which invaded the Araucaria study area
some 30 years ago, may not be affecting the seedling
establishment, probably due to minimization of its
impact by the Araucaria masting strategy. However,
wild boar can extraordinarily increase its population
numbers, as was seen in Europe due to surplus food
and milder winters (Rosell et al. 2001). If in north
Patagonia wild boar numbers continue to increase,
which is very likely (Peris et al. 2007), their impact
may shift from individual tree scale to stand scale,
threatening Araucaria forest regeneration. Although
this threat could take several centuries to be noticed
considering Araucaria longevity, climate change may
favor wild boar fitness and may also cause a higher
frequency of forest fires, which may turn into a much
more threatening scenario for Araucaria sooner than
expected.
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