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A B S T R A C T

Defaunation, invasive species and forest fragmentation are considered to be the major drivers for the disruption
of key ecological processes, particularly those related to plant animal-interactions such as seed dispersal and
predation. The disruption of critical phases in the plant life cycle may ultimately have negative impacts on plant
recruitment and the survival of plant populations. Here, for the first time we compared the seed removal and
recruitment of Araucaria angustifolia, a critically endangered and relictual gymnosperm species, in multiple sites,
including continuous and fragmented forest areas in the Brazilian Atlantic subtropical forest. Our sampling
included seed removal experiment monitored by camera traps and surveys of A. angustifolia recruitment. We
found that seed survival and recruitment were related to the density of adult A. angustifolia. Therefore the
formation of large and dense groves, which is a characteristic of pristine Araucaria moist forests endangered by
forest fragmentation and selective logging, may be an attempt to satiate seed predator communities.
Additionally, forest fragmentation and the introduction of wild boar decreased seed survival to very low, and
forest fragmentation decreased recruitment by fourfold on average. Increase protection and recuperation of
Araucaria moist forests and the eradication of the invasive wild boar where possible are necessary measures for
increasing seed survival rates and the recruitment of this relictual conifer.

1. Introduction

Seed survival and seedling recruitment represent a bottleneck in the
life cycle of most vascular plants, therefore, for zoochoric species, the
presence of dispersers is indispensable to their success (Nathan and
Muller-Landau, 2000; Schupp et al., 2010; Galetti et al., 2013;
Neuschulz et al., 2016). In fact, both seed dispersal and seed predation
have been suggested to regulate plant dominance and thereby maintain
forest diversity (Janzen, 1971; Connell, 1978). As a result these eco-
logical interactions play major roles in determining the composition of
forests (Kurten et al., 2015).

However, ecosystems suffer globally with human interference altering
biological communities and consequently leading to breaks and changes in
ecological processes (Sanderson et al., 2002; Tylianakis et al., 2008;
Butchart et al., 2010; Estes et al., 2011; Galetti and Dirzo, 2013; Dirzo
et al., 2014; Young et al., 2016). Forest fragmentation (Galetti et al., 2006;
Cordeiro et al., 2009), the loss of seed dispersers (Wright et al., 2000;
Galetti et al., 2006), and changes in the seed predator community (Galetti
et al., 2015; Tella et al., 2016b) are among the Anthropocene’s effects that
may negatively affect plant populations and recruitment dynamics, posing

real risks to the future survival of some plant species (Pérez-Méndez et al.,
2016). Understanding these impacts on plant recruitment are fundamental
to guiding conservation efforts (Kurten, 2013).

In this study, we aimed to investigate the effects of forest fragmen-
tation, selective logging and changes in the animal community on seed
predation and the recruitment of Paraná-pine (Araucaria angustifolia), a
relictual conifer from a genus originating in the Jurasic period (Kershaw
and Wagstaff, 2001). The use of this species as a model is interesting
because its presence characterizes a global ecoregion, the Araucaria
moist forest. In its absence this ecosystem becomes uncharacterized, a
rare case, in which the loss of a single species may change the main
attribute of an ecosystem. Additionally, Paraná-pine has been considered
a key-stone species for fauna, because it produces a large quantity of
resources (seeds) in a period of food scarcity (Autumn-Winter) (Iob and
Vieira, 2008), being used by a large number of vertebrate species.
However, despite its ecology importance, Araucaria moist forests have
experienced strong fragmentation and timber exploitation (Castella and
de Britez, 2004; Ribeiro et al., 2009), and the Paraná-pine is Critically
Endangered (Thomas, 2013) and has shown recruitment failures in forest
fragments (Souza, 2007; Paludo et al., 2016).
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Since Paraná-pine seeds rely on animals for dispersal and encounter
high rates of seed predation (Iob and Vieira, 2008; Brum et al., 2010;
Vieira et al., 2011), we tested the hypotheses that: (I) seed removal will
be negatively related to Paraná-pine dominance; (II) high recruitment
will be related to high adult female numbers as a result of higher seed
abundance (satiation hypothesis); (III) fragmentation will increase seed
removal; (IV) in fragments seed removal will be dominated by small
rodents due to the release of competition with large mammals; (V)
fragments will present low recruitment than control site; (VI) interac-
tions with the largest seed disperser (agouti) will be negatively affected
by forest fragmentation; and (VII) buried seeds will have a greater
chance of surviving than non-buried seeds, independent of their dis-
tance from adult tree, demonstrating the importance of scatter-hoarders
for the recruitment of this plant.

2. Materials and methods

2.1. Study areas

To measure the effects of forest fragmentation and changes in the
animal community on seed removal and the recruitment of A. angusti-
folia we studied ten forest fragments and three continuous areas
(Fig. 1). Study areas varied from 8 to 181,000 ha (more details about
study sites see Supplemental Material). Araucaria moist forest frag-
ments, in general, experienced timber extraction and reduction in seed
predator and disperser communities (Brocardo and Cândido-Jr, 2012),
while two of our continuous areas represented more intact seed pre-
dator community (Iguaçu National Park and Campos do Jordão State
Park) (Brocardo et al., 2017), and a third continuous area (Alto-

Fig. 1. (a) Araucaria moist forest in South America; (b) sampled sites, and; (c) highlights to 1–8 sampled forest fragments. Site names are presented in Table S1.
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Montana Reserve) exhibited an impoverished native fauna composition,
with the presence of the exotic and invasive wild boar (Sus scrofa)
(Table S2).

2.2. Experiments

(1) Identifying and quantifying seed removers and interactions

We used camera-traps in video function mode (10s, with a 1s delay,
Bushnell HD Trophy) to identify and quantify animal species removing
the seeds of A. angustifolia. The camera-traps were set directly beneath
adult Paraná-pine females during seed fall period (austral autumn-
winter, March-August 2015), where we set 60 seeds on average in front
of the camera. We sampled 3–16 trees per site (11 sites, Table S1),
according to forest size and our camera-trap availability. Each camera
was placed at minimum 100 m from each other and let for a period of
17 days on average. In this experiment, we tested hypotheses I, III and
IV.

(2) Effects of buried treatment and distance from parent tree to seed
survival

We tested whether scatter-hoarding dispersal is necessary for the
survival of A. angustifolia seeds because many seeds can be dispersed by
barochory or occasionally be carried out by non-scatter hoarding fru-
givores, such as parrots (Tella et al., 2016a) or capuchin monkeys
(Brocardo, C.R., pers. obs.). We used eight adult Paraná-pine females at
six sites (Table S1), where we placed seeds at six categorical distances
along a line up to 30m from each tree. At each categorical distance, we
placed five seeds above the soil surface separated 20 cm from each
other and three buried seeds (at a depth 5 cm, mimicking scatter-
hoarding) 20 cm from each other and 1m away from the non-buried
seeds. We returned to observe the fate of each group of seed after 15
days. We considered seeds that survived those that were not removed or
preyed upon. In this experiment, we tested hypothesis VI.

(3) Paraná-pine recruitment

With aim of verifying the effects of forest fragmentation and adult
density on Paraná-pine recruitment, we established three vegetative
plots (50× 50m) at 9 sites (Table S1). Each plot was placed at a
minimum distance of 100 m from other plots. In these plots, we counted
juvenile and adult Paraná-pines. Additionally, because factors other
than forest fragmentation and logging may interfere with the recruit-
ment of gymnosperms, such as angiosperm trees (Bond, 1989; Souza,
2007), bamboos (Narukawa and Yamamoto, 2002) and ferns (Coomes
et al., 2005), we also measured the dominance of these groups in the
plots. For angiosperms, we measured the diameter of all trees with a
d.b.h greater than 6.75 cm and for dominance of bamboo and ferns, we
measured the total area (m2) occupied by each in the plots. We also
consider in our analysis the defaunation level of each site to verify
defaunation may interfere in recruitment (Table S2).

In this experiment, we tested the hypotheses II and V.

2.3. Statistical analyses

The total seed removal monitored by the camera-traps was analyzed
using generalized linear mixed-effects models (family = binomial,
link= “logit”) using the lme4 package (Bates et al., 2007) in R program
(R Development Core and Team, 2016). The random components of
models were the sites and fixed components were the environmental
variables (Paraná-pine predominance, distance from forest edge, forest
patch size; see Supplemental Material). Non-significant variables were
removed in subsequent models to produce as parsimonious models as
possible. Afterwards, we separately analyzed the seed removal rate
done by scatter-hoarders (agouties, squirrels and plush-crested-jays
together) and seed predators (capuchin monkeys, small rodents and
ungulates), and also separate models were used for agouties, plush-
crested jays and small rodents (grouped together because reliable
identification of mice species in the videos was not possible). In these
analyses, because the seed removal by one group could interfere with
that by another group, we also included proportion of seeds removed in

Fig. 2. Percentage of Araucaria angustifolia seed non-removed, re-
moved by scatter-hoarders and seed predators, monitorated through
camera trap. Sites are ordered according to patch size. More details
about sites see Table S1.
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the other groups as a fixed factor (Mendes et al., 2015). The best model
was chosen according to the AIC with correction for small samples
(AICc) (Burnham and Anderson, 2003).

The proportion of surviving seeds from the experiment with buried
treatment was analyzed using a generalized linear mixed-effects model
(family = binomial, link= “logit”), wherein sites and individual
Paraná-pine within sites were combined as random components in the
models, and the distance of seeds from Paraná-pines, the treatment
(buried vs. non-buried) and forest patch size were used as fixed factors.

For data about Paraná-pine recruitment, we used a generalized
linear mixed-effects model (family = Poisson, link= “log”). We used
the site as the random component, and fixed components were the
number of female Paraná-pine in each plot, forest patch size (log-
transformed), percentage of area occupied by angiosperm trees (the
total area determined by the sum of areas determined from d.b.h), and
the area dominated by ferns (percentage cover in plots), bamboos
(percentage cover in plots) and defaunation level (Table S3). In sub-
sequent analyses, we removed non-significant variables with the aim of
reducing the explanatory variables and finding a more parsimonious
model. The best model was chosen according to ΔAICc.

All models were confronted with null models, and analyses were
preformatted in R program (R Development Core and Team, 2016).

3. Results

3.1. Identifying and quantifying seed removers and interactions

We found that 83.5% of the seeds were removed (seeds removed or
eaten in place), ranging from 28.5% to 100% (Fig. 2, Table S3). When
all the seeds were removed, the last seed was removed after 6.5 days on
average (6.1 ± 1.0 days in forest fragments, and 7.6 ± 0.6 days in
continuous sites).

Most seeds were removed by scatter-hoarder species (50.1% of total
available seeds, Fig. 2). Plush-crested jays (C. chrysops) removed 28.4%
of the seeds (ranging from 0% in some sites to 90%), while agouties (D.
azarae) removed 18.5% (0–84%) and squirrels (G. brasiliensis) removed
only 3.1% (0–28%) (Fig. 3, Table S3). Seed removal by species that act
primarily as seed predators corresponded to 33.4%. Small rodents
(Cricetidae) performed 13.9% of the removals (0–30%), followed by
capuchin-monkeys (Sapajus nigritus) with 11.7% (0–36%) and by exotic
and invasive feral pigs (Sus scrofa), which consumed 4.5% of the total
seeds, but preyed upon 59.7% of the seeds at a single site (Fig. 3). Pacas
(Cuniculus paca) and white-lipped peccaries (Tayassu pecari) rarely fed
on the seeds (1 and 2% respectively of the total seeds).

Our analyses indicated that the total seed removal was negatively

Fig. 3. Proportion of Araucaria angustifolia seeds removed by green agouti (Dasyprocta azarae), plush-crested jay (Cyanocorax chrysops), Brazilian squirrel (Guerlinguetus brasiliensis), small
rodents (family Cricetidae), black-capuchin monkeys (Sapajus nigritus), exotic feral pig (Sus scrofa) and white-lipped peccary (Tayassu pecari). Sites are presented in increasing patch size
(See Table S1).
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affected by forest patch size and Paraná-pine tree dominance, and was
positively affected by the distance from forest edge (Table 1). Seeds have
more chances to be removed in areas with low Paraná-pine dominance,
in small fragments and in locations more distant from forest edges.

The proportion of seed removal performed by scatter-hoarder spe-
cies was negatively affected by the seed removal performed by seed
predators and forest patch size, and was positively affected by the
distance to the forest edge. Seed removal by predators was negatively
affected by scatter-hoarder seed removal and Paraná-pine dominance.
Seed removal performed by agouties was negatively affected by the
forest patch size and the seed removal performed by seed predators, and
was positively affected by the distance to forest edge. Seed removal by
plush-crested jays was negatively affected by the removal performed by
both agouties and seed predators. Finally, the seed removal by noc-
turnal small rodents was positively affected by increasing distances
from the forest edge and negatively affected by removal performed by
scatter-hoarders (the value of the best model for each analysis is pre-
sented in Table 1, even though other models may have the same in-
ference power ΔAICc ≤ 2.0, the significance of explanatory variables
did not change; see Table S3).

3.2. Effects of buried treatment and distance from the parent tree on seed
survival

Cached seeds had on average a 46% ± 2% (mean ± se) rate of
survival, while only 1.8% ± 0.01% of seeds left on the surface of soil

remained intact after 15 days of exposure. Our analysis found a sig-
nificant impact on of survival according to treatment (soil surface; z-
value=−8.78, p < .001), whereas the distance of seeds from
fruiting-trees (z-value=0.58, p= .56) and forest patch size (z-
value= 1.54, p= 0.12) were not significant. Thus, the results showed
that the buried treatment provided by scatter-hoarders increased seed
survival 25-fold, independent of the distance from female-trees.

3.3. Paraná-pine recruitment

Our control site for the recruitment analysis (Iguaçu National Park –
site number 12) exhibited the largest recruitment, with a mean of
382.6 ± 122.8 juveniles/ha (mean ± se), while forest fragments ex-
hibited a mean recruitment that was 4-fold lower (86.5 ± 11.1, ran-
ging from 6 to 125 juveniles/ha on average) (Fig. 4). Adult Paraná-pine
density was also higher in the continuous site, with 52 ± 18 adults/ha,
whereas forest fragments had a mean of 19.3 ± 2.9 adults/ha (ranging
from 6.6 to 34.6 adults/ha on average) (Fig. 4). Only the number of
Paraná-pine females (z-value=6.69, p < .001) and forest patch size
(z-value = 2.36, p= .01) were significant explanatory variables, and
both were positively related to the total number of juveniles in the plots
(Table S3).

4. Discussion

Our results show that human interferences in Araucaria moist forest
have had negative effects on the ecology of A. angustifolia, due to
changes in the seed predator communities and the natural availability
of seeds, which in turn diminish seed survival and recruitment, in-
dicating that the seed stage may be the most critical phase in the
Paraná-pine lifecycle.

In places with higher predominance of Paraná-pines, we observed
increased chances for seeds to escape predation and higher rates of
recruitment, as we had expected (hypothesis I). Thus, the formation of
large and dense groves by this conifer, a characteristic of pristine
Araucaria moist forests, probably represents an attempt to satiate its
seed predators and dispersers. Therefore, forest fragments that had
experienced harvesting of Paraná-pine trees tended to be more affected
and present higher rates of seed removal. High seed abundance is a
characteristic necessary for the success of scatter-hoarding seed dis-
persal (Forget, 1990; Vander Wall, 2002; Jansen et al., 2004; Theimer,
2005). The high seed abundance in dense groves may sufficiently
satiate dispersers, resulting in superior recruitment rates in these areas
(Forget, 1990; Forget, 1992; Jansen et al., 2004; Vieira et al., 2011).
Our recruitment results related to female tree numbers corroborate this
view (hypothesis II), this areas probably produce more seeds, and thus
diminish the proportion of preyed seeds. Additionally, although,
Paraná-pine apparently does not present masting seed production, the
seed crop varies along the years (Souza et al., 2010), thus future re-
searches must investigate if interaction patterns and seedling recruit-
ment may change according the fluctuation of seed production. For
example, for Araucaria araucana the proportion of preyed seeds is lesser

Table 1
Results from GLMM analyses for Araucaria angustifolia seed removal. In bold significant
responses (All models and value of ΔAICc are presented in Table S2).

Removal response Explanatory variables present in chosen
model

z-value p

Total Distance from forest edge (log m) 2.68 <0.01
Paraná-pine dominance (%) −2.76 <0.01
Forest patch (log ha) −2.35 0.01

All scatter-hoarders Seed removal by seed predators −4.4 <0.01
Distance from forest edge (log m) 2.51 0.01
Forest patch (log ha) −2.22 0.02

All seed predators Seed removal by scatter-hoarders −2.4 0.01
Paraná-pine dominance (%) −2.74 <0.01
Distance from forest edge (log m) 1.59 0.11

Agouties Seed removal by plush-crested jays −1.6 0.10
Interaction with seed predators −2.87 <0.01
Distance from forest edge (log m) 1.95 0.05
Forest patch (log ha) −2.32 0.02

Plush-crested jays Seed removal by agouties −2.84 <0.01
Seed removal by seed predators −3.35 <0.01
Distance from forest edge (log m) 1.68 0.09
Forest patch (log ha) −1.01 0.12

Small rodents Seed removal by scatter-hoarders −2.05 0.03
Distance from forest edge (log m) 2.55 0.01
Paraná-pine dominance (%) −1.87 0.06

Fig. 4. Adult and juveniles density of Araucaria angustifolia in nine sites where we measure recruitment. Sites are ordered according to patch size (See Table S1).
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in years of high seed production (masting years), with positive effects
on seedling recruitment (Shepherd et al., 2008; Sanguinetti and
Kitzberger, 2009; Sanguinetti and Kitzberger, 2010).

Forest fragments presented high seed removal (hypothesis III), which
may represent a high seed predation leading to a lower recruitment in
forest fragments than observed in control site (hypothesis V). Although,
we did not find a significant response in the interaction between small
rodents and Paraná-pine seeds and forest patch size, as we had expected
(hypothesis IV). However, in the same way that change in seed pro-
duction along the years may interfere in seed removal patterns, the
fluctuation on granivore populations also may change the proportion of
their interactions. A previous study have found difference in Paraná-pine
seed removal done by small rodents in two different years, which may
related to alteration in rodent density (Iob and Vieira, 2008).

Fragmentation appears to benefit the seed interaction with scatter-
hoarders, mainly agouties in some fragments, which led us to reject the
sixth hypothesis, in contrast with other works in Atlantic forest (Galetti
et al., 2006; Iob and Vieira, 2008; Brum et al., 2010; Galetti et al.,
2015). Agouties may respond positively to forest fragmentation because
of competitive and predator releases (Jorge, 2008), even increasing
seed caching in some sites, where they are not preferred game species
(Kurten, 2013). Constant interactions with scatter-hoarders, even in
small forest fragments, might have a cascade effect on small rodent
interactions. Indeed, presence of larger species may limit small rodent
predation on seeds (Galetti et al., 2015).

One advantage of maintaining a high level of interaction with
scatter-hoarders is the functional service that they provide: seed dis-
persal via individual caching. Our study demonstrated that scatter-
hoarders were important to A. angustifolia regeneration because the
cached treatment was more important to seed survival than seed dis-
persal distance from mother trees (hypothesis VII). The positive effect
of scatter-hoarders on seed survival has been observed in diverse plant
genera (Forget, 1990; Gómez, 2004; Jansen et al., 2004; Myczko et al.,
2014), despite the fact that relatively few seeds can survive the re-
covery did by scatter-hoarders themselves (Jansen et al., 2004;
Haugaasen et al., 2010), a fact also observed for A. angustifolia (Ribeiro
and Vieira, 2014, 2016). Thereby reduction in resources availability,
such as caused by forest fragmentation, may decrease the seed caching
and survival of cached seeds (Theimer, 2005). Jorge and Howe (2009),
for example, found higher seed predation in small Amazonian forest
fragments than in large forest fragments or continuous forest sites, and
the seeds hoarded by rodents also decreased. In our study, seed removal
rates by scatter-hoarders remain high in forest fragments, although
Paraná-pine recruitment decreasing in mean fourfold in these sites in
relation to control site, suggesting a scenario with low seed dispersal
effectiveness in forest fragments in contrast with the continuous forests.
However, specific studies are required to measure how much A. angu-
stifolia seed dispersal effectiveness by scatter-hoarders is affected by
forest fragmentation.

Forest fragments also may lead others species to increase their impacts
on seed predation. For example, black-capuchin monkeys, species that is
not hunted in Araucaria moist forests, exhibited a higher impact on seed
predation in forest fragments (17% on average considering only forest
fragments), while they were not recorded removing seeds in continuous
sites. Additionally, capuchin-monkeys may have a significant impact
when directly feeding on seeds in female Paraná-pine trees, damaging
more than half of all seeds produced in a year (Pagno et al., 2015).

Nevertheless, no seed predator (excluding scatter-hoarders) pre-
sented as high a secondary seed removal in a site as did the exotic boar.
This invasive species was responsible for killing 59.7% of the seeds at a
single site, the only continuous area where all seeds were removed. The
high seed predation by the wild boar is extremely worrying, because
similar native species, such as the white-lipped peccary and collared-
peccary (Pecari tajacu), did not have the same impact. White-lipped
peccaries were only recorded preying on seeds at one site, where they
consumed 26.2% of the seeds, less than half of that consumed by wild

boar. Currently, wild boar (and other forms of feral pigs) are established
in most parts of Araucariamoist forest in Brazil and their population has
increased and expanded to new areas (Fig. S1) (Pedrosa et al., 2015; da
Rosa et al., 2017), which may affect A. angustifolia recruitment. In the
Chilean and Argentinean Araucaria-Nothofagus temperate forests, the
introduction of wild boar has caused a considerable increase in seed
predation and a reduction in the seedling recruitment of A. araucana
(Sanguinetti and Kitzberger, 2010; Tella et al., 2016b).

Seed dispersal and survival are critical stages in the plant life-cycle
and will pose a challenge for the persistence of many animal-dispersed
plants in the Anthropocene (Galetti et al., 2015; Mendes et al., 2015;
Pérez-Méndez et al., 2016; Rosin and Poulsen, 2016; Tella et al.,
2016b). Our results highlight the effects of forest fragmentation, se-
lective logging and animal community changes on seed predation and
the recruitment of a relictual tree species. Today, most Araucaria moist
forest is formed by fragments up to 100 ha (90%, Ribeiro et al., 2009),
indicating that few sites may be able to satiate their seed predators. In
addition to animal pressure, Paraná-pine seeds are collected for human
consume, which may inhibit the regeneration of this species (Souza,
2007). Controlling forest degradation, increasing the protection and
recuperation of forest cover, and eradicating the invasive wild boar
where possible, are all necessary measures for increasing seed survival
rates and consequently recruitment of this relictual species.
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