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Abstract Despite of the widespread co-occurrence
of multiple invaders, little is known on their combined
ecological impacts and on their effects on different life
stages of native species. We assessed the joint impacts
of four non-native mammals (cattle, horse, European
hare Lepus europaeus, and wild boar Sus scrofa) on
seed surplus and seedling abundance of the Parana
pine (Araucaria angustifolia), a critically-endangered
species of the Atlantic Forest. We found that its seeds
constitute an autumn food resource for a native
community richer than previously thought, with 70
bird and mammal species as confirmed or potential
seed consumers, of which 40 were not previously
recognized as such. We also recorded the number of
uneaten seeds and seedlings at the middle-end of
autumn under 520 female Parana pine trees across the
species’ distribution and identified signs of the species
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consuming seeds from each tree through direct
observations combined with camera trapping. Most
of the sampled trees (98%) were visited by at least one
seed consumer species, and over 60% were visited by
at least one non-native mammal. Seed surplus strongly
declined in the presence of cattle, horses and wild
boars, their impacts being additive, whereas the
number of seedlings declined in the presence of
European hares. Our results emphasize the importance
of Parana pine seeds for native fauna and the additive
impact of invaders in a species-rich ecosystem. Seed
predation by non-native species reduces the potential
regeneration of Parana pine forests, and may severely
reduce food supply for its native consumers.
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Introduction

Assessing the effects of biological invasions is chal-
lenging due to the potentially multifaceted impact of
introduced non-native species on native biota and
ecosystems, including changes in the abundance and
distribution of common species, ecological properties
and interactions that tend to pass unnoticed (Sim-
berloff et al. 2013). Moreover, recent reviews have
stressed the importance of considering the impacts of
multiple co-occurring invasive species, rather than
focusing on single-species invasions (Kuebbing et al.
2013; Jackson 2015; Ballari et al. 2016). This shift is
important because over two-thirds of habitats of
conservation concern have been invaded by multiple
species, and interactions among co-occurring invaders
may strongly influence their invasiveness and overall
impact (Kuebbing et al. 2013). This was illustrated by
a recent meta-analysis of the combined impact of 45
pairs of co-occurring invasive animals (Jackson 2015),
finding that impacts were generally antagonistic (i.e.
less than predicted based on their individual effects)
but that they become additive when the impact of
multiple invaders on autotrophs was examined. Much
more information is however required to fully under-
stand the combined impacts of multiple invaders, as
the above conclusions mostly come from aquatic
ecosystems (43 out of the 45 species pairs studied,
Jackson 2015). Even less is known on the combined
impact of more than two co-occurring invaders, and on
their impacts on different life stages of native biota.
Latorre et al. (2013) found combined and complex
impacts of three introduced mammals on three life
stages (seeds, seedlings and saplings) of an endan-
gered perennial shrub (Medicago citrina), and Tella
et al. (2016a) found combined impacts of nine non-
native mammals on the seeds and seedlings of a long-
lived endangered tree (Araucaria araucana). How-
ever, these studies were conducted in ecosystems with
a naturally-poor community of native seed predators
(a small Mediterranean island and the Andean Patag-
onia, respectively), and thus the combined impact of
multiple invaders could differ when examined in
species-rich ecosystems. Elton (1958) postulated that
species-rich communities might be more resistant to
invasion than those that are species-poor given the
scarcity of vacant niches in the former (biotic resis-
tance hypothesis). In such a case, a rich community of
native species would leave few food resources
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available to invaders, translating into negative impacts
of one invader on another (Jackson 2015) and on an
overall reduced impact of multiple invasions. Seven
decades later, however, there is still little information
for assessing this hypothesis regarding the suscepti-
bility of forests to multiple mammal invasions
(Latham et al. 2017).

In this study, we replicated the assessment of the
combined impacts of multiple non-native mammals on
two life stages (seeds and seedlings) of Araucaria
araucana (Tella et al. 2016a) using as study model a
sister species, the Parana pine (Araucaria angustifo-
lia). Contrarily to the Andean A. araucana forests,
where the community of its seed predators is reduced
to a parakeet and a few mice species (Tella et al.
2016a), the seeds of A. angustifolia in the Brazilian
Atlantic Forest constitute a key food resource for a rich
community of mammals and birds (Vieira and Iob
2009). First, we complemented published information
with direct observations and the use of camera traps
for a better knowledge of the native community of
seed consummers. Thereafter, we recorded signals of
native and four non-native species visiting 520 fruiting
female Parana pines for testing the hypotheses that
(H1) non-native species would negatively influence
seed availability and the number of seedlings under
female parent trees through seed predation and
seedling browsing (Sanguinetti and Kitzberger 2010;
Tella et al. 2016a, b; Zamorano-Elgueta et al. 2012),
predicting that impact on both life stages of the tree
would increase as the number of co-occurring non-
native species (i.e., species richness) increases; and
that (H2) the identity of non-native consumers would
influence their impact on seed availability and regen-
eration (Latorre et al. 2013), predicting that the
occurrence of cattle, horse, wild boar (Sus scrofa)
and European hare (Lepus europaeus) would have
different negative effects on the two life stages of the
tree. In concert with the results found by Jackson
(2015) on the joint impacts of multiple non-native
consumers on a native autotroph, we also posited that
(H3) interactions between introduced mammals would
be mostly neutral (i.e. no synergistic or antagonistic
interactions), resulting in an overall additive impact.
Finally, applying the biotic resistance hypothesis
(Elton 1958) at the smaller geographic scale, we
expected a negative interaction between native and
non-native species on their impact on individual trees
(H4). This scenario can easily be envisioned if, for
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example, a high number of native species that pick up
Parana pine seeds before fruits fall to the ground (e.g.
parrots and monkeys, Vieira and Iob 2009) would
leave few resources available for non-native mam-
mals, which can only forage under the tree canopy. We
discuss the implications of this study for the manage-
ment of multiple invasive mammals and conservation
of the Parana pine and the native species that depend
on it across its range.

Methods
Study area and species

Distributed throughout southern and southeastern
Brazil, the Parana pine has great economic and
ecological importance (Pereira and Ganade 2008;
Thomas 2013). The species defines the Araucaria
Forest ecoregion of the Atlantic Forest biome, but it is
also found in montane moist forests and grasslands
(Thomas 2013). Its range declined by more than 97%
in the last century due to massive exploitation for
timber, generating a mosaic of relatively small forest
patches (Thomas 2013). Females produce on average
13-20 cones, each yielding 80-90 large (c. 7 g),
highly nutritious seeds after 20-24 months of matu-
ration (Mantovani et al. 2004). Seed maturation and
seedfall occur from March to June, a period of great
fruit scarcity, thus offering a food resource for a
variety of mammals and birds, including threatened
species such as Vinaceous-breasted Amazon (Ama-
zona vinacea; endangered), Red-spectacled Amazon
(A. pretrei; vulnerable), and Azure Jay (Cyanocorax
caeruleus; near-threatened) (Vieira and Iob 2009;
IUCN 2016). In turn, several of these consumers offer
important seed-dispersal services over short (rodents)
and long distances (jays, patrots; up to approx. 500 m)
(Vieira and Iob 2009; Tella et al. 2016b). With a mix
of pioneer and late-successional-type features, such as
the ability to germinate and establish in open areas and
in shaded conditions (Duarte and Dillenburg 2000),
the Parand pine has the capacity to regenerate and
establish populations in a variety of natural and
anthropogenic vegetation types (Pereira and Ganade
2008). Although small juveniles tend to be more
frequent in microsites with increased light levels, the
main factors limiting regeneration and seedling estab-
lishment patterns are biotic barriers such as seed

predation and dispersal (Pereira and Ganade 2008;
Souza et al. 2008).

We selected four distant large areas across the
distribution of the Parana pine to cover spatial
variability in habitats and the diversity of seed
consumers (Fig. 1, Martinez and Prestes 2008; Prestes
et al. 2008, 2014): Serra da Mantiqueira (SM), in the
municipalities of Gongalves, Sapucai-Mirim, Caman-
ducaia (Minas Gerais state), Campos do Jorddo and
Sdo Bento do Sapucai (Sdo Paulo); Serra Catarinense
(SC), in Painel and Urupema, (Santa Catarina); Muitos
Capdes (MC, Rio Grande do Sul [RS]); and Séo
Francisco de Paula (SF, in RS).

Field sampling

Fieldwork was conducted between 11 May and 6 June
2015, during the middle—end of the seed production
period (Mantovani et al. 2004; Vieira and Iob 2009).
Within study areas, we sampled 520 mature female
Parana pine trees to assess seed availability and
identification of seed consumers (212 in SM, 121 in
SC, 46 in MC and 141 in SF). We selected trees
(Fig. 1) to cover a wide environmental gradient, from
802 to 1820 m a.s.l., distributed through early to late-
successional and old growth forest patches differing in
their size and connectivity, and also including isolated
trees in grasslands, pastures and cultivated landscapes.
Additionally, all selected trees were far enough apart
(minimum distance = 40 m) to avoid confusion when
assigning fallen seeds to parental trees (Soldrzano-
Filho 2001). To estimate seed surplus (a measure of
seed availability) and count the number of yearling
seedlings (young unbranched plants usually < 20 cm
tall) under each tree, 2—-3 persons inspected the ground
within a radius of 10-20 m (depending on tree canopy
size) for 10-15 min. We recorded the number of
seedlings (A) and an index of seed surplus (o),
obtained by scoring the quantity of seeds found under
each tree among 10 categories—0: 0 seeds, 1: 1-10
seeds, 2: 11-20 seeds, ..., 10: 91-100 seeds. See Tella
et al. (2016b) for a detailed description of this
sampling approach.

We employed a variety of methods to identify seed
consumers visiting each tree (Tella et al. 2016b). Any
species directly observed feeding on seeds on the
ground or the tree crown during sampling was
recorded. In addition, we searched under each tree
for evidence of seed predation such as partically-eaten
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Fig. 1 Location of the study region in southern Brazil (A), the
original distribution (dark grey) of Parana pine forests (B), and
the location of the four selected study areas (C: Serra da
Mantiqueira [SM], D: Serra Catarinense [SC], E: Muitos Capdes
[MC], F: Sao Francisco de Paula [SF]) showing the location of
surveyed Parand pine females (white dots, note many of them
overlap), the patchy distribution of forests (light grey), and

seeds (on which consumers regularly leave tooth and
beak marks with characteristic shapes, Pereira and
Ganade 2008; Tella et al. 2016a, b), feces, footprints
and diggings. We also employed passive infrared-
triggered camera traps on a subsample (n = 53) of
trees distributed across sampled sites (16 in SM, 7 in
SC, 14 in MC and 16 in SF), which operated for
periods of 2-7 days (depending on logistic limita-
tions), to record both diurnal and nocturnal consumers
and inform the identification of markings and other
tracks. Cameras were set up so that their detection
zones were directly below the tree crown and over-
looking an area with numerous and clearly visible
seeds, and allowed recording of both medium and
small-sized consumers.

As noted by Tella et al. (2016a, b), identification of
consumers by feces, tracks and photographs (when the
photographs show animals but not that they were
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protected areas (dark grey). Protected areas visited were:
(C) Parque Estadual de Campos do Jorddao and Monumento
Natural Estadual da Pedra do Bau; Estagdo Ecoldgica de
Aracuri-Esmeralda (E); and Floresta Nacional de Sao Francisco
de Paula and Centro de Pesquisas e Conservagdo da Natureza
Pr6-Mata PUC-RS (F)

actually feeding on seeds) is a presence-based
approach and, as such, cannot assure that animals
always consumed seeds when they were recorded
visiting trees, although that seems likely for most
species besides those with highly-specialized or
carnivorous diets (e.g. felids). We may have failed to
record consumers on occasions when no feces or other
signs of presence were left, or if animals removed or
ate seeds without leaving parts of consumed seeds as
evidence. Consequently, our results regarding diver-
sity of seed-consumer species at each tree and the
proportion of trees visited by consumers should not be
viewed as exact measurements of these parameters,
but as conservative estimates.

To complement our field observations and provide
an extensive summary of the diversity of Parana pine
seed consumers throughout its range, we performed a
non-systematic review of the literature for records of
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species reported feeding on this resource (Table S1 in
Supporting Information). We then classified them
according to the type of interaction (seed predator or
secondary consumer), whether or not they act as seed
dispersers, and where they obtain seeds (on the ground
or up on tree crowns). We also attempted to group
consumers according to the importance of the Parana
pine seed for each species (when the resource is
available), based on information on their diets in the
literature and our own observations and long-term
knowledge from studies in Parana pine forests (e.g.
Martinez and Prestes 2008; Prestes et al. 2008, 2014).

Modeling approach

We employed generalized linear models (GLM) to
assess the potential effects of non-native seed con-
sumers on seed availability (i.e. seed surplus [G]) and
seedling abundance (i.e. number of seedlings [A])
under each female tree, the response variables. We
developed a candidate set of biologically-plausible
models to test our a priori hypotheses and predictions,
verifying the slope (), 95% confidence interval (CI),
and the explained deviance for each variable, calcu-
lated using deviance partitioning analysis (Hastie and
Pregibon 1992). We assessed the effect of non-native
species on the response variables (Hypotheses 1 and 2,
see Introduction) by either including the number of
non-native species recorded under each tree (E) or the
occurrence (a binary variable indicating presence or
absence) of cattle, horse, wild boar and European hare
(respectively, Ca, Ho, Wb and Ha). To examine
whether multiple non-native consumers have an
additive impact on response variables (Hypothesis
3), we included pairwise interaction terms among the
four binary occurrence predictors species. An additive
impact of two non-native species would be supported
if their interaction term is not retained in the best-
supported models. Finally, the interaction between the
number of native (N) and number of non-native
species (E) was assessed for testing our Hypothesis 4.

Both the number of seeds and seedlings per tree can
be affected by several factors that need to be
controlled for when testing the above mentioned
hypotheses. Native species can have an impact on seed
availability and number of seedlings, which could
confound estimates of the impact of non-native seed/
seedling predators. We controlled for this process
quantitatively, by including richness of native seed

consumers recorded at each tree (N). Recognizing the
variability in the size of Parana pines surveyed, the
large geographical extent of our survey, and the
heterogeneity in habitats (Solérzano-Filho 2001; Dil-
lenburg et al. 2009; Vieira and Iob 2009), we
controlled for their effects on response variables by
including predictors identifying tree sizes (i.e. tree
girth at breast height, G, centered and scaled to unit
SD), study area (site factor with 4 levels; Fig. 1) and
habitat (factor with 3 levels: forest [F], forest edge [Fe]
and agro-pastoral [Ap]). These variables were
included as fixed effects. We also considered interac-
tion terms between study areas and occurrence of non-
native consumers to assess potential spatial variations
in consumer impacts. To avoid the problems derived
from obtaining an excessive number of candidate
models (Grueber et al. 2011), we initially fitted and
compared models without interactions terms. After
finding the best models from this initial candidate set,
we obtained and compared additional models by
fitting each possible interaction among the predictor
variables indicating occurrence of non-native species
present in the model.

Preliminary analysis revealed that Poisson GLMs
showed residual overdispersion for both response
variables, so we fitted models with negative-binomial
distribution with a log link (see Tella et al. 2016a, b for
the same approach). Models were ranked with
Akaike’s information criterion (AIC), selecting the
model with the lowest AIC value as the most
parsimonious. Models within 2.0 AAIC of the best-
ranked model were considered as equally supported.
Then, we examined these alternative models for the
identification of an eventual “pretending variable”
(i.e. a noninformative variable that enters as one
additional parameter and therefore incurs only a small
“penalty” of about 2 AIC, but does not decrease the
deviance; Anderson 2008). In such a case, we
followed recommendations by Grueber et al. (2011)
and disregarded models including pretending vari-
ables that are complex versions of the simplest one
within the top model set (AAIC < 2); see also Arnold
(2010) for the recommendation of reporting all models
but dismissing those with uninformative variables
when dealing with small sets of a priori-defined
hypotheses. The difference in AIC values (AAIC)
between the best-supported model and other models
was used to calculate model weights (AIC wgt), which
indicates the relative weight of evidence of the model
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given the data and the model set (Anderson 2008).
Statistical analyses were done in R (R Development
Core Team 2016) with packages MASS (Venables and
Ripley 2002), AER (Kleiber and Zeileis 2008), and
bbmle (Bolker and R Development Core Team 2017).
Figures were made using R packages ggplot2 (Wick-
ham 2009), hexbin (Carr 2018), gridExtra (Auguie
2017), and ArcGIS (ESRI 2013).

Results
Parana pine seed consumers

Combining field observations with an extensive liter-
ature review, we identified 70 native species as
confirmed (66) or potential (4) consumers of Parana
pine seeds, including 35 birds, 33 mammals and two
insects (Table S1, Fig. 2). Of these, 32 species (45%)
were detected with camera traps (9 exclusively) and 49
(59%) by direct observations (21 exclusively) at our
sampling locations (Table S1). We identified 45
species (63%) as seed predators and 21 (30%) as
secondary consumers—i.e. feeding on the remains of
seeds opened, partly consumed, wasted, or dropped by
seed predators (Fig. 2). We also identified four
mammals (3 felids and the Brazilian cottontail Sylvi-
lagus brasiliensis) that we recorded but could not
confirm as seed predators or secondary consumers
(Table S1). Two mammals, 13 birds, and the tortricid
moth Cydia araucariae were only recorded feeding on
Parana pine seeds that were still on the tree canopies
(i.e., cones in tree branches), while 51 other species
(71%) were only recorded feeding on seeds fallen to
the ground and only three bird species were recorded
on both (Table S1, Fig. 2). Parana pine seed dis-
persers, based on our observations and the literature,
amounted to 23 species (33%, Table S1, Fig. 2).
Parand pine seeds were considered essential
(40-100% of the diet during the period of seed
production) for seven species (including three classi-
fied as threatened; Table S1, IUCN 2016), comple-
mentary (39-10% of the diet) for 20 species, and
occasional (< 10% of the diet) for 22 species. We
excluded 20 species from these groups due to lack of
information. Moreover, we confirmed that the four
non-native mammal species considered in this study—
cattle, horse, wild boar and European hare—are
consumers of Parana pine seeds, and that the first
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three completely destroy seeds when consuming them,
thus precluding the possibility of dispersal.

Most of the 520 female Parana pine trees sampled
(98.4%) were visited by at least one seed-consumer
species. Over 60% of trees were visited by at least one
non-native mammal (i.e. European hare, horse, wild
boar and cattle). The most frequent seed consumers
were cattle (~ 50% of trees), Cricetid rodents (con-
sidered as a single group due to the difficulties of
distinguishing each species, ~ 40%), wild boar
(~ 20%), azure jay (~ 20%), and maroon-bellied
parakeet (Pyrrhura frontalis; ~ 20%; Fig. 3).

We found a negative correlation (f = —0.45 [CI
—0.55, —0.35], AAIC in relation to null model =

—88.1) between the numbers of native and non-native
seed consumers (Figure S1). The former occurred in
higher numbers in forests (Bg. = —0.45 [CI —0.60,
—0.31], Bap = —0.69 [CI —0.88, —0.50], AAIC in
relation to null model = —69), and the latter in forest
edge and agropastoral habitat (Bg. = 0.66 [CI 0.43,
0.89], Bap = 0.76 [C1 0.51, 1.01], AAIC in relation to
null model = —42.1; Figure S2).

Impacts of non-native consumers on seed surplus
and number of seedlings

Our hypotheses-based modeling approach for assess-
ing variability in seed surplus and seedling abundance
(Table S2) gave support for differences among non-
native species in their impact (Hypothesis 2) and for
additive impacts when some of them co-occur (Hy-
pothesis 3). These effects varied depending on the life
stage of the tree (seeds, seedlings) assessed. However,
we found little or no support for an effect of non-native
species richness (Hypothesis 1) and for the interaction
between the richness of native and non-native species
co-occurring at particular trees (Hypothesis 4).

The best-ranked seed surplus model (c1, pseudo-
R? = 0.49) included occurrence of cattle, wild boars
and horses, study area, tree girth, richness of native
consumers, interaction terms between wild boar
occurrence and study area, and between horse occur-
rence and study area (Table S2). Occurrence of cattle,
wild boars, and horses had negative effects on seed
surplus, with approximately 25, 13 and 3% of the
deviance explained, respectively (summing to 41% of
the explained deviance, Table 1). The fact that no
interaction term between non-native consumers was
selected indicates that their combined impacts should



Combined impacts of multiple non-native mammals

3061

Tree
S (B:12,M:2,1:1)
consumers
(B:21)
75
Birds (34)
>
e Occasional
[} (B:17,M:6)
S 50
o
(0]
=
L
Ground
(B:19,M:35,1:1)
Predators
(B:13,M:33,1:2)
25 Complementary
Mammals (37) Disperser (B:3,M:18)
(B:12,M:16)
Essential
(B:5,M:1,1:1)
0
Class Interaction Dispersal Dependency Strata

Fig. 2 Diversity of Parana pine seed consumers according to
class (B birds, M mammals, I insects); type of interaction with
seeds; whether the species has been recorded dispersing seeds;
the relative importance of Parand pine seeds in the diet

be considered as additive (Table 1). Predictions based
on the best model indicated strong seed surplus
declines in the presence of cattle, wild boars, horses,
and especially in combinations thereof, in all four
study areas (Fig. 4a), with the exception of horses in
the Muitos Capdes area, where we estimated a wide CI
due to low number (n = 1) of horse records.

Six of the models for number of seedlings were
within 2.0 AAIC (Table S2). However, they only
differed from each other due to the inclusion of one or
two mostly uninformative predictors or interaction
terms, all of which explained less than 5% of the
deviance (Tables S3—S7). As recommended by Arnold
(2010), we report all of the models within 2.0 AAIC
but dismiss those with uninformative variables. That
leaves a single model (A3, pseudo-R? = 0.17) which
includes study area, habitat, tree girth, and occurrence
of European hare as predictors (Tables 1 and S2).
Occurrence of European hare had a negative effect

(essential: 100-40% of the diet; complementary: 39-10%;
occasional < 10%); and whether species forage seeds on the
ground, tree crown, or both

with 10% of the explained deviance (Table 1).
Predictions from the best model indicated a decline
in the number of seedling in the presence of European
hares in all the study areas (Fig. 4b).

Regarding the potential impact of the richness of
non-native consumers on seed surplus and seedling
abundance (Hypothesis 1), models including this
predictor (E) did not rank within 2.0 AAIC for both
response variables (Table S2). Nonetheless, the best-
ranked model among those including this predictor
(c13: AAIC = 17.7) did show a negative effect on
seed surplus (Bg = —0.52 %+ 0.06), with 56.84% of the
explained deviance (Table S8). Among seedling
abundance models that included this predictor
(Table S2), the best-ranked one (A10: AAIC = 3.2)
also indicated a negative effect (Bg = —0.38 £ 0.20),
but it only explained 1.13% of the deviance.

A potential interaction between the richness of
native (N) and non-native (E) species (Hypothesis 4)

@ Springer
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Eupsittula aurea
Myocastor coypus
Hydrochaeris hydrochaeris
Sylvilagus brasiliensis
Psittacara leucophtalmus
Dasypus novemcinctus
Amazona sp.
Cyanocorax chrysops
Pionopsitta pileata
Myiopsitta monachus
Rodencia sp.
Cyanocorax cristatellus
Sapajus nigrita
Didelphis sp.
Carnivora sp.

Sciurus ingrami
Amazona pretrei
Mazama sp.

Alouatta guariba

Cydia araucariae
Amazona vinacea
Dasyprocta azarae
Pionus maximiliani
Pyrrhura frontalis
Cyanocorax caeruleus

Cricetidae sp.

Native seed consumers

European hare
Horse

Wild boar

Cattle

Non-native mammals

‘||" [

0% 20% 40%

T I 1
60% 80% 100%

Fig. 3 Percentage of female Parana pine trees (n = 520) with signs of presence of native (light grey) and non-native (dark grey) seed
consumer species under their canopy. Bottom bar shows percentage of trees that were visited by at least one non-native species

received even less support. Models including this
interaction for variability in seed surplus and seedling
abundance were poorly ranked (c13: AAIC = 17.7,
and A20: AAIC = 6.7 respectively, Table S2). More-
over, this interaction only explained 0.65% of the
deviance for seed surplus (Table S8) and 0.22% for
seedling abundance (Table S9).

Discussion

Parana pine seeds as an underestimated food
resource

The diversity of Parand pine native seed consumers
revealed by our field observations and literature
review, resulting in the identification of 70 species
as confirmed or potential consumers, differs drasti-
cally from that of previous assessments. In a review of
Parana pine seed predators, Vieira and Iob (2009) only
listed 21 species, and 40 species that we recorded had
not been listed as Parand pine seed consumers. We
believe this difference is due to several factors. First,
our list includes seed predators and secondary con-
sumers that feed on seeds on the ground or still in
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cones on tree branches, whereas previous assessments
have focused on seed predators and on predation by
mammals on the ground (Iob and Vieira 2008; Vieira
et al. 2011) or by a few selected bird species (Anjos
1991; Prestes et al. 2008); second, our multi-region
study included areas on the edge of the original range
of the Parand pine (areas C and F, Fig. 1), increasing
the probability of observing seed consumers whose
ranges now only marginally overlap with the Parana
pine’s; third, by surveying trees in forest-edge and
agro-pastoral habitats, we also increased opportunities
for recording species of open-habitats that usually
avoid forests; and fourth, the combination of sampling
methodologies, particularly the use of camera traps,
allowed us to record elusive species that are rarely
directly observed while foraging.

These results emphasize the key role Parana pines
play in providing a highly-nutritious resource to a
previously underestimated number of species. This
role may be even more important when one considers
that the peak of Parana pine seed production occurs
during the months when the proportion of Angios-
perms producing zoochoric fruits is lowest and, in at
least one studied area, no fruits are produced by other
trees (Paise and Vieira 2005). They also highlight the
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Table 1 B coefficient, 90% CI and percentage of the explained
deviance for predictors of seed surplus and number of seedlings
from the best-ranked models (see Table S2). Base levels for

factors ‘habitat’ and ‘site’ are, respectively, forest (F) and
Muitos Capdes (MC). Pseudo-R? values for seed surplus and
number of seedlings models are, respectively, 0.46 and 0.17

Predictors Seed surplus Number of seedlings
B 90% CI % Deviance B 90% CI % Deviance
Habitat 423 20.01
Fe -0.07 —0.16 to 0.06 0.70 0.11 to 1.29
Ap 0.14 —0.03 to 0.31 0.40 —0.31to 1.14
G 0.11 0.06 to 0.16 11.52 0.39 0.13 to 0.66 26.40
Site 33.43 43.53
SC —0.19 —0.44 to 0.06 1.55 0.45 to 2.62
SM 0.35 0.14 to 0.56 1.08 0.10 to 1.98
SF —0.34 —0.56 to —0.11 —0.42 —1.51 t0 0.62
N 0.05 0.01 to 0.09 4.02
Ca —0.73 —0.86 to —0.60 25.47
Wb —1.13 —1.50 to —0.76 12.77
Ho —0.94 —3.83 to 0.64 3.03
Ha —1.48 —2.62 to —0.29 10.06
Site x Wb 3.86
SC x Wb 1.11 0.60 to 1.62
SM x Wb 0.68 0.26 to 1.10
SF x Wb 0.36 —0.12 to 0.85
Site x Ho 1.67
SC x Ho 0.32 —1.32t0 3.23
SM x Ho 0.75 —0.85 to 3.65
SF x Ho —0.24 —2.10 to 2.73

Fe forest edge, Ap agro-pastoral, G tree girth at breast height, SC Serra Catarinense, SM Serra da Mantiqueira, SF S3o Francisco de
Paula, N native seed consumer species richness, Ca cattle, Ho horse, Wb wild boar, Ha European hare

myriad interactions among this tree, its seed predators,
dispersers, and secondary consumers. In contrast to the
mutualisms between Parana pine and seed dispersers,
which are recognized for several species (Vieira and
Iob 2009; Tella et al. 2016b), the interactions between
Parana pine seed predators and secondary consumers
remain unexplored. Our observations indicate the
latter are mostly small birds that cannot eat entire
seeds and lack the beak strength to open them (e.g.
passerines, doves, rails). That secondary consumers
are unable to directly access this resource should not
be taken as evidence that it is unimportant to them:
many small obligate scavengers, for example, depend
on larger species to open carcasses, especially in
regions with low winter productivity (Selva et al.
2003; Moledn et al. 2014).

Combined impacts of non-native mammals
on Parana pine regeneration

Most research on the ecological impacts of non-native
species focus on single-species invasions, yet a better
understanding of the combined effects of multiple co-
occurring invaders is necessary (Kuebbing et al. 2013;
Jackson 2015; Ballari et al. 2016). The Parand pine is
now widely in contact with four non-native mammals
across its range, as indicated by the high proportion
(ca. 65%) of seeding female Parand pine trees visited
by non-native mammals. Cattle and wild boars rank
first and third among its most frequent seed con-
sumers, respectively. Contrarily to previous works that
examined the combined impact of multiple non-native
species in species-poor communities of native con-
sumers (Latorre et al. 2013; Tella et al. 2016a), Parana
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Fig. 4 Predictions of seed

surplus (a) and number of

seedlings (b) with 95% 804 +
confidence intervals for each
study area, in different
scenarios of non-native
consumer occurrence
according to variables
present in the best-ranked
models (Ca cattle, Ho horse,
Wb wild boar, Ha European
hare). All predictions are for
forest habitat. Other
numeric predictor variables
in the models were set to
their median observed
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pine forests hold a community of native consumers
even richer than previously thought. We found that
richness of native seed consumers was positively
related to seed surplus. This result could be related to
the fact that at least some seed predators forage more
often on trees bearing larger crop sizes (Ragusa-Netto
2014; Tella et al. 2016a) and are swamped by the
availability of more seeds than they could consume,
resulting in a negative relationship between crop sizes
and predation rates (Ragusa-Netto 2014). We did not
find, however, support for the hypothesis that this rich
community of native consumers could reduce the
impact of non-native species. Overall, evidence for the
biotic resistance hypothesis is equivocal (Levine and
D’ Antonio 1999; Jeschke et al. 2012), and there is the
possibility that even species-rich forest communities
offer vacant niches for non-native mammals (Latham
et al. 2017). In this sense, we failed to record large-
bodied native mammals known to be consumers of
Parand pine seeds (e.g. collared peccary Pecari
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tajacu; lowland tapir Tapirus terrestris; Table S1)
because they were already very rare or locally extinct
(Dirzo et al. 2014; Galetti et al. 2015). As such, our
study cannot tease apart whether seed supply and
number of seedlings in the presence of non-native
species is lower than what would have been observed
prior to such local extinctions and invasion by non-
native species. However, the densities of large-bodied
native mammals likely never reached that currently
observed for non-native species, possibly because the
former was controlled by large predators that are now
also rare or locally extinct (i.e. puma Puma concolor,
jaguar Panthera onca; Paviolo et al. 2008), or because
the density of non-native domestic species such as
cattle is artificially maintained through ranching
practices. Thus, it is unlikely that the impacts of
large-bodied native seed consumers were ever as high
as that of non-native species such as wild boar, cattle
and horses. This is in agreement with the results of
Brocardo et al. (2017), who quantified Parand pine
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seed predation rates by several native consumers
(Table S1) and wild boars in forest fragments in the
northern part of the species’ range, and found that the
latter showed the highest predation rate, while a
similar native species (white-lipped peccary Tayassu
pecari) consumed less than half of the seeds consumed
by wild boars. On the other hand, habitat segregation
appears to drive the negative correlation between
richness of native and non-native seed consumers
observed in this study. This is somewhat expected,
since two of the four non-natives (cattle and horses)
are free-ranging domestic species mostly restricted to
agropastoral habitat, or forest edges adjacent to
pastures that are not fenced, whereas the majority of
native consumers are mostly restricted to forest and
edge habitats.

As predicted, attending to results obtained from a
sister species (Tella et al. 2016a), seed surplus and
number of seedlings were negatively affected by the
occurrence of non-native mammals, which exhibited
varying effects depending on species and on the life
stage of the plant. While cattle, horses and wild boars
impacted seed surplus, European hares reduced
seedling abundance. These results highlight the need
of assessing the complex impacts of multiple invaders
on different plant life stages (Latorre et al. 2013). The
fact that seed surplus was not influenced by interac-
tions between non-native seed predators indicated that
their combined effects were additive, supporting
predictions for impacts of co-occurring pairs of non-
native species on autotrophs (Jackson 2015). On the
other hand, interactions between the occurrence of
wild boar and horse and study area likely indicate
geographic variation in the strength of their impacts on
seed supply. Importantly, our models show a steep
decline in seed surplus as non-native consumers co-
occur, almost to the point of full depletion, as reported
by Tella et al. (2016a) for monkey puzzle seeds subject
to similar pressures in the Andean Patagonia. It is
worth noting, however, that while variability in seed
surplus was reasonably explained by our model
(pseudo-R* = 0.49) little variation was explained for
seedling abundance (pseudo-R? = 0.17) (see however
Mgller and Jennions 2002, showing that the mean
amount of variance explained in ecological studies
ranges between 2.5 and 5.4%). A large amount of
unexplained variance could be due to our study design,
where we could record the occurrence of species but
not their actual predation rates, but also to variance in

our response variables. While there was large variation
in our seed index (mean = 3, quartiles = 1-6, range
0-10), the extremely low variability in seedling
abundance (mean = 0, quartiles = 0-0, range 0-19)
(Figure S3) made difficult the statistical assessment of
sources of variation.

We found that non-native mammals mostly prey
upon and usually completely destroy the Parana pine
seeds (see also Tella et al. 2016a for Araucaria
araucana). Parana pine seeds have the ability to
germinate and establish in a variety of natural and
anthropogenic vegetation types, including formations
where it is the dominant species (Pereira and Ganade
2008), even after being partially consumed (Tella et al.
2016b). Once on the ground, seeds may have three
different outcomes: (1) they can serve as food for a
variety of animals that cannot access the tree to
consume seeds before the cone falls to the ground; (2)
they can eventually be dispersed by these seed
consumers—secondary dispersion—over short and
long distances (Pereira and Ganade 2008; Vieira and
Iob 2009); and (3) the remaining seeds can germinate
and reach adult age under or close to the parent tree
(Souza et al. 2008). As such, any seed found on the
ground under parent trees is a potential representative
of the future adult population, local or otherwise. It
follows that the depletion of seeds on the ground by
non-native mammals, as indicated by our results,
drastically reduces the potential for germination,
secondary dispersal and, ultimately, on-site regener-
ation and colonization of new sites mediated by
ground dispersers.

Conservation implications and management

While an estimated reduction of 97% in the global
distribution of Parana pine over three generations
justified its inclusion as Critically Endangered in the
IUCN Red List, the potential impact of non-native
mammals was not considered as a current nor potential
threat for the species (Thomas 2013). Our results
reverse this notion and are somewhat alarming, since
ca. 65% of the trees sampled across a large part of its
distribution were visited by non-native mammals, and
such visits were related to a drastic decrease of seeds
available for in situ germination or dispersal at the end
of the seeding period. Therefore, seed predation—and
to a lesser extent seedling predation—by non-native
mammals seem to be compromising the regeneration
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of a highly threatened species with a fragmented and
restricted range, and this threat is expected to increase
as the non-native mammal populations—both domes-
tic and wild—are still spreading and increasing in
Brazil (Pedrosa et al. 2015).

Our study is but a first approach to this conservation
problem, and thus several knowledge gaps and
research needs remain regarding the impacts of non-
native mammals and the conservation of the Parana
pine and its ecological function. Previous studies
emphasize the importance of Parana pine seeds in the
diet and population dynamics of their main predators/
dispersers (e.g. Anjos 1991; Prestes et al. 2008, 2014;
Vieira et al. 2011; Ribeiro and Vieira 2014). Our
results on the diversity of primary and secondary
consumers of these seeds reinforce its importance for a
much larger portion of the animal community during a
period of food scarcity in the Brazilian Atlantic Forest.

Ameliorating the impact on forests of non-native
mammals is challenging, even more when multiple
invaders co-occur (Latham et al. 2017). Recent
reviews on the management and removal of invasive
species show that removing only one of the co-existing
invaders may have unexpected consequences (Ballari
et al. 2016), and that the likelihood of ecological
recovery decreases in areas with several invaders and
anthropogenic disturbance, being more difficult to
restore plant communities and ecological processes
(Prior et al. 2018). Unfortunately, it seems to be the
case of the yet highly-fragmented and disturbed
Parana pine forests, where the combination of wild
and domestic non-native mammals complicates their
joint removal. Supporting the economy of many rural
communities, cattle ranching is among the most
important agricultural activities in Brazil (Barretto
et al. 2013). In addition to the habitat loss associated
with the conversion of forests into pastures, free
ranging livestock not only prevent regeneration and
ground-based secondary dispersion of the Parana pine
but ultimately may also deny a key resource for a large
portion of the native fauna (i.e. species that forage
seeds on the ground). This is disquieting, given the
challenges in managing such an important economic
activity for conservation purposes (e.g. cattle eradica-
tion is not a realistic solution in most situations), but
opportunities to reduce the impacts of cattle and horses
exist across a range of scales. At local scales (e.g.
properties that include pastures and forest fragment
habitats), regulation of livestock densities and
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management (i.e. fencing) to ensure that cattle do
not enter forest fragments could prove an effective and
relatively low cost measure (Zamorano-Elgueta et al.
2012). At regional scales, strategic land-use planning
should incentivize the replacement of pastures sur-
rounding large Araucaria forest fragments in protected
areas (or otherwise) with buffer zones consisting of
Parand pine tree plantations for timber and seed
harvesting. Regarding wild non-native mammals, the
Parana pine forests are among the areas most affected
by wild boar and European hare invasions in Brazil
(Hegel and Marini 2013; Pedrosa et al. 2015; de Faria
et al. 2016). Among the ten Brazilian protected areas
with the highest occurrence of invasive species, five
harbor Parana pine forests and have been invaded by
both species (Sampaio and Schmidt 2014). Although
the creation of regulations to control the spread of wild
boars is an important advance to mitigate its damage to
natural habitats, environmental agencies should take
on a more active role by promoting (and not only
regulating) wild boar management, especially in
protected areas. While there is still a lack of informa-
tion regarding the impacts of the European hare
invasion in Brazilian ecosystems (de Faria et al. 2016),
our results indicate that it may hinder regeneration of
Parand pines through seedling predation. Therefore,
the regulation of livestock densities and ranching
practices, combined with increased efforts to control
the invasion of wild boars and European hares should
be priority actions for the conservation of this
critically-endangered Atlantic Forest species and its
important ecological function.
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