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Global biodiversity is threatened by land-use changes through human activities. This is
mainly due to the conversion of continuous forests into forest fragments surrounded
by anthropogenic matrices. In general, sensitive species are lost while species adapted
to disturbances succeed in altered environments. However, whether the interactions
performed by the persisting species are also modified, and how it scales up to
the network level throughout the landscape are virtually unknown in most tropical
hotspots of biodiversity. Here we evaluated how landscape predictors (forest cover, total
core area, edge density, inter-patch isolation) and local characteristics (fruit availability,
vegetation complexity) affected understory birds seed-dispersal networks in 19 forest
fragments along the hyperdiverse but highly depauperate northeast distribution of the
Brazilian Atlantic Forest. Also, our sampled sites were distributed in two regions with
contrasting land cover changes. We used mist nets to obtain samples of understory
bird food contents to identify the plant species consumed and dispersed by them.
We estimated network complexity on the basis of the number of interactions, links per
species, interaction evenness, and modularity. Our findings showed that the number
of interactions increased with the amount of forest cover, and it was significantly
lower in the more deforested region. None of the other evaluated parameters were
affected by any other landscape or local predictors. We also observed a lack of
significant network structure compared to null models, which we attribute to a pervasive
impoverishment of bird and plant communities in these highly modified landscapes. Our
results demonstrate the importance of forest cover not only to maintain species diversity
but also their respective mutualistic relationships, which are the bases for ecosystem
functionality, forest regeneration and the provision of ecological services.

Keywords: Brazilian Atlantic Forest, fragmentation, frugivory, frugivorous birds, habitat loss, habitat structure,
resource availability

INTRODUCTION

Over the last few centuries, forest ecosystems have been converted into small patches by habitat
loss and fragmentation promoted by human activities (Laurance et al., 2014; Haddad et al., 2015).
In this very Anthropocene scenario, land-use intensification can affect ecological processes both
at the landscape and local-scale (Tscharntke et al., 2005). The decreasing amount of forest cover
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at the landscape scale as a result of deforestation and habitat
conversion is a powerful predictor of species loss in many tropical
forests (Dudley, 2005; Fahrig, 2013). Increasing fragmentation
and inter-patch isolation decrease the amount of suitable
habitat for wild species, affecting their dispersal abilities and
movement capacity throughout the landscape (Newbold et al.,
2015). Also, changes in local abiotic conditions (e.g., increasing
light incidence and temperature, decreasing humidity) along a
gradient from the edge to the forest interior are commonly
observed at the local scale in fragmented landscapes (Murcia,
1995; Laurance et al., 2007). Therefore, the synergy between
processes operating at both the landscape and the local scales
may result in a marked change in species composition in those
forest fragments, in which the loss of sensitive species might
be compensated by the proliferation of species adapted to
anthropogenic habitats (Supp and Ernest, 2014; Morante-Filho
et al., 2015). However, how the interplay between landscape and
local processes affects the ecological interactions between the
persisting animal and plant species remains poorly understood.

Habitat loss and fragmentation strongly determine the
trajectory of the local forest structure (Arroyo-Rodríguez et al.,
2017), leading to a retrogressive succession process toward the
homogenization of the vegetation and the predominance of
pioneer plant species (Lôbo et al., 2011; Thier and Wesenberg,
2016). In the long-term, it leads to the functional erosion of
plant traits related to reproduction that provide food resources
for animals (Marcilio-Silva et al., 2016; Rocha-Santos et al.,
2020). The loss of functional diversity of plant community
might influence the availability and variability of floral, fruit,
and seed resources for the associated fauna, thus increasing
their vulnerability to future disturbances (Magnago et al., 2014;
Pessoa et al., 2017a,b; Lim et al., 2020; Rocha-Santos et al., 2020).
Specifically, in forest fragments embedded in highly deforested
landscapes, the vegetation homogenization triggers a decrease in
fruit biomass production and fruit quality (Pessoa et al., 2017a,b),
possibly disrupting animal-plant interactions fundamental for
the provision of ecological services (e.g., pollination and seed
dispersal) (Mitchell et al., 2015; Valiente-Banuet et al., 2015).

Frugivorous birds are particularly sensitive to changes in
local vegetation structure in forest fragments inserted in highly
disturbed landscapes (Galetti et al., 2013; Morante-Filho et al.,
2018). Larger frugivorous birds are the first to vanish when
the small forest fragments do not support the number of
fleshy fruits needed to sustain their populations (Donoso et al.,
2017; Bomfim et al., 2018; Emer et al., 2018). Also, some
forest-dweller frugivorous bird species may not be able to
move among forest fragments (Pizo and dos Santos, 2011)
and inhabit exclusively the forest interior away from the
influence of edges and open areas (McCollin, 1998). Among
those birds are the ones that live in the lower forest strata
like the understory (Visco et al., 2015; Bradfer-Lawrence
et al., 2018). On the contrary, in the remaining small forest
fragments small to medium-sized frugivores/omnivores and
edge-specialists bird species dominated. Typically, these birds
are able to fly relatively long distances looking for food in
multiple forest fragments in order to meet their daily metabolic
requirements (Lees and Peres, 2009). Therefore, the structure

of the understory forest strata is an important component to
sustain understory bird species with direct consequences to
the interactions they perform and the ecosystem functioning
(García et al., 2018).

Ecological networks have been proven to be an efficient tool
to unveil how natural and human-driven environmental changes
affect the structure, dynamics, and the stability of ecosystems
(Memmott, 2009; Hagen et al., 2012; Guimarães, 2020). For
instance, in more conserved landscapes, habitat and/or diet
specialist species are able to succeed and interact with each other,
forming subgroups of cohesive interacting partners that can be
depicted by analyzing network modularity (Schleuning et al.,
2014). In contrast, species homogenization in more disturbed
landscapes can concentrate interactions within some dominant
species in the system, reducing interaction evenness (Rodewald
et al., 2014). Similarly, the loss of species or decreasing species
abundance in smaller forest fragments can affect the number of
links per species by reducing the number of partners available for
the interactions to occur (Muñoz et al., 2017; Emer et al., 2020).

Here, we combine network and landscape ecology to evaluate
the interplay between landscape and local scale processes on
understory bird seed-dispersal networks on a hyperdiverse yet
highly disturbed tropical forest. We studied 19 forest sites
embedded in two regions with contrasting patterns of land use
in the still poorly studied northeast of the Brazilian Atlantic
Forest. Thus, for each site, we evaluated: (1) the total number
of interactions between frugivorous birds and plant species; (2)
the mean number of links per species; (3) interaction evenness;
and (4) modularity. Given that our forest fragments present
simplified understory frugivorous bird assemblages (Morante-
Filho et al., 2015, 2018) and low functional diversity, quality,
and biomass of fruits (Pessoa et al., 2017a,b), we expect to
record bird seed-dispersal networks of exceedingly small size
and reduced number of interactions, especially in deforested
landscapes, in which the emergent structural properties may be
compromised by the loss of both interacting partners and the
interactions they perform. Additionally, as our study assessed
a subset of the frugivorous bird assembly, i.e., mainly the
understory species, and used a specific method to quantify
the interactions, we believe that these particularities could
contribute to limited-sized networks. At the landscape scale,
we predicted a decrease in the number of interactions and
on the mean number of links per species as forest cover
decreases, and edge densities and isolation increase. In this
scenario, modularity is expected to decrease due to the loss of
specialist bird-plant interactions and the persistence of a few
generalist bird species (i.e., species adapted to use different food
resources and occupy environments with distinct disturbance
intensities) able to establish links with many species and hence
connecting the whole network (Blake and Loiselle, 2002; Emer
et al., 2018). Thus, the interactions might be concentrated
within a few dominant bird species in the system, consequently
decreasing network evenness in more deforested landscapes.
Likewise, at the local scale we expect that the lower fruit
availability associated with changes in forest structure will
reduce the number of interactions, the mean number of links
per species, interaction evenness and modularity due to the
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predominance of generalist bird species able to use the wherever
resource available.

MATERIALS AND METHODS

Study Area
The study region is located in the southern Bahia State, northeast
region of Brazil (Figure 1), dominated by Atlantic Forest, a
biome considered a biodiversity hotspot due to its high levels
of endemism and deforestation (Myers et al., 2000). The region
is composed of different agricultural systems and land uses, like
cocoa (Theobroma cacao), rubber trees (Hevea brasiliensis) and
Eucalyptus plantations, as well as cattle pasture areas (Pardini
et al., 2009). Forests in southern Bahia hold a higher level
of species richness and endemism, such as birds, plants and
butterflies, when compared to other regions of Atlantic Forest
(Cardoso da Silva et al., 2004; Faria et al., 2007). However,
deforestation in the southern Bahia has reduced the diversity of

birds and plants (Morante-Filho et al., 2015; Benchimol et al.,
2017; Rocha-Santos et al., 2017).

In this mosaic of remnant forest fragments immersed in
human-modified landscapes, we randomly selected 20 forest sites
(< 500 m a.s.l.), embedded within a gradient of forest cover
(Figure 1). The sampled sites present similar soil, topography,
and floristic characteristics; however, the northern region harbors
a high forest cover (HFC, hereafter), 50% of which corresponds
to native old-growth and secondary forest (Morante-Filho et al.,
2016). The landscape matrix in the HFC region is highly
heterogeneous but is dominated by shade cacao plantations (22%
of the landscape matrix), and rubber trees (10%) (Figure 1B).
In contrast, the southern region has a low forest cover (LFC,
hereafter), represented by only 30% of forest, with a homogenous
matrix predominantly of cattle pastures (86% to the landscape
matrix) and Eucalyptus sp. plantations (7%) (Figure 1C). The
regional climate, according to the classification of Köppen, is Af
type, hot and humid without a well-defined dry season (Gouvêa,
1969). The annual averages of temperature and precipitation

FIGURE 1 | Study area in Atlantic Forest in Southern Bahia, northeastern Brazil (A). We show the location of the sampling sites (black dots) and land cover classes
in the high forest cover (HFC) region (B), with 50% of remaining forest cover, and in the low forest cover (LFC) region (C), with 30% of remaining forest cover. In (D)
are exhibited six landscapes embedded within a wide range of landscape native forest cover and different land-cover classes.
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are 24◦C and 2,000 mm/year, respectively, classified as poorly
seasonal. These temperature and rainfall conditions distinguish
tropical forests from seasonally dry tropical forests, as they do
not show fruiting peaks in specific periods, although there is
a less pronounced but significant intra-annual variation in the
abundance of seed rain in our regions (Pessoa et al., 2017a;
Piotto et al., 2019).

Landscape Scale—Composition and
Configuration Metrics
We used high-resolution satellite images (Quick Bird and World
View, 2011 and Rapid Eye, 2009–2010, with resolutions of
0.6, 0.5, and 5 m, respectively) to classified and digitized
land uses through ArcGIS software (Environmental Systems
Resource Institute (ESRI), 2012) at 1:10,000 scale, which is
adequate for identifying patches based on the visual inspection
of color, texture, shape, location, and context. We used the
software FRAGSTATS 4.2 (McGarigal and Marks, 1995) to
estimate landscape composition (the relative amount of different
land use and cover types) and landscape configuration (the
spatial arrangement of habitat and non-habitat remnants) within
a specific area around each sampling site (Figure 1D). We
estimated one metric of landscape composition: The percentage
of remaining forest (forest cover, hereafter). We also evaluated
three metrics related to landscape configuration: Cohesion index
(%) that measures the physical connectedness among forest
fragments, the total length of forest edge (edge density, hereafter)
and total core area of forest. We considered a distance of
75 m from the edge to calculate the total core area because
previous studies in the region found significant changes in forest
structure (Faria et al., 2009) and in the species composition at
this distance (Pardini et al., 2009). These metrics were chosen
because they were previously indicated to influence richness
and composition of bird and plant species in human-modified
landscapes (Martensen et al., 2008; Zurita et al., 2012; Morante-
Filho et al., 2018).

The effects of landscape variables on biodiversity depends on
the spatial scale at which predictors are measured (Jackson and
Fahrig, 2015). Thus, we calculated each landscape metric within
10 different-sized buffers from the center of each site, ranging
from 100 to 1,000 m radius (Supplementary Appendix 1). We
used Generalized Linear Models to identify the most appropriate
landscape size (Supplementary Figure S1) to further analyze
the effect of each landscape metric on several network metrics
(more details below).

Local Scale—Vegetation Structure and
Fruit Availability
We characterized the local vegetation given that a previous
study in the exact same forest fragments have shown that
vegetation structure and fruit availability are the main local
drivers of the diversity of frugivorous birds (Morante-Filho et al.,
2018). Accordingly, we estimated local variables by randomly
establishing four plots (25 × 4 m) in each site, with a minimum
inter-plots distance of 150 m. We recorded in each plot (1)
all the woody plants in the understory (50–200 cm in height),

and (2) all the trees above the understory layer (diameter at
breast height DBH ≥ 5 cm), and (3) mean DBH per tree. We
also estimated the (4) percentage of canopy openness within
the plots using hemispherical photographs. The photographs
were taken at 1.5 m from the soil and analyzed with Gap Light
Analyzer software (Frazer et al., 1999). These four variables
were summarized using a Principal Component Analysis (PCA),
whose component explained 55.6% of the variation in vegetation
structure and was therefore used as a proxy for vegetation
complexity (Supplementary Appendix 2).

Further, we used five plots (25 × 4 m) located near the
mist nets used for bird sampling (see section “Understory Seed-
Dispersal Interactions”), totaling a sampling area of 0.05 ha per
site, to estimate the (5) number of fruits available for birds during
the sampling months. Hence the abundance of mature fruits was
counted on plants between 0.5 and 2 m height, and in plants
with height between 2 and 7 m, all the mature fruits of a branch
were counted with the aid of an 8 × 42 binocular. Then, fruit
number per individual was obtained through the multiplication
of the total fruit number of focal branches by the number of
branches with fruits per plant (Blake, 1990). Fruiting plants were
collected using pruning shears and exsiccated for identification in
the herbarium of the Executive Commission for the Planning of
Cacao Cropland—CEPLAC, with the help of botanical specialists.
The fruits were also collected and stored in alcohol (96%) for
further comparison with fruits and seeds present in the samples
of feces and food contents of birds.

Understory Seed-Dispersal Interactions
We used a zoocentric approach (sensu Jordano, 2016) to survey
seed-dispersal interactions focusing on the understory birds
that inhabit the interior of the forest fragments. Understory
frugivorous birds are an important functional group as they
contribute to the influx of pioneer seeded-plant species
responsible for forest regeneration in early ecological succession
(Gomes et al., 2011). Plus, recent studies in our forest sites
have shown that this avian functional group is one of the most
affected due to changes in landscape composition (e.g., forest
loss), configuration (e.g., increase of forest edges) as well as
by the local patterns of forest structure and fruit availability
(Morante-Filho et al., 2018, 2020). Thus, to access the seed-
dispersal interactions performed by understory birds we used
mist nets—a robust sampling technique widely used to survey
understory birds that enables capturing a wide range of species
(including those rarely seen or heard) (Sutherland et al., 2004).
Additionally, this method allows the analyses of droppings and
stomach contents (Sutherland et al., 2004), allowing a more
powerful characterization of seed dispersal through the in situ
identification of the fruits and seeds consumed by each bird
species (Costa et al., 2016).

We sampled bird assemblages from April 2017 to April 2018
over two field seasons to capture greater diversity and higher tree
phenological variation. In each forest site, we opened 10 mist nets
(12 m long, 2.5 m high, 31 mm mesh) to capture birds during
three consecutive days per season. The mist nets were opened
from 07:00 to 17:00 h and reviewed every 30 min to reduce
the catching stress. We avoided sampling on rainy and windy
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days because such conditions reduce bird movement and may
interfere in capture success. Each captured bird was temporarily
marked on one of the right-wing primary feathers with non-
toxic material to avoid recounting the same individual during
sampling. In this study, we used a standardized effort of 600 net-
hours at each site, totaling 12,000 net-hours nest by bird sampling
(10 mist nets × 10 h × 3 days × 2 field seasons × 20 sites).
This sampling effort is similar to other studies performed in the
Brazilian tropical forest (e.g., Banks-Leite et al., 2010; Bueno and
Peres, 2019). All birds were identified according to the scientific
nomenclature of the South American Classification Committee
(Remsen et al., 2019). We performed oral administration of
tartar emetic (1.5% antimony and potassium tartrate solution);
a technique widely used in ecological studies to induce birds to
regurgitate the food content (Poulin et al., 1994). The solution
was administered by drip through a 3 ml disposable needleless
syringe using a dosage of 0.8 ml per 100 g of the corporal
mass. After the solution administration, each bird was placed
in a cloth bag for 15 min to regurgitate and recover from the
process, thus reducing stress (Johnson et al., 2002). Recaptured
birds during the same sampling period were not re-evaluated.
Fecal samples were collected only when birds defecated in the
mist net or inside the cloth bag. Fecal samples and regurgitated
material were stored in alcohol (96%). Then, seeds and fruits
present in food samples were analyzed in a laboratory through a
stereoscopic magnifying glass to identify at the lower taxonomic
level, using a seed bank of the Laboratory of Applied Ecology
from the Universidade Estadual de Santa Cruz. In addition,
we used information present in the literature and specific
guides for the identification of plants, fruits, and seeds (Cestari
and Pizo, 2013). The license for bird capture was granted by
Comissão de Ética no Uso dos Animais (CEUA) of Universidade
Estadual de Santa Cruz (UESC); Ministério do Meio Ambiente
(MMA); Instituto Brasileiro do Meio Ambiente e dos Recursos
Naturais Renováveis (IBAMA) and Sistema de Autorização e
Informação em Biodiversidade (SISBIO); license number 53792–
2, authentication code 67798558 and date of issue 06/11/2017.

Network Description
For each forest site, we built a quantitative interaction network
defined by a weighted adjacency matrix Aij in which rows
represent the i plant species present in the stomach and/or feces
content of the j bird species, this represented in columns and
including only birds captured with identifiable seeds or fruit parts
in their food content. The aij elements of the matrix represent
the frequency of interactions between i and j (i.e., the number
of individual birds per species recorded consuming a given plant
species). Because we observed relatively small networks due to
the intrinsic characteristics of the study system, some widely
used network metrics were not possible and/or meaningless to
run such as nestedness and H’2 specialization. Therefore, we
described our networks based on four complementary, non-
correlated parameters as follow (Supplementary Appendix 3):

(i) total number of interactions, as the sum of all pairwise
combinations of frugivorous birds and plant species in each
sample site; (ii) number of links per species, as the mean
number of interaction links of all species divided by the total

number of species; (iii) interaction evenness, which indicates
how equally distributed are the interaction links within the
network. Values close to 0 indicate that the distribution of
interactions is heterogeneous, here associated to the presence of
super-generalist or dominant species in the system. In contrast,
values close to 1 show higher homogeneity in the distribution of
links, here associated to the lack of interaction-dominant species
and the presence of specialist bird-plant associations (Bersier
et al., 2002); (iv) modularity, which identifies cohesive sub-
groups of species within the network that interact strongly among
themselves, usually associated with trait matching, functional
groups and/or habitat and diet requirements in ecological
studies (Schleuning et al., 2014; Mello et al., 2015). We used
the DIRTLPAwb algorithm (Beckett, 2016) that maximizes
modularity and accounts for quantitative interaction frequencies.

Statistical Analyses
First, we assessed the sample completeness of the number
of recorded interactions per fragment using Interaction
Accumulation Curves (Supplementary Appendix 4) with
distinct pairwise interactions as a function of the number
of sampled days (Jordano, 2016). Then, we tested the
correlation between all predictors using a Spearman’s test
to avoid collinearity (r-values ≥ 0.70) within the same model
(Supplementary Appendix 5). We used Generalized Linear
Models to evaluate how network metrics are influenced by
landscape and local predictors. Models including the number
of interactions were constructed using Poisson distribution,
while models’ using the number of links per species, interaction
evenness and modularity were created using normal distribution.
In addition, we included the study region as a fixed factor in
the models, as previous studies have observed that contrasting
land-use patterns in HFC and LFC regions affected bird and plant
species (Morante-Filho et al., 2016; Rocha-Santos et al., 2017).
Given that three out of four metrics of ecological networks were
affected by network size (Supplementary Appendix 6), which
varies greatly across forest sites, we used total bird and plant
richness as an offset term in the subsequent analyses (Henriksen
et al., 2019). An offset term is needed when there is a parameter
that is known to have a proportional effect on the response
variable. Therefore, by using an offset the coefficient of the
models are maintained fixed rather than estimated, and adds a
fixed value to the linear predictor, which tends to improve model
fit (Zuur et al., 2009; Henriksen et al., 2019). This approach
enables the assessment of how network metrics are influenced by
environmental predictors, taking into account the variation in
species richness.

All models were subjected to a model selection approach based
on Akaike information criterion corrected for small samples
(AICc), using lme4 and bbmle packages (Bolker, 2015; Bates et al.,
2015). We considered the models equally plausible when the
difference in AICc (1AICc) between models was less than 2. We
also used the Akaike weight (ωAICc), which ranges from 0 to 1,
and expresses the normalized relative likelihood of each model,
to select the most plausible one (Anderson, 2008). Models that
fitted this criterion are equally plausible to explain the observed
patterns. Then, we evaluated the fit of the plausible models
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using a ratio between residual deviation and residual degrees of
freedom, where values > 1 indicate overdispersion (McCullagh
and Nelder, 1989). We corrected for overdispersion fitting a
negative binomial distribution in the correspondent models.
Furthermore, we evaluated the spatial autocorrelation in the
residuals of the best models based on Moran’s I autocorrelation
coefficient using the ape package (Paradis and Schliep, 2019).

Last, to test whether the observed network parameters differ
from those expected by chance we used null models based
on the Patefield algorithm (“method = 1” in the “null model”
function) which randomizes the interactions among species
while maintaining network size and marginal totals constant
therefore constraining the frequency of rare species in the
community (Dormann et al., 2009). We created 100 random
networks for each studied site and used z-scores to test whether,
and to which extent, the observed networks differ significantly
from random expectations regarding the number of links per
species, interaction evenness and modularity. Z-scores were then
fitted as the response variable in the same statistical model
structure described above. Network metrics and null models were
estimated using the bipartite package (Dormann et al., 2009).
All statistical analyses and graphs were carried out in R software
version 3.5.3 (R Development Core Team, 2019).

RESULTS

We captured 491 birds along 19 forest sites (mean = 25.84
birds ± SD = 15.91 per site), but we obtained samples of fruit
or seed only from 185 birds (mean = 9.74 birds ± SD = 9.10
per site) belonging to 14 families and 28 species (Supplementary
Appendices 7, 8), forming the interplay of interactions used
to build the local network. Even after six days sampling
and 600 net-hours we did not reach an asymptote in the
number of interactions in several forest sites (see Supplementary
Appendix 4), especially in those inserted in more forested
landscapes. We failed to record a single interaction in the forest
site with the lowest amount of forest cover (15%) because no birds
were captured therein. In fact, the low number of captured birds
with food content contributed to limited sampling sufficiency of
interactions, given that no interaction was recorded for 62% of
the birds caught in the mist nets (Supplementary Appendix 8).
In contrast, sites located in LFC region showed reasonable sample
completeness (Supplementary Appendix 4).

In terms of bird diversity, the families Pipridae (five species,
n = 145 individuals), Dendrocolapitidae (four species, n = 6) and
Thraupidae (four species, n = 4) were the most representative
(Supplementary Appendix 7), showing the greater diversity of
bird species reported consuming fruits. The most abundant bird
species were Ceratopipra rubrocapilla (n = 52) and Dixiphia pipra
(n = 51), followed by Machaeropterus regulus (n = 26), Manacus
manacus (n = 15), and Schiffornis turdina (n = 6). Confirming our
expectations, there was a significant difference in bird richness
between regions (t = 5.0, df = 13.4, p < 0.001), in which we
recorded 22 (mean = 5.2 ± SD = 1.69 per site) bird species
in the HFC and 12 bird species (mean = 2.22 ± SD = 0.83
per site) in the LFC region. Among those, 16 bird species

were recorded exclusively in the HFC region, six were exclusive
from the LHC and the other six were common to both regions
(Supplementary Appendix 7).

In turn, plant diversity was characterized by 30.837
seeds/fruits in the birds’ stomach content and feces, distributed in
68 morphospecies, of which 10 met the species level identification
and another 13 the genus level. We observed a significant
difference in the number of seed morphospecies between regions
(t = 3.7, df = 11.2, p = 0.003), with 56 morphospecies in the
HFC region (mean = 9.3 ± SD = 4.9 per site), and only 17
morphospecies in the LFC region (mean = 3.2 ± SD = 1.6 per
site). Miconia hypoleuca was the only plant species found in all
studied sites, being the most consumed by the majority of bird
species (n = 22 species, 78.6% of the bird community) with a total
of 28.734 seeds recorded, showing to be an important resource
for the understory bird assemblages.

Such interplay of bird and plant diversity resulted in 268
quantitative interactions between frugivorous birds and fleshy-
fruited plants, with an average of 14.11 ± 12.98 per forest site
(Supplementary Appendix 8). The higher number of birds with
food content, the higher number of interactions and therefore
the larger-sized networks were observed in the more forested
landscapes, mainly in the HFC region (Figure 2). Indeed, the
number of interactions was the only network descriptor that
responded to changes in both landscape and local predictors and
that was mainly driven by region (Supplementary Appendix 9).
Seven models were considered equally plausible to explain
the relationship between local and landscape-scale predictors
and the number of interactions (Table 1 and Supplementary
Appendix 9). However, only two models, which consider the
region and forest cover separately, were significant (Table 2
and Figure 3). Specifically, the number of interactions was
only positively related to forest cover at the landscape scale
(Figure 3A), with a higher number of interactions recorded in
the HFC region (Figure 3B). Also, all models used to explain the
variation in the number of interactions at forest sites showed a
good fit (Supplementary Appendix 10) and did not show spatial
autocorrelation (p > 0.05) (Supplementary Appendix 11). In
contrast, the number of links per species, interaction evenness,
and modularity were not affected by any landscape or local
predictors evaluated in this study (Supplementary Appendix 9
and Supplementary Tables 6–8). Also, when network size was
controlled for, the number of links per species, interaction
evenness, and modularity did not differ from the null models
(Supplementary Appendix 12), indicating the lack of significant
structural properties in these simplified bird-plant networks.

DISCUSSION

We showed that deforestation reduces the number of interactions
between understory frugivorous birds and fleshy-fruit plant
species at the landscape level but that does not change
the structure of small-sized seed-dispersal networks in highly
depauperate tropical forests. The observed decrease in the
number of interactions reflects the decline or even the loss
of bird population of specific species, as already detected in
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FIGURE 2 | Bipartite seed-dispersal networks in 19 forest sites located in the Brazilian Atlantic forest. At the left, networks observed in the high forest cover (HFC)
and at the right, networks observed in the low forest cover (LFC) region, and their respective values of forest cover (%). Orange bars represent bird species and
green bars represent the plant species; the frequency of seed-dispersal interactions among bird and plant species are represented by the width of the vertical bars.

previous assessments (Morante-Filho et al., 2015, 2018). Despite
such numeric decline in interactions, no significant network
structural change was observed in both HFC and LFC regions,
possibly because both regions encompass highly impoverished
assemblages of understory bird species that have already lost
part of its functionality due to defaunation (Canale et al.,
2012). Importantly, our study provides further evidence about
the pervasive effects of landscape-scale forest loss, not only for
understory bird richness, but also for animal-plant interactions
and probably the ecological services they provide.

Forest cover at the landscape scale was the best and only
predictor explaining the decrease in species interactions. Previous
studies have also reported the detrimental effects of forest loss
on plant diversity, especially late-successional, shade-tolerant and
zoochoric tree species (Benchimol et al., 2017; Rocha-Santos
et al., 2017). Similarly, forest loss has been cited as the main
factor driving frugivores loss in tropical forests (Coster et al.,
2015; Morante-Filho et al., 2018). Indeed, forest loss can act
as an important selective force, filtering frugivorous birds with
specific phylogenetic and functional features, and thus interfering
in the seed dispersal networks (Peña et al., 2020). In particular,
recent studies reported significant changes in network structure
(e.g., higher nestedness and lower modularity) after forest loss in
Atlantic forest sites (Emer et al., 2020; Marjakangas et al., 2020) or
changes in bird functions in deforested landscapes (Coster et al.,
2015). Here, we found highly simplified seed-dispersal networks
with only a few pairs of interacting species, whose structural
properties have been depleted due to the loss of forest cover in
these human-modified landscapes.

Our results also showed that the number of interactions
depends on the regional context in which forest fragments are

inserted, with a higher number of interactions recorded in the
region with higher amounts of forest cover. In our study, HFC
region is composed by more forested landscapes, including native
remnants immersed in a biodiversity-friendly matrix such as the
cocoa agroforestry systems. Altogether, these features allow a
greater diversity of birds and plants in forest fragments (Faria
et al., 2006; Sambuichi et al., 2012) and hence a higher number
of interactions. In contrast, the LFC region is composed of
small forest fragments that present declines in their regional
diversity (Morante-Filho et al., 2016). Additionally, we also
observed a marked change in bird and plant species composition
between LFC and HFC regions (Supplementary Appendix 13).
From the total interactions observed (n = 268), only 16%
were recorded in the LFC region, occurring among a limited
number of bird and plant species (Supplementary Table 1). In
particular, many captured bird species in the LFC region are
occasional frugivores, which may help to explain the extremely
low number of interactions recorded. Conversely, in the HFC
region we observed a more diversified bird assembly, including
large frugivores such as Ramphastos vitellinius (Supplementary
Appendix 7). This frugivorous bird can facilitate seed dispersal,
including large-sized seed species, among forest fragments due
to their high vagility. Accordingly, the absence of certain bird
species can limit seed dispersal and the recruitment rates of plant
species, compromising the vegetation regeneration of small and
severely disturbed forest remnants (Gomes et al., 2011; Donoso
et al., 2017; García et al., 2018).

Changes in composition and structure of the local vegetation,
as well as fruit availability, are known to shape the diversity of
frugivores (García et al., 2011; Plein et al., 2013). Previous studies
in the same landscapes studied here have found that deforestation
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TABLE 1 | Model selection parameters based on Akaike’s Information Criterion
(AIC), used to explain the relationship between dependent variables (number of
interactions, links per species, interaction evenness, and modularity) and
environmental predictors (forest cover, total core area, edge density, cohesion, fruit
availability, and vegetation complexity) recorded in 19 forest sites located in the
Brazilian Atlantic Forest.

Network metric Models 1AICc Wi

Number of interactions Region 0.0 0.1728

Forest cover + region 0.4 0.1384

Forest cover 1.4 0.0846

Total core area + vegetation
complexity + region

1.5 0.0836

Total core area + region 1.6 0.0792

Cohesion + region 1.6 0.0759

Vegetation complexity + region 1.9 0.0668

Links per species Null model 0.0 1

Interaction evenness Null model 0.0 1

Modularity Null model 0.0 1

Models are ranked by 1AICc values. Here we show only the more plausible models
(i.e., when the difference in AICc between the models was lower than 2). For more
details see Supplementary Appendix 9.
1AICc, difference of the AICc comparing to the best model; df, number of
parameters of the model; wi, AICc weight.

leads to both a simplification in the forest structure and a
decrease in fruit biomass (Rocha-Santos et al., 2016, 2017; Pessoa
et al., 2017b). Nevertheless, we found no evidence that local
changes in fruit availability or vegetation complexity affected
bird-plant networks, possibly because the most representative
bird family recorded (Pipridae) was abundant in all sites. Despite
the decrease in abundance or even the loss of bird species such as
C. rubrocapilla, D. pipra, and M. regulus, the abundance of other
species such as M. manacus increased in more disturbed sites.
Indeed, M. manacus was the only member of this family recorded
in forest sites located in landscapes with less than 20% forest
cover (Supplementary Appendix 7). All the above-mentioned
bird species share similar ecological features, i.e., they are forest-
dweller frugivorous species that forage in the understory stratum
(Supplementary Appendix 7). Thus, we suggest that functional
redundancy might explain the results observed here.

Interestingly, none of the evaluated network descriptors was
affected by any local or landscape variables assessed here. The
lack of significant differences in the number of links per species
across landscapes might be explained by the fact that the most
captured birds (∼78%) belonged to the same family—Pipridae—
which were recorded consuming only fruits of a few pioneer
plant species in our fragments. Typically, the predominance of
these species is well reported given that they are the dominant
frugivorous birds in the forest understory and commonly
captured in mist nets (Loiselle et al., 2007). Similarly, we also
did not observe changes in interaction evenness, which were
mostly high thus indicating the predominance of homogeneity
in the distribution of interactions between birds and plants.
This result, associated with the small size of the networks, could
reflect the low fruit productivity in these forest fragments (Pessoa
et al., 2017a). In this situation, the already depauperated bird
assemblages (Morante-Filho et al., 2015) would heavily rely on
the very few diversity of resources available, which are mainly

TABLE 2 | Results from General Linear Models testing for the effects of local and
landscape predictors on the number of interactions in 19 bird-plant networks.

Models Estimate Std. Error Z-value P-value

Region

Intercept 0.427 0.078 5.487 <0.001

Region −0.535 0.175 −3.064 0.002

Region + forest cover

Intercept 0.113 0.234 0.481 0.631

Forest cover 0.004 0.003 1.442 0.149

Region −0.374 0.204 −1.835 0.067

Forest cover

Intercept −0.179 0.184 −0.975 0.329

Forest cover 0.008 0.003 2.915 0.004

Total core area + vegetation complexity + region

Intercept 0.777 0.307 2.527 0.012

Total core area 0.003 0.001 1.897 0.058

Vegetation complexity −1.033 0.563 −1.834 0.067

Region −0.620 0.210 −2.950 0.003

Total core area + region

Intercept 0.272 0.166 1.636 0.102

Total core area 0.001 0.001 1.074 0.283

Region −0.444 0.193 −2.295 0.022

Cohesion index + region

Intercept −12.285 12.900 −0.952 0.341

Cohesion index 0.128 0.129 0.986 0.324

Region −0.404 0.215 −1.881 0.060

Vegetation complexity + region

Intercept 0.683 0.336 2.031 0.042

Vegetation complexity −0.398 0.516 −0.772 0.440

Region −0.640 0.219 −2.918 0.003

The total number of interactions was the only network descriptor significantly
affected by changes in the landscape variables studied here. Significant models
(P ≤ 0.05) are highlighted in bold.

provided by the pioneer species (e.g., Miconia hypoleuca, Miconia
mirabilis, and Leandra rufescens) commonly observed in these
bird diet. Indeed, these three plant species corresponded to 97%
of the seeds observed in our interaction networks and were
recorded in almost all forest sites, regardless of environmental
differences in local or landscape-scale here evaluated. This is an
alarming result because the reduced richness of frugivorous birds
in the forest understory can lead to plant species homogenization
via decrease in seed dispersal. In this case, seed dispersal is
occurring only for a limited number of plant species, and other
plant species that have lost their interaction partners can be
locally extinct in the long term (Loiselle et al., 2007).

The lack of significant changes on network modularity at
both the regional and local landscape scale indicates that the
impoverished understory assemblage of plants and frugivorous
birds do not form distinguished subgroups of interacting
partners according to any specific trait, ecological niche and/or
spatial segregation in these human-modified tropical forests.
In our study, the seed-dispersal network is shaped by small-
bodied species (e.g., the five dominant species in our study
present an average body mass of 13 g) consuming and, most
likely, dispersing small-seeded plant species (Silva et al., 2018).
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FIGURE 3 | Relationship between the number of interactions in bird-plant
networks and predictors variables. (A) The relationship between forest cover
and the number of interactions. (B) The total number of interactions observed
in high forest cover (HFC) and low forest cover (LFC) region.

Therefore, the relatively low values of modularity found in our
study can be associated with the presence of a few remaining
forest birds, ecologically plastic and generalists in their diet, that
feed on the available small-sized fruits. For instance, about 50%
of the recorded birds present a diet consisting of different food
items such as invertebrates, seeds and plants (Supplementary
Appendix 7). In addition, high modularity in ecological networks
is related to megadiverse communities, in which the diversity of
animals that interact with particular sets of plant species could
make them tightly linked within modules (Donatti et al., 2011).
However, in our study we observed highly simplified networks
composed by low richness of bird and plant, mainly in the more
disturbed region.

Limitations
Our study has some limitations that deserve to be highlighted.
First, spatio-temporal differences in fruiting in distinct forest
fragments throughout the year can influence the distribution of
bird species (Hasui et al., 2012) and therefore the interactions
they perform. Similarly, the space-time decoupling, and the
low probability of interspecific encounters between potentially
mutualistic species can decrease the chances of registering
interactions (Jordano, 2016). These factors can be more
aggravating in studies on a landscape scale that propose to
evaluate networks of interactions in different forest fragments.
Second, the forests of the southern region of Bahia have low
biomass of fleshy fruits available for frugivores (Pessoa et al.,
2017b; Morante-Filho et al., 2018), which can reduce the register
of interactions and hence hinder the identification of changes in
the network structure (e.g., nestedness or modularity) (Jordano,
2016). This limitation imposed by environmental characteristics
may have occurred in our study given that only 38% of the total
number of captured birds had fruits or seeds in their stomach
contents and feces. Finally, we observed a reduced sampling
completeness of the pairwise plant-bird interactions in some
forest fragments. Although our study employed a large hourly
sampling effort for recording birds using mist nets, this was not
enough to sample a considerable number of interactions. It is
expected though that an asymptote wouldn’t be reached because

a complete inventory of interactions is virtually impossible
(Jordano, 2016) due to a series of constraints such as missing
and forbidden links (Olesen et al., 2011). Still an ascendant curve
was more evident for sites inserted in highly forested landscapes,
indicating that most of the unsampled interactions are from the
less disturbed region thus reinforcing the effects of forest cover
on the number of interactions showed here.

CONCLUSION

Our results revealed a detrimental decrease in the size of bird-
plant networks, triggered by landscape-scale deforestation.
Depleted communities often exhibit gaps in ecosystem
functionality through the loss of functional groups and
decrease in the number of interaction partners (Laliberté
et al., 2010; Muñoz et al., 2017). However, contrary
to our expectations, the observed impoverishment of
bird-plant interactions following deforestation was not
mirrored by changes in network structure. Most of the
interactions exclusively reported in sites immersed in more
forested landscapes are shaped by a few small frugivorous
birds and pioneer plants that are abundant and widely
distributed in these sites.

The maintenance of network structure despite the variation
in species richness and composition among sites can suggest a
high functional redundancy among the remaining understory
bird assemblages, thus assuring the dispersal of a few widespread
pioneer species. Yet, networks are limited to a few plant
and small bird species interacting among themselves, and
also similar among sites regardless of the landscape or local
levels of disturbance. Thus, even in our most preserved
forest sites, characterized by a larger number of interacting
species, network structure is functionally similar to those more
disturbed forest sites.
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