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Abstract

Knowledge regarding the influence of individual traits on interaction patterns in nature can help understand the topological role of individuals
within a network of intrapopulation interactions. We tested hypotheses on the relationships between individuals’ positions within networks
(specialization and centrality) of 4 populations of the mouse opossum Gracilinanus agilis and their traits (i.e., body length, body condition, tail
length relative to body length, sex, reproductive condition, and botfly parasitism) and also seasonal effects in the Brazilian savanna. Individuals
with lower body length, better body condition, and relatively shorter tail were more specialized (i.e., less connected within the network).
Individuals were also more specialized and less connected during the warm-wet season. The relationship between individuals’ position in the
network and body traits, however, was independent of season. \We propose that specialization may arise not only as a result of preferred feed-
ing strategies by more capable individuals (i.e., those with better body condition and potentially prone to defend and access high-quality food
resources) but also because of morphological constraints. Smaller/younger individuals (consequently with less experience in foraging) and short-
tailed individuals (less skilled to explore the vertical strata of the vegetation) would feed only on a subset of the available food resources and
consequently become more specialized. Moreover, individuals are more specialized during the warm-wet season because of high competition
(population-dense period) and higher ecological opportunities (resource-rich period). Therefore, our study reveals the relevance of individual traits

in shaping interaction patterns and specialization in populations.
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Individuals in natural animal populations may vary behavio-
rally and morphologically. This variation may affect how they
explore, utilize, and ultimately compete for food resources
(e.g., Dingemanse and Réale 2005; Svanbick and Bolnick
2007; Oliveira et al. 2020). Individual feeding specialization
has been widely acknowledged in natural populations of
several taxa (Bolnick et al. 2003). Knowledge regarding the
influence of individual traits on interaction patterns in nature,
however, is incipient for most species, and can be highly
context-dependent (Svanbick and Bolnick 2007; Miguel et
al. 2018; Campido and Dattilo 2020). These ecological dif-
ferences between individuals play critical roles in various
ecological aspects that can affect community responses and
ecosystem functions (Guscelli et al. 2019).

Individual feeding specialization may vary mainly accord-
ing to predation risk, level of competition, and ecological
opportunity (e.g., diversity and abundance of food resources
availability) (Araujo et al. 2011). Both level of competition
and ecological opportunity are factors highly relevant to
inter-individual variation in resource use in seasonal environ-
ments for different vertebrates, including fish (Costa-Pereira

et al. 2017), frogs (e.g., fishes and frogs; Araujo et al. 2007;
Costa-Pereira et al. 2017), and small mammals (Aradjo et al.
2010; Camargo et al. 2019, 2021). For example, in the highly
seasonal Brazilian savanna (locally known as the Cerrado),
the gracile mouse opossum Gracilinanus agilis tends to pres-
ent higher individual specialization during the resource-rich
and population-dense period (i.e., warm-wet season), through
a reduction in trophic niche width (Camargo et al. 2014b).
In fact, population-based networks indicate that groups of
G. agilis individuals tend to specialize in subsets of available
food resources (forming food groups or modules), which may
dampen intra and interspecific competition (Camargo et al.
2019).

Competition and other complex ecological relation-
ships can be represented as a network comprised of nodes
(e.g., individuals or species in ecological networks), and
links between nodes represent interactions (van Veen et al.
2008). Depending on how the interactions between species
are organized, the distribution patterns of links lead to dif-
ferent network structures (Guimaries 2020). These struc-
tures can be measured with specific network metrics (Costa
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2007; Guimardes 2020). Modularity, for instance, measures
whether networks are organized in such a way that groups
of nodes present high overlap in their interactions forming
modules, but sparse connections with nodes of other modules
(Olesen et al. 2007). Moreover, there are metrics that indicate
the relative importance of nodes (or node position within the
network) in interaction patterns (Strona and Veech 2015).
In ecological networks at the community level, for instance,
the central species (potentially indicated by distinct centrality
metrics; Oldham et al. 2019) are more abundant or general-
ists, and are generally highly connected with several partners
in the network (Gonzilez et al. 2010; Sazima et al. 2010).
A similar inference can be extended to individual-based net-
works (e.g., Gomez and Perfectti 2012). Network centrality
metrics (i.e., closeness, betweenness, and degree centrality—
Kolaczyk 2009) are a proxy to infer levels of specialization,
since in general they identify the most (generalists) and less
(specialists) connected nodes (Gémez and Perfectti 2012) in
the network. There are other metrics, however, that have also
been specifically developed to measure node specialization
(e.g., nested rank and resource range—Alarcon et al. 2008;
Poisot et al. 2012).

The identification of individual node positions in the net-
work contributes to the understanding of the potential inter-
dependence of different organizational levels of interaction
(e.g. individual-individual, individual-species, and species—
species) (Tur et al. 2014; Melidn et al. 2018; Guimaraes
2020). For instance, specialized conspecifics interacting with
different subsets of the total resources available, would lead
to a pattern that the species is considered generalist in a spe-
cies-based network (Guimaraes 2020). Therefore, downscal-
ing networks from species to individuals is a valuable way
to explore mechanisms acting at the individual level, which
may affect species network structure (Tur et al. 2014), and to
understand the niche dynamics of natural populations accord-
ing to food resources and competition variation (Aragjo et
al. 2008; Tur et al. 2014; Camargo et al. 2019). Moreover,
identifying node positions within networks has been useful
to better comprehend the topological role of individuals with
different traits as well as the benefits of occupying a certain
position in the network (e.g., individual fitness; Gomez and
Perfectti 2012).

Despite the knowledge advances on the patterns that
affect individual resource specialization, the assessment of
which traits relate to the individual specialization of small
mammals, or in an individual-based network context,
their network position, remains little explored. Individuals
may present age-dependent foraging skills, which has been
reported in several animal taxa (Werner and Gilliam 1984).
Younger individuals may present a more constrained diet or
dietary shifts because of their reduced ability to capture and
handle certain food resources (Werner and Gilliam 1984;
Rutz et al. 2006; Camargo et al. 2014b). Behavior and die-
tary shifts have also been reported in parasitized individuals
for both vertebrates and invertebrates (Moore 1995), leading
to the addition of new food resource types (e.g., medicinal
foods—Huffman 1997; Karban and English-Loeb 1997) or
avoiding certain types (e.g., larger preys—Moore and Gotelli
1990). For some species, parasites may also affect the com-
petitive ability of individual hosts (Schall 1992; Hudson
and Greenman 1998). Moreover, differences in resource use
between subgroups of natural populations (e.g., sex, age,
and reproductive conditions) have been reported in several
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studies. These resource-use differences are related to varia-
tions in reproductive strategies, body size, home range area,
and energetic and nutritional demands (e.g., Cruz-Neto and
Bozinovic 2004; Beck et al. 2007; Camargo et al. 2014a).
Therefore, all the above-mentioned factors potentially
affect individual positions within an ecological network of
interactions.

In this study, we investigated the relationship between indi-
vidual traits and the position of individuals within networks
in 4 distinct populations of the marsupial G. agilis in the
Brazilian savanna. We specifically tested whether there is a
relationship between individual specialization (based on net-
work metrics of node centrality and specialization—hereafter
referred as “node metrics”) and traits related to body meas-
urements (body length, body condition, and tail length), sex,
female reproduction, and infestation by the botfly Cuterebra
apicalis. In addition, we verified whether these potential rela-
tionships vary temporally according to the season. In the
present study we considered specialization or generalization
under the network perspective, which is commonly evaluated
considering the number of realized links by a node (in our
case, a marsupial individual) (Bluthgen et al. 2006, 2007).

We expected that small-bodied, heavier, and short-tailed
individuals would occupy less central and more specialized
positions in the network. Our expectation was based on
the low ability of smaller (and younger) individuals to for-
age (Camargo et al. 2014a); the high ability of individuals
with better body condition to defend high-quality resources
(Schoener 1983; Persson 1985); and the low ability of short-
tailed individual to explore the vertical space to find food
resources (Smartt and Lemen 1980). We also expected that
females in general, nonreproductive females, and botfly-in-
fected individuals would be more specialists. Females tend
to present small home range sizes in comparison to males
(Shibuya et al. 2018), accessing only a subset of the available
food resources; nonreproductive females are less dependent
of energy intake and nutritional requirements in comparison
to reproductive ones (Julien-Laferriere 1995; Gentile et al.
1997; Ribeiro 2011); and botfly-infected individuals present
low foraging capacity due to their weakened condition to
anemia (Zangrandi et al. 2019) and negatively affected move-
ments (Wecker 1962; Smith 1978). Finally, we expected that
less connected individuals and feeding specialization occurs
during the warm-wet season, since this season represents
the resource-rich (high ecological opportunity) and popula-
tion-dense (increased competition) period (Camargo et al.
2019).

Materials and Methods

Study species

Gracilinanus agilis is a small (mean body mass [g] = standard
deviation [SD] = 23.5 = 9.2; mean head-body length [mm]
+ 8D = 85.7 = 9.5; number of individuals = 345), solitary,
nocturnal, and scansorial marsupial (Emmons and Feer 1997,
Vieira et al. 2017; Camargo et al. 2018), that is abundant in
forest formations present in the Brazilian Cerrado (Nitikman
and Mares 1987). Its reproduction is highly seasonal, occur-
ring from the end of the cool-dry season (i.e., September)
to the middle/end of the warm-wet season (i.e., between
December and March; Martins et al. 2006b). The diet of G.
agilis is comprised mainly by pioneer fruits and invertebrates,
but it also occasionally feeds on birds (Camargo et al. 2014a).
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Figure 1 Location of the study sites in Cerrado, showed as a green area in the Brazil's map (dark gray area) on the top left. These sites were located
near Brasilia city in the Federal District of Brazil (top right inset). The bottom map indicates the detailed location of the 4 sampled sites of savanna
woodland (cerradéo), 3 at the Botanical Garden of Brasilia (EEJBB1, EEJBB2, and EEJBB3) and 1 site at the ecological and agricultural field station of

the University of Brasilia (FAL).

Study area

This study was conducted in the core area of the Cerrado,
which contains vegetation types ranging from grasslands
to typical savanna habitats and forests (Ribeiro and Walter
1998). In the Cerrado, the warm-wet season occurs from
October to April; this period receives 90% of the annual pre-
cipitation of 1100-1600 mm (Miranda et al. 1993). Field data
were collected between 2009 and 2010 at 4 sites in savanna
woodlands (locally known as cerrraddo) near the city of

Brasilia in the Federal District of Brazil, Figure 1). The veg-
etation is a xeromorphic forest formation with trees ranging
from 8 to 15 m, and a tree layer cover between 50% and 90%
(Ribeiro and Walter 1998). The 4 forest sites were located
at the Ecological Station of the Botanic Garden of Brasilia
(EEJBB in Portuguese; 15° 52° S, 47° 50 W) and Fazenda
Agua Limpa, the ecological and agricultural field station of
the University of Brasilia (FAL in Portuguese; 15° 58” S, 47°
59"W). These 2 locations are part of the area of environmental
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protection (APA, from the original in Portuguese), Gama
and Cabeca-de-Veado, which covers approximately 15,000
hectares of continuous Cerrado vegetation. Three sites were
located in EEJBB (coded as EEJBB1, EEJBB2, and EEJBB3),
and 1 in FAL (coded as FAL).

Gracilinanus agilis capture and identification of
food items

We captured G. agilis individuals in 4 grids (1 in each forest
site). Each grid was composed of 144 (12 x 12) capture sta-
tions spaced at 15-m intervals, where we randomly placed
160 Sherman® live traps (80 on the ground and 80 in the
understory, between 1.5 and 2.0 m high). Trap locations were
randomly selected for each capture session, which lasted 6
consecutive days. For each grid, we conducted 3 capture ses-
sions (interval of 3—4 weeks between sessions) in each of the
2 seasons (dry and wet), totaling 23,040 trapping nights. We
used a mixture of peanut butter, corn flour, mashed bananas,
cod liver oil, and vanilla essence in the taps as bait. We ear-
tagged each captured individual for further identification and
registered the sex, reproductive condition, and botfly pres-
ence. The reproductive condition of the females was inferred
from swelling of the nipples (Pinheiro et al. 2002). However,
data on male reproductive conditions based on external char-
acteristics are inaccurate (Quental et al. 2001). Therefore, we
did not evaluate this condition in the males. Individuals were
considered as parasitized when they presented with botfly
larvae or had scar tissue indicating recent larval emergence
(as in Zangrandi et al. 2019). For each individual, we also
recorded the head-body and tail lengths (to the nearest mm)
with a ruler and body weight (to the nearest 0.1 g) with a
Pesola® dynamometer. If present, parasitized individuals had
their botflies removed before the body weight was obtained.

To evaluate the diet, we collected scats from traps or dur-
ing the handling of trapped animals. In the laboratory, we
washed the fecal samples in 2 superimposed sieve meshes (0.1
mm and 0.7 mm) to obtain the remains of the food items for
further identification under a stereoscopic microscope. The
food categories were identified as the narrowest possible tax-
onomic category by comparison with a reference collection of
invertebrates and fruits from the study area. Details regard-
ing the methodology can be found in other studies based on
the same database used in this study (Camargo et al. 2014a,
2014b). This study was approved by the Institutional Animal
Care and Use Committee of the University of Brasilia (no.
44743/2019).

Data analysis

Network analysis

We evaluated the relationship between the animals and food
resources for each of the 4 G. agilis populations. For most
of food categories we were able to identify food categories
in a coarse level of taxonomic identification (arthropods =
order; vertebrate = class; fruits = family, genus, and species)
due to the highly fragmented remains found in fecal samples.
Therefore, we opted to construct unweighted networks com-
piling observed interactions into presence (assigned as 1) and
absence (assigned as 0) matrices, with each cell value repre-
senting the interaction between a marsupial individual (col-
umns) and food resources (rows). We calculated node metrics
of centrality (degree centrality [DC], closeness centrality
[CC], and betweenness centrality [BC]) and specialization
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(nested rank [NR] and resource range [RR]) for each indi-
vidual using the function specieslevel in the bipartite package
(Dormann et al. 2008) in the software R version 4.0.5 (R
Development Core Team 2021). Centrality and specialization
metrics measure how well an individual is connected within
the network (Gémez and Perfectti 2012; Poisot et al. 2012).

The 3 calculated centrality metrics represent distinct per-
spectives to evaluate node position in the network (Oldham et
al. 2019). DC measures how well connected a node is accord-
ing to the fraction of links connected to a node in relation
to the maximum possible connections (Nieminen 1974). The
closeness of a node in relation to the other nodes in the net-
work is provided by the CC. This centrality metric describes
the number of intermediaries that exist in a node that interacts
with another node, considering the shortest available path
(Gonzalez et al. 2010). The third centrality metric, BC, meas-
ures the number of shortest paths between 2 nodes passing
through a node of interest. This metric indicates how relevant
a node is, acting as a bridge connecting different portions of
the network (Gonzalez et al. 2010). Since network sizes may
vary between each other, to minimize possible size effects on
centralities, we used normalized versions of each node metric
(ranging from 0 to 1) (Dormann et al. 2008; Abbasi et al.
2011).

With regard to the evaluation of individual specialization
within a network, NR measures the specialization of a node
in relation to the rearranged network to its maximal possible
nestedness (Guimardes and Guimaraes 2006; Alarcon et al.
2008). A network can be considered as perfectly nested when
all resources consumed by specialist individuals are a subset
of the resources consumed by the generalist ones. Then, the
rank position of an individual within the rearranged matrix
provides its level of specialization. Individuals with high val-
ues (within the range of 0 to 1) are more specialized. The
other specialization metric used (RR), measures the interac-
tion specificity of each node (in our case, a marsupial indi-
vidual) by normalizing the number of links connected to a
node by the possible links in the network (Poisot et al. 2012).
Individuals with high values of RR (within the range of 0 to
1) are more specialized. The formulas to calculate each node
metric of centrality and specialization can be verified in the
Supporting Information.

To construct the networks and obtain the node metrics, we
included only samples from sub-adult and adult individuals
(i.e., excluding data from infants and juveniles), which were
identified on the eruption of the last superior molars (M4).
Both age classes are sexually mature but only adults present
fully fourth-erupted molars (Macedo et al. 2006). We ana-
lyzed 347 fecal samples from 301 individuals. In each forest
site, the number of fecal samples obtained during the cool-dry
and warm-wet season were as follow: FAL: 42, 70; EEJBB1:
33, 47; EEJBB2: 44, 48; EEJBB3: 36, 27. In total, we included
in the analysis 143 samples of males, 204 of females, 47 of
individuals parasitized by botflies, 300 of individuals nonpar-
asitized by botflies, and 44 of reproductive females and 93 of
nonreproductive females from the warm-wet season.

Statistical analysis

To verify whether there is a relationship between both the
position of individuals within the network and their traits,
we first performed principal component analysis (PCA) to
obtain 2 new variables (PC1 and PC2) containing most of the
variation (>75%; see results for more details) of the 5 node
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metrics. This approach helped summarize individual-based
networks, considering all metrics together. We then used gen-
eralized linear mixed-effects models (GLMMSs) considering
forest site as a random effect, using the individual scores of
PC1 and PC2 as response variables and individual traits as
predictor factors.

To construct the linear models, we used the tail length rel-
ative to the body length (hereafter relative tail length) of the
individual (i.e., in body length units). We used the relative tail
length as a proxy for arboreal activity in mammals because
this variable is commonly used in ecological studies and is
considered to be functionally informative (Hayssen 2008;
Mincer and Russo 2020). Moreover, we included in the linear
models a scaled mass index (SMI) instead of body weight of
each individual. The SMI standardizes body mass for a fixed
linear measurement (in our case, body length) based on the
scaling relationship between mass and length obtained using
a standardized major axis regression (Peig and Green 2009).
Since males (88.6 cm = 11.5 cm [SD]) and females (83.3 cm
+ 11.1 cm) presented sexual dimorphism in relation to body
length (ANOVA: F, 5,5 = 19.066, P = 0.001), we calculated
SMI for both sexes separately. We log-transformed all mor-
phological traits to improve data normality. We considered
season (cool-dry or warm-wet), botfly presence, sex, and
reproductive conditions as categorical variables in the linear
model. For the entire population in each forest site, we ran a
model considering the factors botfly occurrence, season, rel-
ative tail length, body length, SMI, and sex as predictor var-
iables in the initial model (i.e., considering all interactions).
However, since we were able to accurately determine repro-
ductive conditions in the field only for females, we also ran
a separate model containing only the data for females from
the warm-wet season (i.e., when reproduction occurs). Thus,
in this initial model, we considered reproductive condition,
botfly presence, and all morphological traits.

We conducted a GLMM analysis using the function lmer
in the Ime4 package (Bates et al. 2015). Considering that
the response variables (PC1 and PC2 scores of the network
node metrics) presented negative and positive continuous
values, we used a Gaussian family with identity link func-
tion and confirmed adequacy with residual plots. We first
tested a model containing all interactions between the predic-
tor factors against another model containing only the main
effects (i.e., without interactions between variables) using the
function Anova in the R stats library (R Development Core
Team 2021). We found no statistically significant differences
between these models for the model with all individuals (PC1:
%2, = 55.877, P =0.203; PC2: 2, = 53.770, P = 0.263) and
for the model considering only the nonreproductive and
reproductive females from the warm-wet season (PCl:y?,, =
29.914, P = 0.188; PC2:y2,, = 55.877, P = 0.203). Therefore,
we used the most parsimonious models as global models (i.e.,
main-effects models). Because we found no relevant interac-
tions between reproductive condition and the other predic-
tor factors (botfly infection and morphological traits) in the
female-only model from the warm-wet season, we conducted
the analysis considering only the reproductive condition
factor, since the other factors were already evaluated in the
whole-population model.

After choosing the fittest global models, we performed a
model selection using the Akaike Information Criterion cor-
rected for small sample sizes (AICc) with the dredge function
in the package MuMIn (Bartoni 2020) to fit all possible models.

To delineate the “best” model set, we considered AAICc < 2 as
a threshold (Grueber et al. 2011). We used #-tests to identify
predictor variables that had statistically significant effects on
the best model sets (as in Lopez-Uribe et al. 2019; Laurindo et
al. 2020). The relative importance of each predictor variable
was calculated as the sum of the Akaike weights, consider-
ing all models in which the parameter of interest appeared.
We checked for multicollinearity among factors by evaluating
the variance inflation factor (VIF) using the vif function with
the package car (Fox and Weisberg 2019). VIF values above
5 indicate high multicolinearity (Akinwande et al. 2015).
However, our analyses showed no such effect (VIF range =
1.08-2.57).

Results

Network analysis

We found 20 distinct food items in the scats of G. agilis. These
items comprised 10 arthropod orders (9 of insects and 1 of
arachnid), pulp, fiber, and seeds of 5 plant species, 3 mor-
photypes of unidentified fruit fibers, and young bird remains
(see Camargo et al. 2014a and Data accessibility section for
more details). All the populations from the studied sites pre-
sented very similar diet compositions. Only 3 food items (the
insect orders Diptera and Odonata, and the fruit Miconia
pepericarpo [Melastomataceae]) were exclusively consumed
in 1 out of the 4 forest sites. Network sizes (total number of
opossum individuals and food resource types) had in average
53 = 15(8D) nodes (range: 39-84), and 125 = 26 interactions
(range: 72-162).

The mouse opossum individuals presented, on average, a
moderate DC value and a wide range of values in the network
(average = SD, 0.277 = 0.146; range, 0.070-0.714). This
range indicates that individuals can be both well and poorly
connected with the use of distinct food resources relative to
the most connected individual in the network. However, both
CC (0.023 = 0.006; range = 0.001-0.039) and BC (0.017
+ 0.022; range = 0.000-0.180) values were generally low,
indicating that individuals tended not to occupy central posi-
tions in the networks or play major roles as connectors. The
feeding specialization of G. agilis was relatively high, with
a wide range of NR (0.500 = 0.296; range = 0.000-1.000)
and RR (0.795 = 0.148; range = 0.333-1.000) values among
individuals.

In the PCA used to summarize the individual’s position
in the networks, PC1 explained 54.1% of the variance and
PC2 explained 21.5% (Figure 2 and Supplementary Table
S1). PC1 was associated (absolute factor loading > 0.5;
Supplementary Table S1) with almost all network metrics,
except for BC (Supplementary Table S1). Specialization met-
rics (both NR and RR) were negatively associated with the
1st PCA axis, whereas centrality metrics (DC and CC) were
positively associated with this axis. Therefore, the 1st axis
(PC1) represents a gradient of individuals from more spe-
cialized and less connected (low scores) to individuals less
specialized and more connected in the network (high scores).
For the 2nd axis (PC2), the negative relationship with BC
indicated a gradient of more connected (low scores) to less
connected individuals (high scores). We found no clear pat-
terns of differences among sites except for a trend for low
scores along the 1st axis of individuals from the FAL forest
site (Figure 2).
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Position of individuals in the network

The model selection evaluating the relation between mor-
phological traits and season of the year on the individuals’
position in the network (based on PC1 scores) indicated only
1 remaining “best” model (AAICc < 2). This model identified
that body length (positive effect), body condition (negative
effect), relative tail length (positive effect), and season had
high relative importance (between 0.85 and 1.000) and
statistically significant effects (Table 1 and Supplementary
Table S2). Thus, individuals with small body length, high
body condition (SMI), and short tail length relative to body
length tended to be specialists and less connected in the
network, and botfly presence and sex were factors with no
relevance to predict individual’s position in the network.
Individuals were also more specialized and less connected
during the warm-wet season (Figure 3). For the 2nd axis
of the PCA, the “best” set of models included the season,
body length, and tail length (Table 1 and Supplementary

Nested
rank

Closeness
centrality
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Table S3). Thus, botfly presence, sex, and SMI were not
selected as relevant factors to predict individual’s position
in the network considering this PCA axis. However, among
the selected factors, only season was present in all 4 models
selected and had high relative importance (1.00) in compar-
ison to the remaining factors (relative importance < 0.43
all; Table 1). These results indicate that during the warm-
wet season, individuals had higher values of BC (Figure 4).
Testing for the reproductive condition effect on the females’
position in the network, we found no statistical significance
(GLMM) for both PC1 (F =0.004; P = 0.952) and PC2
(F

1,132.1

11350 = 0.858; P =0.356).
Discussion

Our results showed that the individual’s position in interaction
networks in the dry woodland forests of the Brazilian savanna
is related to both body traits of G. agilis and seasonality. Node

Forest site - season
@ EEJBB1 - cool-dry
@ EEJBB1 - warm-wet

@ EEJBB2 - cool-dry
@ EEJBB2 - warm-wet

Degree
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4
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PC1 (54.1%)

Figure 2 Biplot showing the results of the PCA of individual-based network metrics (i.e. node metrics) with respect to specialization (nested rank and
resource range) and centrality (degree, closeness, and betweenness) of the gracile mouse opossum Gracilinanus agilis in 4 dry woodland forest sites
(EEJBB1-3 and FAL) during the cool-dry (squares) and warm-wet seasons (circles). Eigenvector coefficients are shown in Supplementary Table S1.

Table 1 Results of the model selection assessing the individuals' position (PC1 and PC2) in network of interactions of the gracile mouse opossum
Gracilinanus agilis in 4 dry woodland forest (cerraddo) sites in the Brazilian savanna (Cerrado), according to 6 predictor variables

BF SE RTL BL SMI SX df  logLik AlICc AAICc  Weight (w)
PC1 (54.1%)
SE (Cool-dry) + RTL + BL + SMI 1.287 3.236 1.846 -0.718 7 -596.615 1207.561 0.000 0.449
Relative importance 0.254 1.000 0.918 0.860  0.865 0.167
PC2 (21.5%)
SE (Cool-dry) 0.956 4 -440.264 888.645  0.000 0.279
SE + RTL + BL 1.018 -0.879 -0.772 6 -438.679 889.605  0.960 0.172
SE + BL 0.979 -0.297 5 -440.033  890.243  1.598 0.125
SE + RTL 0.957 -0.118 5 -440.056  890.288  1.643 0.123
Relative importance 0.110 1.000 0.425  0.434  0.139 0.090

PC1 and PC2 correspond to the PCA (see results for more details) of 5 individual-based network regarding specialization (NR and resource range) and
centrality (degree, closeness, and betweenness). The percentage of the total variance explained by each PC is indicated between parentheses. The values
given for each predictor variable are regression coefficients according to the GLMM using forest site as random effect. Numbers in bold indicate statistically
significant effects (P < 0.05) in the model. BF = botfly; SE = season; RTL = tail length relative to body size; BL = body length; SMI = scaled mass index

(body condition); SX = sex.
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Figure 3 Relationship between the position of Gracilinanus agilis individuals in the network of interactions and independent variables evaluated
(season [A] and morphological traits [B-D]). PC1 correspond to the 1st axis obtained in the PCA of 5 individual-based network metrics (see methods
for more details). The predictor variables shown in the figure were among the fittest models according to the GLMM coupled with model AIC, and with
statistically significant effects. The number in parenthesis represents the percentage of the total variance explained by the PCA axis. Vertical bars (A)

and shaded areas (B-D) indicate 95% confidence intervals.

metrics of specialization (nested rank and resource range) and
centrality (degree, closeness, and betweenness) indicated that
individuals with a small body length, better body condition
(i.e., heavier relative to body length), and short tails relative
to body length were more specialized (i.e., less connected in
the network). Individuals were also more specialized during
the warm-wet season. Currently, a major challenge in stud-
ying individual trait variation and trophic interactions is to
identify which individual’s phenotypical traits mediate spe-
cialization patterns, as they can be diversified across taxa
and context-dependent (e.g., Bolnick et al. 2003; Svanbick
and Bolnick 2007; Miguel et al. 2018; Campiao and Dittilo
2020). Few studies have identified traits that modulate indi-
vidual specialization in vertebrates (but see Tinker et al. 2007;
Exnerova et al. 2010; Montoya-Arango et al. 2019; Laurindo
et al. 2020; Oliveira et al. 2020). Other studies have shown
that G. agilis populations are composed of relatively special-
ized individuals (Aradjo et al. 2010; Camargo et al. 2014,
2019). However, this is the first study to identify individual
traits that are relevant in predicting specialization, helping us

better understand the mechanisms of individual specialization
in natural populations.

Individuals with lower body lengths were more specialized
than larger ones, as expected. Small-sized individuals nor-
mally represent younger individuals who may still be learning
to forage and are less experienced and potentially less skill-
ful in finding, capturing, and manipulating certain prey types
(Werner and Gilliam 1984; Dickman 1988; Rutz et al. 2006).
In fact, G. agilis presents a pattern of herbivory-to-carnivory
switching related to ontogeny, where smaller/younger individ-
uals mainly feed on fruits, whereas larger/older individuals
tend to consume more animal prey (Camargo et al. 2014b).
This pattern may reflect the lack of experience of younger
individuals to capture mobile and agile prey. Dietary changes
can be directly related to ontogenetic and allometric shifts
in skull morphology (Thompson et al. 2003; Flores et al.
2010). Smaller individuals generally present lower bite force
(Thompson et al. 2003) and smaller mouth size (e.g., Abdala
et al. 2001; Sanchez-Herndndez et al. 2019), hindering them
while feeding on large prey, for example, on larger insects
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percentage of the total variance explained in the PCA. The vertical bars
present the 95% confidence intervals. The red arrow on the left side of
y-axis indicates the direction of change of the individuals’ position in the
network, according to most related network metric with PC2 (BC).

(with harder exoskeletons) and vertebrates. Therefore, older
and large-bodied individuals are able to capture a wider range
of prey body sizes and hardness, as seen for larger predators,
including large mammals (Werner and Gilliam 1984; Owen-
Smith and Mills 2008). For our study species, we suggest that
small-bodied individuals present individual specialization due
to biomechanical and behavioral constraints.

We also found that individuals with better body condition
(i.e., heavier in relation to their body size) were more spe-
cialized. We suggest that more profitable resources are more
commonly accessed and dominated by individuals in better
conditions, which would not need to widen their range of
used resources. The relation between body size and weight (fat
reserves and muscle mass) is directly related to the resource
holding power (RHP) or fight ability of an individual (Nosil
2002; Hsu et al. 2006; Wright et al. 2019). RHP determines the
success of an individual in a contest and may be decisive for its
resource use and selection. A direct relationship between RHP
and body weight has already been shown in several animals,
including invertebrates and vertebrates, reflecting their ability
to access different types of resources. For instance, heavier
dung beetles (but not larger in body length; Salomao et al.
2019), gladiator frogs (Candaten et al. 2020), flying squir-
rels (Fokidis et al. 2007), and gorillas (Wright et al. 2019)
are more prone to fight and defend resources than lighter
individuals. Our results indicate a similar pattern, in which
heavier individuals (relative to body length) possibly select a
few preferable and energy-rewarding food items due to their
higher RHP, thus being less connected in the network and
more specialized. This specialization would arise as a selected
feeding strategy and not imposed by size/age constraints, as
in the case of more specialized smaller/younger individuals.

We predicted that individual specialization would be
related to tail length relative to body size, as this trait is
related to arboreality and, consequently, to the use of availa-
ble resources. Our models confirm this prediction, indicating
that individuals with relative short tails are more specialized
and less connected in the network of interactions. Similar to

Current Zoology 2024, Vol. 70, No. 4

body length, feeding specialization of short-tailed individuals
is likely more related to certain constraints than to feeding
choices and advantages related to energy intake, as proposed
with respect to body condition. Relative tail length is posi-
tively related to arboreal activity and the ability to explore
the vertical strata of different vertebrate taxa (Mincer and
Russo 2020; Smith and Hilliard Young 2021). In fact, a better
capacity of long-tailed animals for exploring vertical strata
would also be expected at the individual level. For instance,
the Cricetidae rodents Peromyscus truei and P. boylii showed
a relationship between tail length and foraging habits, indicat-
ing that long-tailed individuals feed more on food resources
available in the upper strata of the vegetation (Smartt and
Lemen 1980). Therefore, we propose that G. agilis individuals
with short tails (specialists and less connected ones) are prone
to exploit resources mainly on the ground and in the lower
vegetation strata. Long-tailed individuals, in turn, can better
exploit all vertical strata (ground, understory, and canopy),
being able to feed on a wider range of food resources. Thus,
these individuals are potentially more likely to be generalists
and connected than short-tailed individuals. This finding is
in accordance with the pattern observed in previous studies
where population-level networks of G. agilis are nested in
more complex habitats (Camargo et al. 2019). In these habi-
tats, the greater availability of vertical space potentially pro-
motes segregation among individuals. This segregation results
in more terrestrial individuals presenting a diet that is a subset
of the food items consumed by the more arboreal individuals
(Camargo et al. 2019).

Specialization was also affected by the time of year in the
highly seasonal Cerrado. We verified that, on average, indi-
viduals are less connected and more specialized during the
resource-rich period (i.e., warm-wet season). This result
is in accordance with other studies showing that G. agilis
(Camargo et al. 2014b, 2019) and other vertebrate popula-
tions (Aradjo et al. 2007; Costa-Pereira et al. 2017; Camargo
et al. 2021) tend to be more specialized during this season in
the Cerrado. Population-level networks of G. agilis increase
modularity during the warm-wet season, indicating that
discrete groups of individuals tend to specialize in subsets
of food resources available in the environment (Camargo
et al. 2019). A similar pattern was also verified in climbing
rats Rhipidomys macrurus based on stable isotope analysis,
indicating a low individual isotopic niche overlap during the
resource-rich season (Camargo et al. 2021). In contrast to G.
agilis, however, this rodent does not exhibit between-season
differences in individual niche widths. This specialization
seems to be related to an increase in population densities of
most small mammals (including G. agilis) due to recruitment
by reproduction in the warm-wet season (Mares and Ernest
1995), resulting in increased competition during this period.
However, at the same time, more food resources are avail-
able in the environment, increasing ecological opportunities
(Camargo et al. 2019, 2021). Thus, in an environmental con-
text where competition is high and different food resource
types are more available, individuals would present feeding
specialization leading to a reduced niche width (i.e., less con-
nected in the network) and overlap to minimize the compe-
tition effects.

We also detected that BC was generally higher during the
warm-wet season. Food web models indicate that, as mod-
ularity increases, the networks also present higher average
BC, which indicates that the species have a more relevant role
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as connectors in more modular networks (Garay-Narvdez
et al. 2014). In addition, there is a general pattern in which
more central elements tend to be the more generalist ones in
both individual- and species-level networks (Gonzalez et al.
2010; Gémez and Perfectti 2012; Palacio et al. 2016). For
instance, in plant-frugivore networks, it has been found that
generalist birds act as local hubs in their own modules, and
as connectors between modules (Palacio et al. 2016; Vidal et
al. 2014). Therefore, it is likely that during the resource-rich
and population-dense period, when population networks of
G. agilis present higher modularity (Camargo et al. 2019),
some relatively more-generalized individuals that feed on
food resources from distinct modules may also play this role
in the network, increasing the average BC during the warm-
wet season. Although we did not find significant relationships
between the measured individual traits and BC, 3 out of 4
best set of models according to the AIC included tail length
and/or body length. This result could suggest a relative impor-
tance (but not clearly detected) of these traits in determining
which individuals were acting as connectors in the networks.
In these models, again, individuals with higher body and tail
lengths were more generalists, potentially connecting differ-
ent modules in the network.

The position of G. agilis within the network of interactions
was not affected by botfly infestation, contrary to our expec-
tations. Although parasitized individuals could have their
movement negatively affected (Wecker 1962; Smith 1978) and
present a weakened condition due to anemia (Zangrandi et al.
2019), these individuals were not specialized in their feeding
habits due to these constraints. However, in the present study,
we did not consider the number of botflies (Dunaway et al.
1967), the larval instar (Smith 1978), or the position of larvae
in each individual (e.g., near hind limbs in the ingual region—
Test and Test 1943), which could affect the degree of negative
impacts of being parasitized. Nevertheless, botfly effects on
mammalian hosts are highly variable and may have neutral
(e.g., Bergallo et al. 2000; Spessot et al. 2013) or even positive
(Jaffe et al. 2005; Cramer and Cameron 2006) effects.

The individual’s position in the network was not explained
by the sex or reproductive condition of the females. Different
intraspecific feeding patterns have been reported for G. agilis
considering these 2 intrapopulational subgroups (e.g., Martins
et al. 2006a; Camargo et al. 2011, 2014a). For example, G. agilis
males and reproductive females feed more heavily on arthropods
compared with females and nonreproductive females (Camargo
et al. 2014a). Additionally, reproductive females also select ants
and beetles, whereas nonreproductive females negatively select
beetles (Camargo et al. 2014a). It is possible that the taxonomic
resolution (Hemprich-Bennett et al. 2021; Llopis-Belenguer et al.
2022) of identification of certain food items (e.g., arthropods at
the order level) that we used in the present study is not enough
to detect such differences. Additionally, reproductive and nonre-
productive females may present similar diet composition, but
differ significantly in the intensity of food item consumption,
which is not considered in unweighted networks. Therefore,
these limitations could hinder the identification of any dif-
ferences related to individuals’ positions in the network with
respect to sex and reproductive conditions.

In conclusion, our study revealed the role of traits and sea-
son of the year on an individual’s position within the inter-
action networks of a neotropical marsupial. To the best of
our knowledge, this is the first study of resource-consumer
networks using this approach with a vertebrate as a model,

increasing the knowledge regarding factors that underlie indi-
vidual specialization in natural populations. Our results indi-
cated that specialization (i.e., reduced connection within the
ecological network) may arise not only as a result of preferred
feeding strategies by more capable individuals (i.e., those with
better body condition and potentially prone to defend and
access high-quality food resources) but also because of mor-
phological constraints. These constraints are related to body
size and tail length (relative to body size). Smaller/younger
individuals (consequently with less experience in foraging)
and short-tailed individuals (less skilled to explore the ver-
tical strata of the vegetation) would have access to a more
limited range of resources and consequently become more
specialized. These results indicate that feeding specialization
is not only a product of individual choices and preferences
regarding nutritional and energetic demands but also a result
of behavioral and morphological constraints. Additionally, G.
agilis presented feeding specialization during a resource-rich
and population-dense period (warm-wet season). This sea-
sonal pattern reinforces the role of competition and ecolog-
ical opportunities in determining individual feeding patterns
within natural populations in highly seasonal environments.
The time of the year (dry or wet season), however, did not
affect the relationship between individuals® body traits and
network position. This regular pattern indicates that G. agilis
populations present both generalist and specialist individuals
throughout the year, with body traits affecting the interac-
tions within the ecological network.
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