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Abstract
1. Although neglected by classic niche theory, individual variation is now recognized

as a prevalent phenomenon in nature with evolutionary and ecological relevance.
Recent theory suggests that differences in individual variation across competitors
can affect species coexistence and community patterns. However, the degree of
individual variation is flexible across wild populations and we still know little about
the ecological drivers of this variation across populations of single species and,

especially, across coexisting species.

. Here, we aimed to (a) elucidate the major drivers of individual niche variation in

natural communities and (b) to determine how consistent this variation is across

coexisting species and communities.

. We analysed natural patterns of individual-level niche variation in four species of

coexisting generalist frogs across a wide range of tropical communities. Specifically,
we used gut contents and stable isotopes (§1°C and §'°N) from frog species and
their prey to quantify individual niche specialization. Then, we combined data on
local community structure, availability of prey, phylogenetic relationships and
predator-prey size models to test how this variation is related to four ecological
factors which are predicted to be key drivers of individual specialization: intraspe-
cific competition, interspecific competition, ecological opportunity (i.e., diversity

of resources) and predation.

. We found that the degree of individual trophic specialization varied by up to nine-

fold across populations within the same species. This sizable variation in trophic
specialization across populations was at least partially explained by gradients of
density of competitors (both conspecifics and heterospecifics) and intraguild pre-
dation. However, the specific relationships between individual specialization and
these ecological gradients were strongly species-specific. As consequences, the
identity of the species with more individual variation changed among sites and
there was typically no spatial correlation in the degree of individual specialization

across coexisting species.

. Our results show that individual niche specialization within and across species can

be strongly context-dependent and that hierarchies of individual variation among
coexisting species are not necessarily consistent across communities. Recent the-
ory suggests that this pattern could lead to concurrent changes in competitive
interactions across sites and thereby could play a key role in species coexistence

at the landscape level. Our results suggest that individual variation across and

1452
© 2018 British Ecological Society

© 2018 The Authors. Journal of Animal Ecology

wileyonlinelibrary.com/journal/jane J Anim Ecol. 2018;87:1452-1464.


http://orcid.org/0000-0003-2370-5866
http://orcid.org/0000-0002-9214-2000
mailto:raulcpereira@gmail.com

COSTA-PEREIRA ET AL.

Journal of Animal Ecology 1453

KEYWORDS

1 | INTRODUCTION

Classic niche theory relies on average differences between species
to explain diversity patterns in biological communities. Indeed, the
assumption of ecological equivalence within species has tradition-
ally underlaid niche theory (Chase & Leibold, 2003). However, this
long-standing assumption has been challenged in recent years by
a boost in the number of studies documenting substantial individ-
ual niche variation within populations (Aradjo, Bolnick, & Layman,
2011; Bolnick et al., 2003). Furthermore, theory and empirical work
indicate that the level of individual variation within populations can
have important consequences for population dynamics, species in-
teractions and long-term coexistence (Barabas & D’Andrea, 2016;
Bolnick et al., 2011; Forsman & Wennersten, 2016; Hart, Schreiber,
& Levine, 2016; Hausch, Vamosi, & Fox, 2018; Pruitt & Modlmeier,
2015; Violle et al., 2012). Despite these recent advances, it is in-
creasingly apparent that the degree of individual niche variation
is spatially and temporally flexible in wild populations, responding
to shifts in ecological contexts from local to global scales (Araujo
& Costa-Pereira, 2013; Aratjo et al., 2011). However, we still know
little about the extent and drivers of individual niche variation within
and across species in natural communities. Yet, this knowledge is
essential to develop biologically realistic models and testable quan-
titative predictions on how individual variation can affect commu-
nity dynamics (Bolnick et al., 2011; Ingram, Costa-Pereira, & Araujo,
2018; Violle et al., 2012).
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FIGURE 1 Conceptual representation
of how the hierarchy of individual
specialization across two coexisting
species (spA, spB) may vary along

an ecological gradient. (a) spA has
consistently higher individual niche
variation than spB (either in Site 1 and
Site 2), which would confer a competitive
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within coexisting species has the potential to affect not only species coexistence

at local communities, but also regional diversity patterns.

competition, diet, ecological opportunity, intraspecific variation, Leptodactylus, species

coexistence, stable isotopes, thin-toed frogs

Recent theoretical models suggest that the outcome of interspe-
cific competitive interactions (i.e., species coexistence vs. compet-
itive exclusion) strongly depends on how the amount of individual
variation differs across competitors (Barabas & D’Andrea, 2016;
Hart et al., 2016). For example, considering two coexisting species,
it is possible that one of them has consistently higher individual
niche variation than the other, which would confer a competitive
advantage by reducing mean intraspecific competition, regardless
of the ecological context where species are interacting (Barabas
& D'Andrea, 2016; Hart etal., 2016) (Figure 1a). Alternatively, if
competitors exhibit no consistency in their differences in individ-
ual variation, competitive hierarchies can change across ecological
contexts (Figure 1b). Thus, it is important to elucidate how coexist-
ing species differ in the degree of individual niche variation across
ecological contexts and whether these differences are consistent
along environmental gradients. However, the vast majority of pre-
vious studies quantified niche specialization within a single target
species (Aradjo et al., 2011; Bolnick et al., 2003), and little empirical
data are available to compare the degree of individual niche variation
in populations of co-occurring species (Araujo, Bolnick, Martinelli,
Giaretta, & Dos Reis, 2009; Cloyed & Eason, 2016; Faulks, Svanback,
Ragnarsson-Stabo, Ekl6v, & Ostman, 2015).

Theories on optimal foraging provide guidelines on which
ecological factors could drive differences in individual varia-
tion. Specifically, these theories posit that four main ecological

factors should affect the degree of individual niche variation:
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advantage to spA by reducing its mean Site 1

intraspecific competition along the
gradient. (b) Competitors exhibit no
consistency in their differences in
individual variation: in the Site 1, spA
has higher individual specialization; the
scenario is the opposite in Site 2 [Colour spB
figure can be viewed at wileyonlinelibrary.

com]
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intraspecific competition, interspecific competition, ecological
opportunity and predation (Aradjo et al., 2011; but see Toscano,
Gownaris, Heerhartz, & Monaco, 2016). Intraspecific competi-
tion can increase among-individual niche variation if it constrains
the use of a common optimal resource and therefore individu-
als begin to feed on alternative resources that differ according
to individuals’ phenotypes (Svanbick & Bolnick, 2005, 2007).
Ecological opportunity (i.e., diversity of available resources) is
also expected to increase individual niche variation by expand-
ing individuals’ foraging possibilities and then allowing their
niches to diverge (Araujo et al., 2011). In turn, predation may
decrease niche variation through density-mediated effects or
changes in consumer behaviour (Araujo et al., 2011). Interspecific
competition may have positive or negative effects on individual
specialization depending on how population and individuals’
niches respond to heterospecifics (Bolnick et al., 2010; Van Valen,
1965).

While some experimental and observational studies confirm
these expectations for the role of intraspecific competition and
ecological opportunity, effects of predation and interspecific com-
petition remain underexplored (Aradjo et al., 2011). Furthermore,
the majority of these studies focused on the specific effect of only
one of these four ecological factors (e.g., intraspecific competi-
tion, Svanback & Persson, 2004; Svanback & Bolnick, 2007; Tinker,
Bentall, & Estes, 2008). Only recently have observational studies
started to provide some insights on how two ecological factors
can interact to determine the degree of individual niche variation
in populations (Costa-Pereira, Tavares, de Camargo, & Aratjo, 2017;
Evangelista, Boiche, Lecerf, & Cucherousset, 2014; Newsome et al.,
2015). However, under natural conditions, populations are usually
facing all four factors simultaneously to varying degrees and the
effects of these factors may not be independent. Furthermore,
coexisting species that differ in their life-history traits or level of
individual specialization may respond differently to gradients of
competition, ecological opportunity and predation. Testing existing
theory on ecological drivers of individual variation and its conse-
quences for species interactions, therefore, requires an integrative
approach to unravel how these factors drive individual niche spe-
cialization in populations of coexisting species (Araujo et al., 2011;
Bolnick et al., 2011).

Here, we use a large-scale field survey of natural frog commu-
nities to identify key ecological drivers of individual trophic special-
ization across natural populations and communities of coexisting
species. Specifically, we asked: (a) How consistent are differences
in individual specialization across species and communities? We
predict that co-occurring species should present a consistent hier-
archy of individual variation across communities (Figure 1a), which
would favour their local coexistence (Barabds & D’Andrea, 2016;
Hart et al., 2016). (b) What is the relative importance of intraspecific
and interspecific competition, predation and ecological opportunity
in explaining the variation of individual specialization across popu-
lations? (c) Does the relative importance of these ecological factors
vary across coexisting species?

2 | MATERIALS AND METHODS

2.1 | Study system

Thin-toed frogs (Leptodactylus spp.) are a species-rich genus
of trophic generalist anurans widely distributed across the
Neotropics. Commonly, more than one species of thin-toed frogs
can be found co-occurring syntopically (e.g., around ponds) in
South American lowlands, exhibiting large diet overlap (De-
Carvalho et al., 2008; Piatti & Souza, 2011). Thin-toed frogs for-
age at night on the ground and in low vegetation, consuming a
wide taxonomic range of invertebrate prey, but larger individuals
can also prey on small vertebrates, including intraguild predation
and cannibalism (Costa-Pereira et al., 2015). Most of the species
within this clade are medium-sized frogs (3-11 cm), but some spe-
cies can reach large body sizes (~20 cm). Individuals within popu-
lations of Leptodactylus spp. can show substantial diet variation
(Aradjo et al., 2009).

We studied four areas in central Brazil, two of them in the
Pantanal wetlands, Fazenda Barranco Alto (central coordinates:
19.559°S, 56.133° W) and Base de Estudos do Pantanal-UFMS
(19.494° S, 57.048° W), one in the Bodoquena Plateau (21.384° S,
56.413° W) and one in the Gran Chaco region (21.683° S, 57.72° W),
covering a total area of ~40,000 km? (Supporting Information Figure
S1). In general, these regions are characterized by Savannah and
grassland habitats, with numerous lagoons or ponds that harbour a
high biomass of amphibian anurans during the rainy season. Despite
some differences in species composition and community structure
between these areas, Leptodactylus species frequently represent the
most common (>70% in terms of abundance and biomass) terrestrial
anurans around natural or seminatural lentic water bodies. Here, we
focus on the four most common species in this geographical region:
Leptodactylus bufonius, Leptodactylus chaquensis, Leptodactylus fus-
cus and Leptodactylus podicipinus. Although these species use similar
food resources and microhabitats, they differ in average body size
(Supporting Information Figure S2) and reproductive mode (Prado,
Uetanabaro, & Haddad, 2005).

2.2 | Data collection

We sampled 21 frog communities, accounting for 43 populations
of four studied species (L. bufonius, n =5 populations; L. chaq-
uensis, n = 18; L. fuscus, n = 7; and L. podicipinus, n = 13) between
mid-November 2014 and early January 2015. This period corre-
sponds to the start of the wet season, when Leptodactylus spp.
are fully active after several months of low activity and meta-
bolic rates. Importantly, it is a key foraging period to these frogs
because it is when they accumulate energy to reproduce (Prado
et al., 2005). Thin-toed frogs have a strong association with lentic
water bodies. Thus, we defined a community as all the anurans
found around natural or seminatural lagoons and separated by at
least 1.5 km from any other community (Supporting Information
Figure S1). Around each lagoon, we established six 10 x 10 m
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plots (sampling area = 600 m?/community). To sample available
food resources to frogs, we installed 12 pitfall traps (20 cm di-
ameter) and two light traps evenly spaced surrounding the plots.
We opened pitfall traps and turned on light traps right after the
sunset and retrieved prey samples after 12 hr. Two hours after
nightfall, we surveyed each plot (standard collection effort of
1 hr/people/100 m?) and hand-captured all frogs and toads
found, which were kept in humidified plastic bags. After the anu-
ran survey, collected Leptodactylus spp. specimens were eutha-
nized with an overdose of analgesic (lidocaine), kept on ice in the
field and then transferred to a -20°C freezer on the same night.
Frog and prey samples were kept frozen until laboratory process-
ing. Individuals from other species were identified and released
on the same night of sampling. Collection and euthanasia were
carried out in accordance with Universidade Estadual Paulista
guidelines for the care of vertebrate animals (UNESP Animal Care
and Use Committee 03120501).

The same person (RCP) measured the snout-vent length of each
specimen using a digital caliper (0.01 mm) and dissected frogs to
obtain gut contents (both stomach and intestine) under stereomi-
croscope. Individuals were sexed by the examination of gonads.
Specimens without developed gonads were considered juveniles.
We quantified individual diets by counting and identifying to the
lowest taxonomic level possible (family level in most cases) all prey
items found in gut contents. To quantify the available resources to
frogs, we also counted and identified (family level) all potential prey
that we collected using light and pitfall traps (n = 9,470 cumulative
prey items over all traps).

Complementary to gut content analysis, we measured stable
isotopes of carbon (6*3C) and nitrogen (8*°N) of the frogs (n = 974
individuals) and their prey. Stable isotopes have been used as a
measure of long-term feeding history in trophic studies, allowing
inferences on individual temporal consistency in diet (Layman et al.,
2012). We removed a piece (1 x 1 cm) of liver from each frog indi-
vidual, which incorporates isotope values of consumers’ diets for
several weeks (Dalerum & Angerbjorn, 2005). Liver and prey sam-
ples (retrieved from pitfall and light traps or gut contents) were
rinsed in deionized water, oven-dried for 48 hr at constant 60°C,
grounded and weighed (~0.5 mg) into tin capsules. Because C:N
ratios were overall low (<4), we did not extract lipids from our sam-
ples or mathematically correct them to account for lipid content
(Post et al., 2007). The abundances of 3C/*2C and >N/¥*N were
determined at the Washington State University Stable Isotope Core
Laboratory using an Elemental Combustion System 4010 elemen-
tal analyser (Costech Analytical, Valencia, CA, USA) and a Delta
Plus XP continuous flow isotope ratio mass spectrometer (Thermo
Finnigan, Bremen, Germany). We report isotope compositions using
conventional delta notation, showing differences between the ob-
served concentration and that of Pee Dee Belemnite for carbon and
atmospheric N, for nitrogen. The standard deviation of replicates
of the internal reference material (Nylon) was 0.03% for 5'°C and
0.06% for '°N.

2.3 | Proxies to ecological mechanisms

It was not possible to directly measure the magnitude of the four
ecological factors believed to affect individual specialization in
wild populations. We therefore followed previous studies (Cloyed
& Eason, 2016; Evangelista et al., 2014; Newsome et al., 2015) and
used proxies to represent their magnitudes in each population. We
measured intraspecific competition and ecological opportunity
using the density of conspecifics and the Shannon Index of diver-
sity of available resources as proxies, respectively. The effects of
the density of conspecifics (and heterospecifics) on the degree of
individual specialization should also depend on the amount of avail-
able food resources. Therefore, we also quantified the total biomass
of prey in the environment for each community.

We used a metric that combines both the local structure of
communities and the phylogenetic relationships between coexist-
ing species to quantify the strength of interspecific competition.
Specifically, we calculated a measure of effective density of hetero-
specifics (N,) experienced by each population in each community
based on the quantitative genetic competition model proposed by
Doebeli (1996):

N,= J p(Z)a(z,2)dz

In this model, the effective population density corresponds to
the proportion of each alternative phenotype z’ (or, in our case, spe-
cies z'), represented by p(z'), weighted by its competitive effect on
the focal phenotype z (species z). The competitive effect, o (z, Z'),
represents the per capita decrease in the population growth of the
species z for each individual of the species z’' added to the commu-

nity, which can be modelled as:

a(z,)=exp| — (z-z)
’ 202

Here, we considered the difference between phenotypes

(z,z') as the phylogenetic distance between two given species. Using
the r package picante (Kembel et al., 2010), we calculated the phy-
logenetic distance between all pairs of coexisting species from a
cladogram based on the time-calibrated tree proposed by Pyron and
Wiens (2011) (Supporting Information Figure S2). The constant o-(f
determines how sharply the competition decays with the increase
in the divergence between phenotypes. As an empirical value to this
constant is not available in the literature, we determined. af =0.05,
which was the best value to approximate the competitive function
based on our data to a Gaussian function (Doebeli, 1996). Using
smaller or larger values (a,f =025 and 05 = 075) did not qualitatively
change the results. In summary, our metric of effective density of
heterospecifics for a given population increases when co-occurring
species are closely related and abundant. We acknowledge this
approach implicitly assumes that closely related species are eco-
logically more similar and therefore compete more strongly for
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food resources, which is not always true in biological communities
(Cadotte, Jonathan Davies, & Peres-Neto, 2017; Godoy, Kraft, &
Levine, 2014). However, considering that species diet and reproduc-
tive modes are associated with evolutionary proximity in our system
(Uetanabaro, Prado, Rodrigues, Gordo, & Campos, 2008), we believe
that phylogenetic relationships can be a good representation of the
similarity of trophic niches between frog species.

As a proxy for predation pressure, we quantified the median
likelihood of intraguild predation for a given population. During
fieldwork and gut content analyses, we observed many events of
intraguild predation and cannibalism in our studied system. We ac-
knowledge that intraguild predation is not the only type of predation
pressure that thin-toed frogs experience, as predation by birds and
snakes have been reported in this system (Costa-Pereira, Ingram,
Souza, & Araujo, 2016). However, numeric and biomass domination
of Leptodactylus spp. (>90% of the total biomass of anurans, see
Results) in the studied communities suggest that intraguild predation
and cannibalism should account for a substantial portion of preda-
tion in our system. As predation is strongly size-structured in frogs,
we used an approach that combines predator-prey size relationships
with the observed local size structure of communities. Specifically,
using only the anuran prey consumed by thin-toed frogs (n = 33,
gut contents analyses), we regressed the log-transformed predator
(y-axis) and prey (x-axis) body sizes (snout-vent length) and obtained
a 95% quantile regression model (intercept = 1.133, g = 0.447), which
allowed us to establish the upper boundary of the feeding range
(Costa-Pereira, Lucas, et al., 2018; Gravel, Poisot, Albouy, Velez, &
Mouillot, 2013). Using this predator-prey body size model, we esti-
mated for each individual the minimum size of a potential intraguild
predator. Therefore, we used this critical size value to quantify the
number of potential intraguild predators that co-occurred with each
individual in the studied communities. Finally, we calculated the me-
dian value of the distribution of estimated number of potential in-
traguild predators to represent the likelihood of intraguild predation
pressure for each studied frog population.

2.4 | Measures of individual niche specialization

To quantify the degree of individual specialization, we used two
complementary sources of trophic niche information at the indi-
vidual scale, gut contents and stable isotope data. Stable isotopes
allowed us to infer temporal consistency in the diets of individuals
because they reflect nutrients assimilated over many feeding events.
Gut contents allow us to accurately determine the diet (e.g., high
taxonomic resolution) and infer how coexisting species and individu-
als are partitioning specific resources within a given period of time
(Araujo et al., 2011). Gut contents of thin-toed frogs commonly con-
tain a high number of prey items during the rainy season (mean of 7
prey/individual, max of 110 prey/individual).

For gut contents data, we first calculated the proportional sim-
ilarity index (PS)) for each individual i, which measures the overlap
between individual i’s niche and the population niche. The average
of PS; values corresponds to the IS individual specialization index,

which is the average overlap between individuals’ niches and the
population niche (Bolnick, Yang, Fordyce, Davis, & Svanbick, 2002).
To obtain a more intuitive measure of individual specialization, we
subtracted the observed IS index of each population from 1, resulting
in the V index (Bolnick, Svanback, Aradjo, & Persson, 2007). When
all individuals’ niches overlap totally with the population niche, the
V index is O and assumes higher values as the amount of individual
specialization increases. We tested whether each observed V value
could be generated if individuals sample prey stochastically from the
population diet distribution (i.e., the significance of V indexes) using
Monte Carlo bootstrap simulations (1,000 replicates) (Zaccarelli,
Bolnick, & Mancinelli, 2013). As measures of individual specialization
based on gut contents can also be influenced by the degree of taxo-
nomic resolution (Newsome et al., 2015), we calculated the V index
using both Order and Family level identifications separately. As we
found a high correlation between these indexes (r = 0.84, p < 0.001),
we only used family-level data in the analyses.

Gut contents do not necessarily reflect individuals' long-term
feeding preferences. Thus, we also obtained a measure of V calcu-
lated from stable isotopes of carbon and nitrogen. §*3C provides in-
formation on how individuals’ feeding preferences differ in terms of
types of foods consumed (e.g., C3 vs. C4 food chains), while §'°N in-
dicates differences in trophic level of consumed prey over time (Fry,
2007). We used empirically observed parameters (population diet
distribution, number of individuals sampled, isotope values [613C or
5'°N] of all prey and their dry masses) to simulate populations with
varying degrees of diet variation and isotopic variance among indi-
viduals (see details in Aradjo, Bolnick, Machado, Giaretta, & dos Reis,
2007). For each sampled frog population, we simulated 5,700 virtual
populations and then generated an expected relationship between
the Vindex and isotope variance specific for that population. Finally,
we used this relationship to convert empirically observed isotope
variances into estimates of Vgisc and Vs which can be compared
to V values calculated from gut content data. Importantly, as sim-
ulations account for local prey’s isotopic distributions, V values are
comparable among populations even when there are differences in
isotopic baselines across sites. We ran simulations in the program
Varlso 1.0 (Aradjo et al., 2007).

2.5 | Statistical analyses

We performed all statistical analyses in r 3.4.1. To test whether
differences in the degree of individual specialization between co-
existing species are consistent across communities, we first sub-
tracted the calculated V indexes (V, Vsisc or Viisy) between each
pair of coexisting populations. In this case, if two locally coexist-
ing species have exactly the same degree of individual specializa-
tion, the difference between them is zero. To test whether there
is a directional trend of difference, that is, consistently higher or
lower individual variation for a given species in relation to other
species across communities, we performed a one-sample t test
comparing the values of the difference in individual specializa-
tion for each pair of species with zero. Additionally, we correlated
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(Pearson) the calculated values of individual specialization be-
tween each pair of species across communities. If the degree of
two given species varies consistently across communities, we
would observe a positive correlation, indicating that individual
specialization in both species is driven by similar mechanisms. For
these and the following analyses, we only used populations with
more than seven individuals and with significant V index values
(Monte Carlo simulations).

To determine which ecological factors help explain variations
in the degree of individual specialization across populations and
their relative importance, we constructed linear mixed models in
the package LMe4 (Bates, Maechler, Bolker, & Walker, 2014) with V,
Viisc or Vigisy as response variables and density of conspecifics, ef-
fective density of heterospecifics, intraguild predation likelihood, re-
source diversity and biomass of available prey as additive predictors.
These predictors are not correlated (pairwise Pearson correlation, all
p-values > 0.13) and we centred and scaled them before the analysis
to facilitate comparisons of the resulting coefficients. We included
the interaction of species identity with each of these factors (ex-
cept biomass of prey, which was used only to control the effect of
different resource abundances on the densities of conspecifics and
heterospecifics) to determine whether effects of predictors vary
across species. We also included site (community) nested within the
geographical area as random effect. Although prior studies assumed
a linear relationship between the degree of individual specialization
and ecological gradients, recent studies have found quadratic pat-
terns (Evangelista et al., 2014; Jones & Post, 2013; Mateus, Ortega,
Mendes, & Penha, 2016). We therefore compared the fit of a linear
vs. a quadratic model using corrected Akaike’s information criteria
(AIC ). We excluded L. bufonius from these analyses because of small
sample size (n = 5 populations). Visual inspection of residual plots
did not reveal any clear deviations from normality or homoscedas-

ticity. p-Values were obtained using Type Il Wald chi-square tests in

the package “car” (Fox et al., 2016). Data underlying the analyses are
deposited in the Dyad Digital Repository: https://doi.org/10.5061/
dryad.mq2h237 (Costa-Pereira, Rudolf, Souza, & Araujo, 2018).

3 | RESULTS

Across the 21 sites, thin-toed frogs (Leptodactylus spp.) were the
dominant species accounting for 68.23% of the captured individuals
and 93.34% of the total biomass of anurans. In most of the sampled
communities, we found three thin-toed frog species coexisting, and
in four communities only one Leptodactylus species was sampled.
Leptodactylus chaquensis was the most abundant and frequent spe-
cies (n = 493 individuals, 18 communities), followed by L. podicipinus
(n =337,16), L. fuscus (n = 95, 13) and L. bufonius (n = 49, 5). These last
three species presented similar body size distributions (between 25
and ~50 mm), while L. chaquensis reached up to 90 mm (Supporting
Information Figure S3). We identified 6,172 prey items from gut con-
tents. Thin-toed frogs had a broad diet, consuming 85 prey types.
Termites (24.8%), ants (19.91%), leafhoppers (4.41%) and micromoths
(4.25%) were the most common prey types, corresponding to more
than half of all food items (Supporting Information Table S1). Thin-
toed frogs also exhibited a wide range of isotope values, which can
be related to the large spatial extent of our study area. st ranged
from -27.57%o to —12.16%o (mean = -21.14%o, SD = +2.85) and 5*°N
from -2.88%o to 14.14%o (mean = 7.92%o, SD = +1.89).

3.1 | Variation in individual specialization across
populations

Individual diet specialization based on dietary data (V-values) and sta-
ble isotopes (either Viisc or Viisy) were positively correlated, and V-

values were generally larger than Vs and Viis (Figure 2, Supporting
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Information Figure S4). Vgisc and Vigis were not correlated (Supporting
Information Figure S4), indicating that these two tracers are capturing
different aspects of the frogs’ trophic ecology. Trophic specialization
within populations varied by twofold for dietary data, 10-fold for §'°C,
and almost 20-fold for §'°N (Figure 2). For all indexes, species pre-
sented relatively high individual specialization (mean values: V = 0.71;
Viisc = 0.52; Vs = 0.41), indicating that individuals within thin-toed
frogs commonly show sizable diet divergence. However, these mean
values are not useful to represent the amount of individual speciali-
zation in a given species because we found a high variability across
populations of each species (Figure 2). For example, we observed
some populations of L. chaquensis composed by generalist individuals
(e.g., V =0.39; Vgisc = 0.04; V15 = 0.07) and others by individuals with
highly specialized diets (V = 0.87; V513 = 0.66; V15 = 0.62).

3.2 | Spatial synchrony of individual specialization
across coexisting species

We found no consistent directional differences in individual spe-
cialization across species. The distribution of the magnitudes of
difference in individual specialization between pairs of coexisting
species was not different from zero for any pair of species and any
metric (Figure 3, Supporting Information Table S2). Overall, we also
observed no correlation in the degrees of trophic variation of coex-
isting species across communities. We only found a significant corre-
lation of individual specialization (gut contents) for L. chaquensis and
L. podicipinus (r = 0.71, p = 0.05) (Supporting Information Table S3).

3.3 | Ecological drivers of individual
trophic variation

For dietary and stable isotope-based metrics of individual speciali-
zation, models including fixed effects as quadratic terms presented

Lfus - Lpod the strength of individual specialization

equal to zero)

substantially lower AIC_ values when compared to models with linear
terms (V = -58.52 vs. =336.74; Vgisc = —21.67 vs. —267.49; V15 = —8.42
vs. -47.95), so our inferences are based on quadratic models. Density of
conspecifics was a major factor explaining the trophic variation across
populations (Table 1). Consistent with theory, intraguild predation and
effective density of heterospecifics also significantly contributed to
explain variation in individual specialization, but diversity of resources
had no significant explanatory power (Table 1, Supporting Information
Table S4). Importantly, we observed significant interaction terms
of our predictors with species identity, indicating that the effects of
these ecological drivers on the degree of individual specialization dif-
fer across species (Table 1, Figure 4, Supporting Information Figure
S5). Generally, responses of individual specialization to the four gradi-
ents were similar across metrics for each species (Figure 4, Supporting
Information Figure S5). Overall, results were robust and did not change
when we removed extreme points or one species to make sure all
species had similar ranges of values for the predictors (Supporting
Information Table S5).

4 | DISCUSSION

One of the tenets of ecological theory is that niche variation in eco-
logical systems is primarily associated with differences between spe-
cies. Recent studies have challenged this principle by demonstrating
substantial variation within species (Bolnick et al., 2003; Rudolf,
Rasmussen, Dibble, & Van Allen, 2014; Siefert et al., 2015), but the
primary sources of this variation and its ecological consequences
are still unclear. Here, we show that individual specialization var-
ied up to ninefold across populations within the same species. This
sizable variation in trophic specialization across populations was at
least partially explained by density gradients of competitors (both
conspecifics and heterospecifics) and intraguild predation. However,
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TABLE 1 Results of mixed-effects linear models investigating how ecological drivers of niche variation (effective density of
heterospecifics, density of conspecifics, intraguild predation likelihood, prey diversity and prey biomass) affect individual specialization (V
indexes) in thin-toed frogs (Leptodactylus spp.)

Ecological factor V (gut contents) Vsisc (stable isotopes) V15 (stable isotopes)
Polynomial models [poly(x,2)] x> df p x? df p x2 df p
Effective density of 27.18 2 <0.01 20.989 2 <0.01 7.46 2 0.02
heterospecifics
Density of conspecifics 4,191.47 2 <0.01 6,507.3 2 <0.01 300.18 2 <0.01
Intraguild predation 25.57 2 <0.01 239.52 2 <0.01 68.84 2 <0.01
likelihood
Prey diversity 5.15 2 0.07 0.5661 2 0.75 4.30 2 0.12
Prey biomass 9.08 0.01 6.3533 2 0.04 1.74 2 0.42
Species 62,244.7 2 <0.01 3,011.50 2 <0.01 2,539.02 2 <0.01
Interactions
Effective density of 39.82 3 <0.01 37.362 3 <0.01 1.48 3 0.25
heterospecifics x spp.
Density of 4597 4 <0.01 7.1326 4 0.13 4.62 4 0.33
conspecifics x spp.
Intraguild predation 22.35 4 <0.01 14.185 4 <0.01 5.58 4 0.23
likelihood x spp.
Prey diversity x spp. 170.31 2 <0.01 94.76 2 <0.01 63.62 2 <0.01
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FIGURE 4 Relationships between three significant drivers of individual niche variation and the observed strength of individual diet
specialization calculated from dietary data (Vgut contents) @Nd carbon stable isotopes data (Viisc) across populations and species (represented by
different colours) of thin-toed frog species [Colour figure can be viewed at wileyonlinelibrary.com]
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these responses to ecological gradients were highly species-specific.
As a consequence, there was typically no correlation in the degree
of individual specialization (either calculated from gut contents or
stable isotopes) across coexisting species. Our results indicate that
individual niche specialization is strongly context-dependent (i.e.,
flexible along ecological gradients) and that there is no consistent
hierarchy of individual variation across species in our system. These
results emphasize the need to account for differences in individual
variation across competing species along ecological contexts to un-

derstand how this phenomenon affects species coexistence.

4.1 | Ecological drivers of individual
trophic variation

Theory suggests that the magnitude of individual trophic variation
should depend on the level of intra- and interspecific competition,
ecological opportunity and predation (Aradjo etal.,, 2011). Our
study system allowed us to measure proxies of all these ecological
factors and test their simultaneous effects on the degree of indi-
vidual specialization in coexisting frog species. We found that these
factors, particularly intraspecific competition, helped to explain
differences in the degree of individual diet specialization across
populations in the short (gut contents) and longer terms (stable iso-
topes). However, our results show that the responses of individual
specialization to competition and predation are not the same across
coexisting species, the sign of which (positive or negative) depend-
ing on species identity. Despite these idiosyncrasies, the observed
effects of the four ecological factors on the degree of diet variation
partially matched theoretical predictions and previous experimental
evidence.

Intraspecific competition has been indicated as a major driver
of interindividual niche differences (Aradjo et al., 2011). Consistent
with this prediction, we found that density of conspecifics was a
significant and the most important predictor of short- and long-
term individual specialization. However, in contrast to previous ev-
idence suggesting that intraspecific competition generally favours
individual niche variation (Svanbick & Bolnick, 2007; Svanbick &
Persson, 2004), we found that it may either increase or decrease
individual specialization. These distinct responses can arise from
species-specific mechanisms that govern how prey rank prefer-
ences differ among individuals (Svanback & Bolnick, 2005). For
example, if individuals within a population differ in their top-
ranked prey (e.g., because of foraging trade-offs), low population
density results in stronger individual specialization (“distinct pref-
erences model”; Svanbick & Bolnick, 2005), such as the pattern
observed for L. fuscus (Figure 4, Supporting Information Figure S5).
Alternatively, if consumers share their top-ranked prey, but rank
less preferred resources differently, diet variation should increase
with intraspecific competition (“refuge model”; Svanback & Bolnick,
2005). Overall, our results suggest that the nature of the effect of
intraspecific competition on the degree of individual specialization
in natural populations may be less obvious than commonly assumed
(Aradjo et al., 2011).

Surprisingly, the diversity of available resources did not ex-
plain variations in the degree of individual specialization. This
contrasts with previous studies revealing an overall positive ef-
fect of ecological opportunity on diet variation because higher
prey diversity creates more opportunity for individual diet vari-
ation by expanding individuals’ foraging options (Costa-Pereira
et al., 2017; Evangelista et al., 2014; Newsome et al., 2015). This
discrepancy may simply arise because thin-toed frogs are gener-
alists which consume a wide variety of species. As communities
always harboured a large richness of prey types in our system (>14
invertebrate families), it is very likely that ecological opportunity
was never constrained enough to refrain individual diets from di-
verging. Systems where consumers experience a clearer gradient
of prey diversity may still show a positive relationship with prey
diversity, but our results suggest that ecological opportunity may
not be biologically important in generalist species in diverse com-
munities. However, because our proxy for ecological opportunity
is a “snapshot” of the diversity of available prey for frogs, we ac-
knowledge that the lack of a relationship between individual varia-
tion and diversity of resources might also be driven by fluctuations
in diversity of available resources over time that were not captured
by our sampling method.

The observed species-specific effects of intraguild predation
on the strength of individual specialization might be explained by
its complex effects on population and individual niches. Predation
can affect diet specialization indirectly via density-mediated ef-
fects and/or directly by altering prey foraging activity. A number
of studies show that predators can drastically reduce foraging ac-
tivity and habitat use on prey populations (Lima, 1998; Werner,
Gilliam, Hall, & Mittelbach, 1983). Importantly, these nonlethal pre-
dation effects can differ across coexisting species (Pearl, Adams,
Schuytema, & Nebeker, 2003; Walls, Taylor, & Wilson, 2002). Thus,
predation might constrain, to a higher or lower degree, individuals
to forage in restricted areas, affecting the strength of individual
specialization if resources are patchy on the landscape (Araljo
et al., 2011). For example, conspecific individuals vary in their bold-
ness (i.e., propensity to forage in the presence of risk) in a diverse
range of taxa (Toscano et al., 2016). Similar behavioural variation
could promote individual diet variation in the presence of predation
in our system. In this case, shy individuals should forage in safer
refuges while bold individuals in more risky areas, potentially in-
creasing diet divergence (Araujo et al., 2011). The relation between
individual-level variations in animal personality and diet is a prom-
ising subject to future studies aiming to understand the causes and
consequences of individual niche variation within wild populations
and across coexisting species (Pruitt & ModImeier, 2015; Toscano
et al., 2016).

The effect of interspecific competition on individual special-
ization remains controversial both in the theoretical and empirical
literature (Aradjo et al., 2011; Bolnick et al., 2010; Cloyed & Eason,
2016). In general, we found that increases in the effective popu-
lation sizes of heterospecifics led to an increase in the degree of
individual trophic differences, but to varying degrees across frog
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species (Figure 4). This pattern is opposite to predictions of the long-
standing niche variation hypothesis (Van Valen, 1965). According to
this hypothesis, higher interspecific competition tends to deprive
populations of certain resources, constraining individual variation
(Bolnick et al., 2007). In this case, release from interspecific com-
petition increases population (but not individual) niche widths via
increased among-individual variation. We tested a posteriori this
hypothesis by modelling the population total niche width (TNW,
Roughgarden, 1972) as a function of the effective density of het-
erospecifics and species identity (fixed effects, site included as a
random effect), but we found no significant relationship (GLMM,
X2 =0.08, p = 0.76). However, we did detect a significant reduction
in the within-individual niche component (WIC) as the effective
density of conspecifics increased (GLMM, »2 = 3.74, p = 0.05) (par-
allel release, Bolnick et al., 2010). Altogether, these results suggest
that interspecific competition does not necessarily lead to popu-
lation niche packing as assumed by classic niche theory (Taper &
Case, 1985; Van Valen, 1965), but can actually result in individual
niche contraction. This mismatch between population and individ-
ual niche responses indicates that release from interspecific compe-
tition might not lead to the inclusion of novel prey in a population’s
diet, but can cause individuals to become more specialized in their
diets, decreasing niche overlap with other conspecifics (Bolnick
etal., 2010).

4.2 | Magnitude of individual variation in
coexisting species

Theory indicates that differences in the amount of individual
variation across coexisting species can determine the outcome of
competitive interactions. Specifically, it predicts that individual
variation makes species coexistence less feasible in most cases
because it usually reinforces competitive hierarchies. However,
under the specific case of higher variation within the weak com-
petitor, coexistence can be favoured (Barabas & D’Andrea, 2016;
Hart et al., 2016). Thus, differences in individual specialization
between coexisting species should play a key role in determining
the outcome of species interactions and long-term coexistence.
Our results show that individual trophic specialization inferred
from different temporal scales (hours for gut contents; weeks
for liver stable isotopes) and functional dimensions (prey types
for dietary and 8'3C data; trophic level for 8'°N) can differ con-
siderably even between closely related and ecologically similar
co-occurring species in natural communities. However, we also
found that the degree of trophic specialization was highly vari-
able across wild populations of the same species (for both gut
content and stable isotope-based metrics), and this variation
was typically not correlated across species across sites. As a
consequence, differences in individual specialization between
coexisting species were context-dependent and varied across
communities. As a consequence, the identity of the species
with more individual variation changed among sites for various

species pairs. For example, in some communities, L. chaquensis

presented a substantially higher degree of diet variation than
L. podicipinus, but in other communities the scenario was the
opposite.

This pattern could at least partially be explained by the ob-
served species-specific responses to how intraspecific variation
scales with different ecological gradients. For instance, our results
suggest that long-term individual specialization in L. fuscus has a
strong negative response to density of conspecifics across popu-
lations, while the strength of individual variation in L. chaquensis
is more driven by the density of heterospecifics (Figure 4). Thus,
different combinations of these ecological drivers across communi-
ties could lead to shifts in relative individual specialization between
coexisting species. These idiosyncratic responses might affect, ul-
timately, how species interact across communities. For example, if
individual niche variation increases more sharply in weaker than in
stronger competitors along an ecological gradient, the chance of
coexistence might increase as well along this gradient. Thus, the
high context-dependency of individual variation across populations
and species has the potential to impact stabilizing niche differences
and competitive asymmetries.

Regardless of the specific underlying mechanisms, our results
indicate that species differ in their degree of individual specializa-
tion across different ecological contexts. This pattern has several
important implications. First, it indicates that we cannot assume a
constant amount of individual variation within competing species
in natural communities. Second, it suggests that this pattern might
play an important role in species coexistence at the landscape
level because it creates a mosaic of diverse competitive interac-
tions across sites, in which species might be superior competitors
in some areas but inferior competitors in others. This mechanism
is not considered in current metacommunity models but could po-
tentially provide a novel and unexplored mechanism that favours or
inhibits species coexistence. New empirical and theoretical mod-
els that measure and implement this variation could provide insight
into how variation within populations is linked to regional commu-
nity patterns.

5 | CONCLUSIONS

Resolving the causes and consequences of individual niche variation
in natural communities is of key importance for understanding the
structure and dynamics of populations and communities and ulti-
mately the maintenance of biological diversity (Barabas & D’Andrea,
2016; Bolnick et al., 2011; Hart et al., 2016). Our study elucidates
important aspects of individual variation in similar coexisting spe-
cies that can contribute to more realistic models. While our results
support some predictions of current theory, they also provide novel
insights into how individual variation differs across and within co-
existing species. Our findings indicate that individual variation in
natural communities could play an important role not only in species
coexistence at local communities, as assumed by current theory, but
also in the organization of regional diversity patterns.



1462 Journal of Animal Ecology

COSTA-PEREIRA ET AL.

ACKNOWLEDGEMENTS

We thank B. Toscano, T. Ingram, L. Sugai, J. Sugai, V. Saito and T.
Siqueira for comments on this manuscript and discussion of the ideas
within it; R. Olivier, U. Monteiro and R. Kamiya for their assistance with
gut contents identification; L. Sugai for the help with phylogenetic anal-
ysis; L. Honda for the assistance with isotope samples; and S. Duleba,
M. Sugai, M. Uetanabaro, R. Koroiva and C. Hermanson for their help
in the fieldwork. We also thank the Associate editor, Dr. Melanie
Dammbhahn, and one anonymous reviewer for their constructive com-
ments, which helped us to improve the manuscript. R.C.-P. was sup-
ported by Grants #2014/20924-5, #2016/09038-9, #2017/20069-6,
Sao0 Paulo Research Foundation (FAPESP). M.S.A. (#2010/15567-8) is
grateful for funding from the Sao Paulo Research Foundation (FAPESP).
F.L.S. is supported by CNPq productivity grant (#303006/2014-5).

AUTHOR’S CONTRIBUTIONS

R.C.-P., M.S.A. and V.H.W.R. conceived the ideas; R.C.-P., M.S.A.
and F.L.S. designed methodology; R.C.-P. and F.L.S. conducted
fieldwork; R.C.-P. processed samples and analysed the data; R.C.-P.
led the writing of the manuscript with substantial contributions of
M.S.A. and V.HW.R. All authors edited the manuscript.

DATA ACCESSIBILITY

Data supporting results are archived in the Dryad Digital Repository:
https://doi.org/10.5061/dryad.mq2h237 (Costa-Pereira, Rudolf et al.,
2018).

ORCID

Raul Costa-Pereira

Volker H. W. Rudolf

http://orcid.org/0000-0003-2370-5866
http://orcid.org/0000-0002-9214-2000

REFERENCES

Araujo, M. S., Bolnick, D. I., & Layman, C. A. (2011). The ecological causes
of individual specialisation. Ecology Letters, 14, 948-958. https://doi.
org/10.1111/j.1461-0248.2011.01662.x

Araujo, M. S., Bolnick, D. I., Machado, G., Giaretta, A. A., & dos Reis, S.
F. (2007). Using 813C stable isotopes to quantify individual-level
diet variation. Oecologia, 152, 643-654. https://doi.org/10.1007/
s00442-007-0687-1

Aratjo, M. S., Bolnick, D. I., Martinelli, L. A., Giaretta, A. A., & Dos
Reis, S. F. (2009). Individual-level diet variation in four species of
Brazilian frogs. Journal of Animal Ecology, 78, 848-856. https://doi.
org/10.1111/j.1365-2656.2009.01546.x

Araujo, M. S., & Costa-Pereira, R. (2013). Latitudinal gradients in intra-
specific ecological diversity. Biology Letters, 9, 20130778. https://doi.
org/10.1098/rsbl.2013.0778

Barabas, G., & D'Andrea, R. (2016). The effect of intraspecific varia-
tion and heritability on community pattern and robustness. Ecology
Letters, 19, 977-986. https://doi.org/10.1111/ele.12636

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2014). Ime4: Linear
mixed-effects models using Eigen and S4. R package version, 1.

Bolnick, D. I., Amarasekare, P., Aratjo, M. S., Biirger, R., Levine, J. M,
Novak, M., ... Vasseur, D. A. (2011). Why intraspecific trait variation
matters in community ecology. Trends in Ecology & Evolution, 26, 183-
192. https://doi.org/10.1016/j.tree.2011.01.009

Bolnick, D. I, Ingram, T., Stutz, W. E., Snowberg, L. K., Lau, O. L., & Paull,
J. S. (2010). Ecological release from interspecific competition leads
to decoupled changes in population and individual niche width.
Proceedings of the Royal Society of London. Series B: Biological Sciences,
277,1789-1797. https://doi.org/10.1098/rspb.2010.0018

Bolnick, D. I, Svanbick, R., Aradjo, M. S., & Persson, L. (2007).
Comparative support for the niche variation hypothesis that more
generalized populations also are more heterogeneous. Proceedings
of the National Academy of Sciences of the USA, 104, 10075-10079.
https://doi.org/10.1073/pnas.0703743104

Bolnick, D. ., Svanbéack, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey,
C. D., & Forister, M. L. (2003). The ecology of individuals: Incidence
and implications of individual specialization. The American Naturalist,
161, 1-28. https://doi.org/10.1086/343878

Bolnick, D.1.,Yang, L. H., Fordyce, J. A., Davis, J. M., & Svanbick, R. (2002).
Measuringindividual-level resource specialization. Ecology, 83,2936~
2941. https://doi.org/10.1890/0012-9658(2002)083[2936:MILRS]
2.0.CO;2

Cadotte, M. W., Jonathan Davies, T., & Peres-Neto, P. R. (2017). Why
phylogenies do not always predict ecological differences. Ecological
Monographs, 87, 535-551. https://doi.org/10.1002/ecm.1267

Chase, J. M., & Leibold, M. A. (2003). Ecological niches: Linking classical
and contemporary approdches. Chicago, IL: University of Chicago
Press. https://doi.org/10.7208/chicago/9780226101811.001.0001

Cloyed, C. S., & Eason, P. K. (2016). Different ecological conditions sup-
port individual specialization in closely related, ecologically similar
species. Evolutionary Ecology, 30, 379-400. https://doi.org/10.1007/
s10682-016-9825-8

Costa-Pereira, R., Lucas, C., Crossa, M., Anderson, J. T., Albuquerque, B.
W., Dary, E. P, ... Correa, S. B. (2018). Defaunation shadow on mutu-
alistic interactions. Proceedings of the National Academy of Sciences,
115, E2673-E2675. https://doi.org/10.1073/pnas.1801106115

Costa-Pereira, R., Ingram, T., Souza, F. L., & Araljo, M. S. (2016). Bothrops
mattogrossensis (Mato Grosso Lancehead). Diet. Herpetological
Review, 47, 142.

Costa-Pereira, R., Rudolf, V. H. W., Souza, F. L., & Araljo, M. S. (2018).
Data from: Drivers of individual niche variation in coexisting species.
Dryad Digital Repository, https://doi.org/10.5061/dryad.mq2h237

Costa-Pereira, R., Sugai, J. L. M., Duleba, S., Sugai, L. S. M., Terra, J.,
& de Souza, F. L. (2015). Predation on Physalaemus centralis by
Leptodactylus chaquensis. Herpetology Notes, 8, 345-346.

Costa-Pereira, R., Tavares, L. E. R., de Camargo, P. B., & Araljo, M. S.
(2017). Seasonal population and individual niche dynamics in a tetra
fish in the Pantanal wetlands. Biotropica, 49, 531-538. https://doi.
org/10.1111/btp.12434

Dalerum, F., & Angerbjorn, A. (2005). Resolving temporal variation in
vertebrate diets using naturally occurring stable isotopes. Oecologia,
144, 647-658. https://doi.org/10.1007/s00442-005-0118-0

De-Carvalho, C. B., de Freitas, E. B., Faria, R. G., de Carvalho
Batista, R., de Carvalho Batista, C., Coelho, W. A., & Bocchiglieri,
A. (2008). Historia natural de Leptodactylus mystacinus e
Leptodactylus fuscus (Anura: Leptodactylidae) no Cerrado do Brasil
Central. Biota Neotropica, 8, 105-115. https://doi.org/10.1590/
$1676-06032008000300010

Doebeli, M. (1996). A quantitative genetic competition model for sym-
patric speciation. Journal of Evolutionary Biology, 9, 893-909. https://
doi.org/10.1046/j.1420-9101.1996.9060893.x

Evangelista, C., Boiche, A., Lecerf, A., & Cucherousset, J.(2014). Ecological
opportunities and intraspecific competition alter trophic niche spe-
cialization in an opportunistic stream predator. Journal of Animal
Ecology, 83, 1025-1034. https://doi.org/10.1111/1365-2656.12208


https://doi.org/10.5061/dryad.mq2h237
http://orcid.org/0000-0003-2370-5866
http://orcid.org/0000-0003-2370-5866
http://orcid.org/0000-0002-9214-2000
http://orcid.org/0000-0002-9214-2000
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1111/j.1461-0248.2011.01662.x
https://doi.org/10.1007/s00442-007-0687-1
https://doi.org/10.1007/s00442-007-0687-1
https://doi.org/10.1111/j.1365-2656.2009.01546.x
https://doi.org/10.1111/j.1365-2656.2009.01546.x
https://doi.org/10.1098/rsbl.2013.0778
https://doi.org/10.1098/rsbl.2013.0778
https://doi.org/10.1111/ele.12636
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1098/rspb.2010.0018
https://doi.org/10.1073/pnas.0703743104
https://doi.org/10.1086/343878
https://doi.org/10.1890/0012-9658(2002)083[2936:MILRS]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[2936:MILRS]2.0.CO;2
https://doi.org/10.1002/ecm.1267
https://doi.org/10.7208/chicago/9780226101811.001.0001
https://doi.org/10.1007/s10682-016-9825-8
https://doi.org/10.1007/s10682-016-9825-8
https://doi.org/10.1073/pnas.1801106115
https://doi.org/10.5061/dryad.mq2h237
https://doi.org/10.1111/btp.12434
https://doi.org/10.1111/btp.12434
https://doi.org/10.1007/s00442-005-0118-0
https://doi.org/10.1590/S1676-06032008000300010
https://doi.org/10.1590/S1676-06032008000300010
https://doi.org/10.1046/j.1420-9101.1996.9060893.x
https://doi.org/10.1046/j.1420-9101.1996.9060893.x
https://doi.org/10.1111/1365-2656.12208

COSTA-PEREIRA ET AL.

Journal of Animal Ecology 1463

Faulks, L., Svanbick, R., Ragnarsson-Stabo, H., Eklov, P., & Ostman, O.
(2015). Intraspecific niche variation drives abundance-occupancy re-
lationships in freshwater fish communities. The American Naturalist,
186, 272-283. https://doi.org/10.1086/682004

Forsman, A., & Wennersten, L. (2016). Inter-individual variation pro-
motes ecological success of populations and species: Evidence from
experimental and comparative studies. Ecography, 39, 630-648.
https://doi.org/10.1111/ecog.01357

Fox, J., Weisberg, S., Adler, D., Bates, D., Baud-Bovy, G., Ellison, S., ...
Graves, S. (2016). Package ‘car’.

Fry, B. (2007). Stable isotope ecology. New York, NY: Springer Science &
Business Media.

Godoy, O., Kraft, N. J. B., & Levine, J. M. (2014). Phylogenetic relatedness
and the determinants of competitive outcomes. Ecology Letters, 17,
836-844. https://doi.org/10.1111/ele.12289

Gravel, D., Poisot, T., Albouy, C., Velez, L., & Mouillot, D. (2013).
Inferring food web structure from predator-prey body size relation-
ships. Methods in Ecology and Evolution, 4, 1083-1090. https://doi.
org/10.1111/2041-210X.12103

Hart, S. P, Schreiber, S. J., & Levine, J. M. (2016). How variation between
individuals affects species coexistence. Ecology Letters, 19, 825-838.
https://doi.org/10.1111/ele.12618

Hausch, S., Vamosi, S. M., & Fox, J. W. (2018). Effects of intraspecific
phenotypic variation on species coexistence. Ecology, 99, 1453-1462.
https://doi.org/10.1002/ecy.2346

Ingram, T., Costa-Pereira, R., & Araljo, M. S. (2018). The dimensional-
ity of individual niche variation. Ecology, 99, 536-549. https://doi.
org/10.1002/ecy.2129

Jones, A. W.,, & Post, D. M. (2013). Consumer interaction strength may
limit the diversifying effect of intraspecific competition: A test in ale-
wife (Alosa pseudoharengus). The American Naturalist, 181, 815-826.
https://doi.org/10.1086/670197

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H.,
Ackerly, D. D., ... Webb, C. O. (2010). Picante: R tools for integrating
phylogenies and ecology. Bioinformatics, 26, 1463-1464. https://doi.
org/10.1093/bioinformatics/btq166

Layman, C. A., Araujo, M. S., Boucek, R., Hammerschlag-Peyer, C.
M., Harrison, E., Jud, Z. R., ... Yeager, L. A. (2012). Applying sta-
ble isotopes to examine food-web structure: An overview of
analytical tools. Biological Reviews, 87, 545-562. https://doi.
org/10.1111/j.1469-185X.2011.00208.x

Lima, S. L. (1998). Nonlethal effects in the ecology of predator-prey in-
teractions. BioScience, 48, 25-34. https://doi.org/10.2307/1313225

Mateus, L., Ortega, J., Mendes, A., & Penha, J. (2016). Nonlinear effect
of density on trophic niche width and between-individual variation in
diet in a neotropical cichlid. Austral Ecology, 41, 492-500. https://doi.
org/10.1111/aec.12335

Newsome, S. D., Tinker, M. T, Gill, V. A., Hoyt, Z. N., Doroff, A., Nichol,
L., & Bodkin, J. L. (2015). The interaction of intraspecific compe-
tition and habitat on individual diet specialization: A near range-
wide examination of sea otters. Oecologia, 178, 45-59. https://doi.
org/10.1007/s00442-015-3223-8

Pearl, C. A., Adams, M. J., Schuytema, G. S., & Nebeker, A. V. (2003).
Behavioral responses of anuran larvae to chemical cues of na-
tive and introduced predators in the Pacific Northwestern United
States. Journal of Herpetology, 37, 572-576. https://doi.org/10.1670
/134-02N

Piatti, L., & Souza, F. (2011). Diet and resource partitioning among an-
urans in irrigated rice fields in Pantanal, Brazil. Brazilian Journal of
Biology, 71, 653-661. https://doi.org/10.1590/51519-69842011000
400009

Post, D. M., Layman, C. A., Arrington, D. A., Takimoto, G., Quattrochi,
J., & Montana, C. G. (2007). Getting to the fat of the matter:
Models, methods and assumptions for dealing with lipids in stable

isotope analyses. Oecologia, 152, 179-189. https://doi.org/10.1007/
s00442-006-0630-x

Prado, C. P. D. A., Uetanabaro, M., & Haddad, C. F. (2005). Breeding
activity patterns, reproductive modes, and habitat use by anurans
(Amphibia)inaseasonalenvironmentinthe Pantanal, Brazil. Amphibia-
Reptilia, 26, 211-221. https://doi.org/10.1163/1568538054253375

Pruitt, J. N., & ModImeier, A. P. (2015). Animal personality in a foun-
dation species drives community divergence and collapse in
the wild. Journal of Animal Ecology, 84, 1461-1468. https://doi.
org/10.1111/1365-2656.12406

Pyron, A.R.,& Wiens, J. J.(2011). Alarge-scale phylogeny of Amphibia in-
cluding over 2800 species, and a revised classification of extant frogs,
salamanders, and caecilians. Molecular Phylogenetics and Evolution,
61, 543-583. https://doi.org/10.1016/j.ympev.2011.06.012

Roughgarden, J. (1972). Evolution of niche width. The American Naturalist,
106, 683-718. https://doi.org/10.1086/282807

Rudolf, V. H., Rasmussen, N. L., Dibble, C. J., & Van Allen, B. G. (2014).
Resolving the roles of body size and species identity in driving func-
tional diversity. Proceedings of the Royal Society of London. Series
B: Biological Sciences, 281, 20133203. https://doi.org/10.1098/
rspb.2013.3203

Siefert, A., Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo,
A., ... Cianciaruso, M. V. (2015). A global meta-analysis of the relative
extent of intraspecific trait variation in plant communities. Ecology
Letters, 18, 1406-1419. https://doi.org/10.1111/ele.12508

Svanbick, R., & Bolnick, D. 1. (2005). Intraspecific competition affects the
strength of individual specialization: An optimal diet theory method.
Evolutionary Ecology Research, 7, 993-1012.

Svanbick, R., & Bolnick, D. I. (2007). Intraspecific competition drives
increased resource use diversity within a natural population.
Proceedings of the Royal Society of London. Series B: Biological Sciences,
274, 839-844. https://doi.org/10.1098/rspb.2006.0198

Svanbick, R., & Persson, L. (2004). Individual diet specialization, niche
width and population dynamics: Implications for trophic poly-
morphisms. Journal of Animal Ecology, 73, 973-982. https://doi.
org/10.1111/j.0021-8790.2004.00868.x

Taper, M. L., & Case, T. J. (1985). Quantitative genetic models for the
coevolution of character displacement. Ecology, 66, 355-371. https://
doi.org/10.2307/1940385

Tinker, M. T., Bentall, G., & Estes, J. A. (2008). Food limitation leads to
behavioral diversification and dietary specialization in sea otters.
Proceedings of the National Academy of Sciences of the USA, 105, 560-
565. https://doi.org/10.1073/pnas.0709263105

Toscano, B. J., Gownaris, N. J., Heerhartz, S. M., & Monaco, C. J. (2016).
Personality, foraging behavior and specialization: Integrating behav-
ioral and food web ecology at the individual level. Oecologia, 182,
55-69. https://doi.org/10.1007/s00442-016-3648-8

Uetanabaro, M., Prado, C. P. D. A, Rodrigues, D. D. J., Gordo, M., &
Campos, Z. (2008). Field guide to the anurans of the Pantanal and sur-
rounding Cerrados. Campo Grande, MS, Brazil: Editora UFMS.

Van Valen, L. (1965). Morphological variation and width of ecolog-
ical niche. The American Naturalist, 99, 377-390. https://doi.
org/10.1086/282379

Violle, C., Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C., ...
Messier, J. (2012). The return of the variance: Intraspecific variabil-
ity in community ecology. Trends in Ecology & Evolution, 27, 244-252.
https://doi.org/10.1016/j.tree.2011.11.014

Walls, S. C., Taylor, D. G., & Wilson, C. M. (2002). Interspecific differ-
ences in susceptibility to competition and predation in a species-pair
of larval amphibians. Herpetologica, 58, 104-118. https://doi.org/10.
1655/0018-0831(2002)058[0104:IDISTC]2.0.CO;2

Werner, E. E., Gilliam, J. F., Hall, D. J., & Mittelbach, G. G. (1983). An ex-
perimental test of the effects of predation risk on habitat use in fish.
Ecology, 64, 1540-1548. https://doi.org/10.2307/1937508


https://doi.org/10.1086/682004
https://doi.org/10.1111/ecog.01357
https://doi.org/10.1111/ele.12289
https://doi.org/10.1111/2041-210X.12103
https://doi.org/10.1111/2041-210X.12103
https://doi.org/10.1111/ele.12618
https://doi.org/10.1002/ecy.2346
https://doi.org/10.1002/ecy.2129
https://doi.org/10.1002/ecy.2129
https://doi.org/10.1086/670197
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.2307/1313225
https://doi.org/10.1111/aec.12335
https://doi.org/10.1111/aec.12335
https://doi.org/10.1007/s00442-015-3223-8
https://doi.org/10.1007/s00442-015-3223-8
https://doi.org/10.1670/134-02N
https://doi.org/10.1670/134-02N
https://doi.org/10.1590/S1519-69842011000400009
https://doi.org/10.1590/S1519-69842011000400009
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1007/s00442-006-0630-x
https://doi.org/10.1163/1568538054253375
https://doi.org/10.1111/1365-2656.12406
https://doi.org/10.1111/1365-2656.12406
https://doi.org/10.1016/j.ympev.2011.06.012
https://doi.org/10.1086/282807
https://doi.org/10.1098/rspb.2013.3203
https://doi.org/10.1098/rspb.2013.3203
https://doi.org/10.1111/ele.12508
https://doi.org/10.1098/rspb.2006.0198
https://doi.org/10.1111/j.0021-8790.2004.00868.x
https://doi.org/10.1111/j.0021-8790.2004.00868.x
https://doi.org/10.2307/1940385
https://doi.org/10.2307/1940385
https://doi.org/10.1073/pnas.0709263105
https://doi.org/10.1007/s00442-016-3648-8
https://doi.org/10.1086/282379
https://doi.org/10.1086/282379
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1655/0018-0831(2002)058[0104:IDISTC]2.0.CO;2
https://doi.org/10.1655/0018-0831(2002)058[0104:IDISTC]2.0.CO;2
https://doi.org/10.2307/1937508

1464 Journal of Animal Ecology

COSTA-PEREIRA ET AL.

Zaccarelli, N., Bolnick, D. I., & Mancinelli, G. (2013). RInSp: An r pack-
age for the analysis of individual specialization in resource use.
Methods in Ecology and Evolution, 4, 1018-1023. https://doi.
org/10.1111/2041-210X.12079

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Costa-Pereira R, Rudolf VHW, Souza
FL, Aratjo MS. Drivers of individual niche variation in
coexisting species. J Anim Ecol. 2018;87:1452-1464.
https://doi.org/10.1111/1365-2656.12879



https://doi.org/10.1111/2041-210X.12079
https://doi.org/10.1111/2041-210X.12079
https://doi.org/10.1111/1365-2656.12879

