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Life on Earth is supported by an infinite number of interactions among organisms. 
Species interactions in these networks are influenced by latitude, evolutionary history 
and species traits. We performed a global-scale literature analysis to build up a database 
of interactions between anuran communities and their preys, from a wide range of 
geographical areas, using a network approach. For this purpose, we compiled a total 
of 55 weighted anuran–prey interaction networks, 39 located in the tropics and 16 in 
temperate areas. We tested the influence of latitude, as well as anuran taxonomic, func-
tional and phylogenetic richness on network metrics. We found that anuran–prey net-
works are not nested, exhibit low complementary specialization and modularity and 
high connectance when compared to other types of networks. The main effects on net-
work metrics were related to latitude, followed by anuran taxonomic, functional and 
phylogenetic richness, a pattern similar to the emerging in mutualistic networks. Our 
study is the first integrated analysis of the structural patterns in anuran–prey antago-
nistic interaction networks in different parts of the world. We suggest that different 
processes, mediated mainly by latitude, are modeling the architecture of anuran–prey 
networks across the globe.
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Introduction

Maintenance of life on Earth is supported by an infinity of interactions among organ-
isms (Jordano 2016), which also play an important role in the origin and evolution 
of species diversity (Bascompte et al. 2006, Schemske et al. 2009). Such interactions 
among organisms are not evenly distributed throughout the globe (Olesen et al. 2007). 
Some recent studies have made substantial efforts to describe the structure and  
to understand the ecological communities assembling (Pires and Guimarães 2013). 
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The complex web of interactions that structures biotic  
communities is the study focus of ecological networks. This 
science aims to describe and evaluate patterns of species inter-
actions and their effects on ecological processes (Dáttilo and 
Rico-Gray 2018). The most commonly studied networks are 
unipartite food webs (i.e. those where species are not divided 
into groups such as plants and pollinators) and bipartite 
networks of two interacting guilds (Dáttilo and Rico-Gray 
2018). However, in nature, interactions gather multiple inter-
action types, which vary in space and time and are intercon-
nected such as networks of networks, which are represented 
by multilayer networks (Pilosof et al. 2017). Interaction net-
works can be mutualistic, if they involve species that have 
mutual benefits, as in pollination and seed-dispersal networks 
(Bascompte and Jordano 2007); or antagonistic, when one 
member in the pair of interacting species can be negatively 
affected while the other benefits, such as in predation, para-
sitism and competition (Morris et al. 2014, Kéfi et al. 2015). 
Food webs are antagonistic networks which represent the tro-
phic connections among species, a central role in the study 
of biological communities (McClanahan and Branch 2008, 
Kéfi et al. 2015).

Different aspects of network structure are measured by 
specific metrics like network size, connectance, nestedness 
and modularity (Dormann et al. 2009, Zanata et al. 2017). 
Patterns on these metrics usually differ between antagonis-
tic and mutualistic networks (Morris et al. 2014, Estes et al. 
2016), and they tend to change along biogeographical scales, 
such as latitudinal and climatic gradients (Schleuning et al. 
2012, Zanata et al. 2017). The gradient of latitudinal diver-
sity is a prominent pattern on Earth (Fischer 1960) and, in 
accordance, the majority of taxonomic groups, including 
anurans and invertebrates, exhibits richer communities in 
the tropics decreasing towards the poles (Hillebrand 2004, 
Wiens 2007). Species richness has been shown to affect 
networks metrics, as detected, for example, in plant–hum-
mingbird networks, which are more specialized in richer 
communities (Dalsgaard  et  al. 2011). Accordingly, species 
richness strongly influences network architecture, reducing 
nestedness and increasing modularity in plant–pollinator 
networks (Spiesman and Inouye 2013). These findings sup-
port the idea that network metrics also vary in response to 
latitude. For example, in plant–pollinator networks special-
ization increases towards the tropics (Zanata  et  al. 2017), 
whereas in plant–frugivore networks the opposite occurs 
(Schleuning  et  al. 2012). On the other hand, antagonis-
tic networks, as plant–herbivore and host–parasitoid net-
works, seem to be structured independently of latitude 
(Morris  et  al. 2014, de Araújo 2016). These contrasting 
results suggest that biotic interactions respond differently to 
latitude (Schemske et al. 2009), according to the taxonomic 
group or type of interaction.

Environmental conditions vary according to latitude and 
these abiotic conditions can act for molding morphologies 
(Schöb  et  al. 2012). Ecological processes mediated by spe-
cies interactions are suitable systems to investigate whether 

species’ traits affect their functional roles (Dáttilo and  
Rico-Gray 2018). The use of trait-based and phylogenetic 
tree-based proxies lies in the idea of niche complementarity, 
whereby species with similar functional traits and thus par-
tially overlapping niches are expected to perform similar and, 
to a certain degree, redundant, ecological roles (Pigot et al. 
2016). Frugivores with distinct traits tend to be more func-
tionally specialized, interacting with plants that are less fre-
quently visited by other members of the community, thus 
increasing specialization (Junker et al. 2012, Maglianesi et al. 
2015, Watts et al. 2016, Tinoco et al. 2017) and modularity  
(Maruyama  et  al. 2014, Morente-López  et  al. 2018) of 
networks. On the other hand, it was not detected an effect 
of species’ traits on metrics of host–parasitoid networks 
(Morris  et  al. 2014). Regarding food-webs, it was dem-
onstrated that species traits affect their trophic structure 
(Petchey  et  al. 2008), although there is no study testing 
their influence on network metrics. The architecture of an 
interaction network can also be influenced by the phylog-
eny of the component species (Cattin et al. 2004, Brito et al. 
2014). Species that are phylogenetically closely related may 
have more similar dietary preferences or parasite communi-
ties than unrelated species (Krasnov  et  al. 2012, Fontaine 
and Thébault 2015). In addition, if interspecific differences 
in species traits is a result of differences on phylogenetic his-
tories, it may also affect network metrics (Minoarivelo et al. 
2014, Schleuning et al. 2014). Indeed, it was demonstrated 
that phylogenetic distance among species affects nestedness 
and modularity in mutualistic networks (Rezende et al. 2007, 
Schleuning et al. 2014, but see Ponisio and M’Gonigle 2017), 
as well as in antagonistic plant–herbivore networks (Fontaine 
and Thébault 2015) and in host–parasitoid networks 
(Krasnov et al. 2012, Brito et al. 2014, but see Campião et al. 
2015). In spite of the possible relation between phylogeny 
and species traits, these drivers can influence network metrics 
in different ways (Ponisio and M’Gonigle 2017), according 
to the network type and location.

Regardless of the growing number of network studies in 
the last decade, few evaluated the structure of antagonistic 
networks in large spatial scales (Morris  et  al. 2014). And 
those which did it focused mainly on marine and freshwater 
food-webs involving fishes (Belgrano 2005, McClanahan 
and Branch 2008, Kéfi  et  al. 2015), evidencing the need 
for further studies for terrestrial organisms (Dobson 2009). 
Anurans play an important role in the food webs as they rep-
resent a link between terrestrial and aquatic environments 
(Duré  et  al. 2009). Despite the fact that there are several 
studies of anuran diets, mainly in the tropics (Duellman 
1978, Toft 1980, Vignoli et al. 2009, Menin et al. 2015), 
most of these studies are locally constrained in space and 
time and aimed to describe the food repertoire of a small 
subset of anurans. Therefore, this abundance of scattered 
empirical evidence asks for broader approaches that unravel 
the structure of anurans–prey networks in a wider context, 
indicating the main forces that determine their structure on 
a global scale.
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Herein, we describe the structure of antagonistic anuran–
prey interactions from a wide range of geographical areas, 
using a network approach. We expect that anuran–prey 
networks will present high connectance and low values of 
nestedness, modularity and complementary specialization in 
relation to other types of interaction networks. Connectance 
would be elevated because anuran’s diet is usually highly 
generalized (Vignoli and Luiselli 2012). Anurans usually 
eat what is available in the environment with no preference 
for any type of prey. The only constraint is the relationship  
prey/mouth-size, because mouth dimensions tend to restrict 
the upper limit of prey size they can consume (Duellman and 
Trueb 1986). Thus, the number of links between anurans 
and preys would be high, increasing connectance. In addi-
tion, network metrics can be driven by different ecological 
factors (Dáttilo and Rico-Gray 2018). Here we tested the 
influence of latitude, and of anuran taxonomic, functional 
and phylogenetic richness on networks metrics. We expect: 
1) a latitudinal effect on networks metrics, because there 
are more species of anurans (Wiens 2007), prey availability  
(Novotny et al. 2006, Roslin et al. 2017), and biotic interac-
tions (Schemske et al. 2009) in the tropics, which would lead 
to lower values of nestedness, complementary specialization 
and modularity in networks of high latitudes when compared 
to their low latitudes counterparts. This expected pattern 
agrees to the recorded for mutualistic networks and other 
food-web systems (Schleuning  et  al. 2012, Saporiti  et  al. 
2015). 2) As in the tropical region communities richness, 
as well as functional and phylogenetic diversity are higher 
(Petchey and Gaston 2002) than in the temperate region, 
we expect that the abundance of specialists’ would be higher 
in tropical region, leading these networks to be more nested 
than in the temperate region. Nestedness indicates that spe-
cialists’ diet would be a subset of the generalists’ diets. On the 
other hand, this higher abundance of specialists in the tropics 
would result in higher values of complementary specializa-
tion and modularity in relation to temperate region.

Material and methods

We compiled interactions using a globally distributed  
database of anurans and their preys, after a compre-
hensive review of the literature (Supplementary mate-
rial Appendix 1 Table A1). We searched for studies in the 
Web of Science (< https://webofknowledge.com/ >) and 
Scopus (< https://www.scopus.com >) databases, using the  
keywords ‘Trophic ecology OR Feed* OR Diet*’ and ‘assem-
blage structure’ and ‘trophic overlap OR trophic plasticity 
OR niche breadth OR Autoecol*’ up to 2017. In addition, 
we gather all data from direct searches of references in 
Google Scholar (<https://scholar.google.com.br/>), and got  
unpublished data by private correspondence with research-
ers active within the subject field. Among these compiled 
references, we selected only studies presenting data on diet 
and including at least three syntopic species of anurans. 
This minimum value was established because studies 
on anurans’ diet are scarce in the temperate region, and  
species richness are characteristically low (Wiens 2007, 
Marin and Hedges 2016). From each of the selected stud-
ies data on taxonomic information on anurans (only species 
identified at least to genus level) and prey categories (usually 
to order, with exception of the family Formicidae and subor-
der Isoptera), prey abundance in stomachs as well as country 
and geographical coordinates of the study site were recorded. 
In studies of anurans diet, preys are usually identified only at 
the level of order (categories) because of their fragmentation 
after consumption, being impossible to a finer identification 
(Duellman 1978, Toft 1980, Ceron et al. 2018).

We compiled a total of 55 weighted anuran–prey interac-
tion networks, with 39 located in tropical and 16 in tem-
perate regions (Fig. 1, Supplementary material Appendix 1  
Table A1). For each study site, we built up weighted matri-
ces of interactions containing the anuran species as columns 
and their prey categories as rows. In these matrices, predation 
interaction was represented by their interaction abundance.  

Figure 1. Distribution of 55 anuran–prey interaction networks included in the analysis of this study.
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Interaction abundance represents the number of each spe-
cific prey ingested by the anuran. We used weighted networks 
because they better reflect dependencies among species 
and the structure of interaction networks (Vázquez  et  al. 
2005, Lewinsohn et al. 2006a). Additionally, metrics based 
on weighted networks have been shown to be less sensi-
tive to sampling bias than those based on binary networks  
(Banašek-Richter  et  al. 2009, Dormann  et  al. 2009, 
Fründ et al. 2016, Vizentin-Bugoni et al. 2016). Additionally, 
for data visualization, we also built up a meta-network com-
piling all these 55 networks together, one meta-network  
combining the 39 tropical sites, and another one combining 
the 16 temperate sites (Fig. 2). For graphical representation 
of the networks, we used the PAJEK software (<http://pajek.
imfm.si/doku.php?id=pajek>).

Measuring network metrics

We calculated six network metrics commonly used to describe 
distinct aspects of the network structure. These metrics were 
calculated separately for each of the 55 networks.

Network size refers to the total number of anurans and 
the prey categories they consumed. It can be calculated as 

species richness and indicates the maximum possible number 
of interactions (Olesen and Jordano 2002). We also measured 
the Mean number of links per species, which corresponds to the 
total number of links observed in the network divided by the 
total number of species (Dormann et al. 2008).

Connectance describes the ratio between the total num-
ber of realized links in a network and the theoretical 
maximum number of possible links. It can be viewed as a 
measure of specificity of interactions in the network, being 
an estimate of how interactions are distributed within the  
community (Jordano 1987).

Weighted nestedness, based on the index nestedness met-
ric based on overlap and decreasing fill (NODF), describes 
the extent to which the interaction partners of one special-
ist species corresponds to a subset of the interaction partners 
of generalist species (Bascompte et al. 2003). We calculated 
the weighted nestedness (wNODF), which is based on the 
overlap and decreasing fill in the weighted matrix (Almeida-
Neto and Ulrich 2011). Nestedness values ranges from 0 
(non-nested network) to 100 (perfect nesting).

Modularity is a network property that emerges when groups 
of species are densely connected and have sparser connec-
tions to other groups of interacting species. The organization 
of interactions into modules may reflect similarity of traits, 

Figure 2. (a) Graphs showing modules in the compiled anuran–prey meta-network including 55 networks worldwide, (b) the meta-network 
combining 16 temperate sites and (c) the meta-network combining 39 tropical sites. Boxes represent prey categories and circles denote 
anuran species. Widths of connecting lines (grey) indicate the relative number of observed interactions (Supplementary material Appendix 
1 Table A2 to numbers legend).
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phylogeny, biogeography and climate among species, provid-
ing information on how the interactions are partitioned in 
the community (Maruyama et al. 2014, Araujo et al. 2018). 
We analyzed modularity using the recently implemented 
LPAwb + algorithm (Liu and Murata 2010, Beckett 2016). 
LPAwb+ algorithm uses label propagation and multi-step 
agglomeration to attempt to maximize modularity in net-
works (Beckett 2016). Also, it is currently the most used 
algorithm to calculate modularity in biological systems such 
as interactions between plants and pollinators and food webs. 
Besides that, the LPAwb+algotithm robustly identify parti-
tions with high modularity scores, showing to be efficient for 
the detection of subgroups in ecological networks (Beckett 
2016).

Complementary specialization (H2’) is derived from two-
dimensional Shannon entropy, and quantifies the niche 
partitioning among species considering partner availability 
(Blüthgen et al. 2006, Zanata et al. 2017). Thus, it is inter-
preted as a measure of interactions´ exclusiveness. The biolog-
ical assumption is that if species have preferences for specific 
interaction partners, these preferences would be captured as 
a deviation from random encounters given by partner avail-
ability (Blüthgen et al. 2006). Values of H2’ range from 0 to 
1 indicating the extremes of generalization and specialization, 
respectively.

In order to compare network metrics obtained for the 
anuran–prey networks with those recorded for other network 
types, we applied linear mixed models (LMMs) following the 
same procedures adopted by Naranjo et al. (2019). For this 
purpose we used data on epiphyte–phorophyte, as well as on 
mutualistic (seed dispersal, pollination, ant–myrmecophyte) 
and parasitic networks (bat–fly and fish–parasite), obtained in 
Naranjo et al. (2019) and specific literature (Lima et al. 2012, 
Bellay et al. 2015, Zarazúa-Carbajal et al. 2016, Durán et al. 
2019, Vizentin-Bugoni  et  al. 2019). Linear mixed models 
were fitted using the ‘lme4’ package in R (Bates et al. 2015).

Null-model corrections of network metrics

To assess the significance of the network metrics wNODF, 
modularity and H2’, we compared the observed values to 
those generated by null models. We used the Patefield algo-
rithm (Patefield 1981) to generate simulated matrices with 
the same marginal totals as the original network so that 
species interacting with highest or lowest frequencies in 
the observed matrices were the same in the simulated ones 
(Patefield 1981). We used the Patefield algorithm because 
it keeps the number of interactions constant (i.e. the same 
as in the original matrix) when simulating the null mod-
els. For each of the observed networks, we generated 1000 
randomized matrices to estimate nestedness and comple-
mentary specialization and 100 to estimate the modularity. 
We used fewer randomizations for modularity because their 
calculation requires excessively time-consuming algorithms 
(Olesen  et  al. 2007, Zanata  et  al. 2017). For each of the 
randomized networks, we calculated the network metrics  

following the same procedure as adopted for the observed 
networks. To quantify the departure of the observed network 
values from the null expectation, we calculated null-model 
corrected values by subtracting the observed metric value from 
the mean value across all randomized networks (Δ – transfor-
mation). Then, the Δ – transformed value was divided by the 
standard deviation of values across all randomized networks 
(z – transformation; Dalsgaard  et  al. 2017, Zanata  et  al. 
2017). All network metrics and null models were calculated 
with the ‘bipartite’ ver. 2.08 package (Dormann et al. 2008) 
in R ver. 3.4.0 (< www.r-project.org >).

Sampling completeness and intensity

Food web metrics are useful for comparisons to other food 
webs in order to detect regularities in respect to their struc-
ture (Banašek-Richter et al. 2004). Detected network patterns 
may be biased depending on the sampling effort employed 
and the metrics considered (Vizentin-Bugoni  et  al. 2016). 
To avoid such bias we estimated sampling intensity following 
Schleuning et al. (2012) and sampling completeness follow-
ing Chacoff et al. (2012) and Vizentin-Bugoni et al. (2016). 
Sampling intensity was defined as the square-root of the 
number of interaction events in the network divided by the 
square-root of the product of the number of anuran and preys 
in the network (Schleuning  et  al. 2012). Using abundance 
data and the Chao 1 estimator of species richness (Magurran 
2013), we estimated the total number of anurans–prey inter-
actions in each community. After, we calculated sampling 
completeness dividing the observed by the estimated rich-
ness of interactions (Chacoff et al. 2012). The Chao 1 esti-
mator was calculated with the ‘iNEXT’ ver. 2.0.12 package 
(Hsieh et al. 2016) in R ver. 3.4.0 (< www.r-project.org >).

Path analysis for the association between network 
metrics and their predictors

Given that networks are influenced by structural factors 
like latitude (Dalsgaard  et  al. 2017), richness (Jordano 
1987), phylogeny (Schleuning  et  al. 2014), species traits 
(Bastazini  et  al. 2017) and sampling metrics (Vizentin-
Bugoni et al. 2016), our main goal was to split the effects 
of different factors on the network metrics based on a priori 
causal assumptions (Table 1). In order to calculate the func-
tional richness of sites, data on species traits such as habi-
tat use (fossorial terrestrial, aquatic or arboreal), body size 
(snout-vent length, SVL), breeding strategy (development 
direct, larvae or viviparous) and reproductive modes (number 
of reproductive mode, see Crump 2015) from anurans were 
obtained from AmphiBIO_ver. 1. (Oliveira et al. 2017) and 
specific literature (Duellman and Trueb 1986, Haddad et al. 
2013, Crump 2015). Pairwise functional distances between 
all functional entities were computed using the Gower dis-
tance, which allows mixing different types of variables while 
giving them equal weight (Legendre and Legendre 2012).  
For evolutionary history, we use a phylogeny proposed by 
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Jetz and Pyron (2018), which includes all 304 anuran species 
registered in our dataset. We calculated pairwise phylogenetic 
distances among all pairs of anurans using the cophenetic 
distance (PDist) based on branch lengths (Sneath and Sokal 
1973, Parker  et  al. 2015). Then, principal coordinates anal-
ysis (PCoA) were performed using the functional distance 
and phylogenetic distance matrix separately. Functional and 
phylogenetic entities coordinates on the first three principal 
axes (PC) of this PCoA were kept to build a multidimen-
sional functional and phylogenetic space (Villéger et al. 2011, 
Mouillot et al. 2014). After, we calculated the volume of the 
multidimensional functional and phylogenetic space using 
the package ‘geometry’ (Habel  et  al. 2015) in R ver. 3.4.0 
(< www.r-project.org >). Similarly, functional and phyloge-
netic richness of each site were measured as the volume inside 
the convex hull shaping all of the functional and phyloge-
netic richness recorded worldwide. These raw volumes were 
then standardized by the volume filled by the global pool of 
taxa to obtain values constrained (Villéger et al. 2011). Thus, 
functional and phylogenetic richness represents the amount 
of functional or phylogenetic space filled by each network 
in relation to the total volume filled by the global pool of 
taxa (Villéger et al. 2008 for details on method). Therefore, 
we performed a path analysis using the sampling metrics as  
control variable to observe the raw effect of structural factors 
(latitude, species richness, functional and phylogenetic rich-
ness) on network metrics. The path analysis was performed 
using ‘lava’ package (Holst and Budtz-Jørgensen 2013) in R 
ver. 3.4.0 (< www.r-project.org >). In order to detect spatial 
autocorrelation in our data we checked the path analysis resid-
uals using Moran’s I with ‘ape’ package (Paradis et al. 2004) in 
R ver. 3.4.0 (< www.r-project.org >).

Results

Anuran richness for the 55 networks analyzed sepa-
rately ranged from three to 64 species ( x = 10.01 ± 12.1), 
and the prey richness ranged from four to 30 categories 
( x  = 17.89 ± 5.88). Among the 50 prey categories registered, 
42 are Arthropoda, six are Chordata, one is an Annelida and 
one a Mollusca. Coleoptera was the most frequent category 
(62.57%) and Hymenoptera (Formicidae) was the most abun-
dant item (ca. 56000 items), followed by termites (Isoptera) 
(ca. 20000 items). The size of networks varied from 27 to 
1539 nodes ( x  = 196.7 ± 286.3). The number of links per 
anuran species varied from 1.36 to 4.94 ( x  = 2.42 ± 0.16).

Mean connectance for the 55 networks analyzed varied 
from 0.25 to 0.89 ( x  = 0.55 ± 0.16). Nestedness varied from 
25.29 to 67.29 ( x  = 44.2 ± 7.45), but none of the communi-
ties were significantly nested. On the other hand, networks 
were significantly modular (p < 0.05) with values ranging 
between 0.04 to 0.56 ( x  = 0.24 ± 0.12). The number of mod-
ules varied from 2 to 6 ( x  = 3.1 ± 0.83). Complementary 
specialization ranged from 0.04 to 0.67 and was signifi-
cant (p < 0.05) for most (96.36%) of the networks (n = 53). 
However, the mean specialization observed on networks 
were low ( x  = 0.32 ± 0.15). Sampling completeness of net-
works was high ( x  = 81.08 ± 13.13%), ranging from 40.65 
to 100%. Intensity varies from 0.7 to 5.96 ( x  = 2.49 ± 1.37).

Modularity and complementary specialization varied sig-
nificantly among the different types of networks analyzed 
(all LMM tests; p < 0.0001; Fig. 3, see Supplementary mate-
rial Appendix 1 Table A3). They were significantly lower 
in the anuran–prey networks than in the rest of the net-
works, with the exception of epiphyte–phorophyte networks  

Table 1. Overview of the path model components showing the influence of explicative variables (path from) on network metrics.

Rationale Reference
Path from

 Anuran richness The tropical region harbors a higher diversity of anurans than the temperate 
region. Besides that, adaptations to some combination of abiotic conditions 
and biotic interactions allow tropical species to be more specialized, 
dividing resources more finely among more species. This niche separation 
in tropics leads to different levels of complementary specialization, 
modularity and nestedness in the networks

Jordano 1987, Hillebrand 2004, 
Wiens 2007, Brown 2014

 Latitude Network metrics tend to be influenced by latitude in mutualistic systems and 
in food-webs, but not in bipartite antagonistic networks like host–parasitoid 
and plant–herbivore

Guilhaumon et al. 2012, 
Trøjelsgaard and Olesen 2013, 
Morris et al. 2014, Saporiti et al. 
2015, de Araújo 2016

 Functional 
richness

It is well established that species’ traits influence networks metrics through 
complementary specialization in mutualistic networks. As anurans’ 
functional traits influence their diet, we expect such traits to reflect in the 
network metrics such as complementary specialization

Bascompte et al. 2003, 
Petchey et al. 2008, 
Bastazini et al. 2017, 
Maruyama et al. 2018

 Phylogenetic 
richness

Phylogenetic richness, the phylogenetic volume filled by the global pool of 
taxa calculated from the phylogenetic distance between species, may 
influence their position in networks. In mutualistic systems and in 
antagonistic plant–herbivore networks, the phylogenetic signal can affect 
network metrics

Schleuning et al. 2014, Fontaine 
and Thébault 2015

Control variable
 Sampling effort Different sampling efforts bias network metrics. Given that our data fits such 

scenario with different sampling efforts, we have controlled this effect in 
the network metrics

Vizentin-Bugoni et al. 2016
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(Fig. 3, all tests: p < 0.01). Network size influenced specializa-
tion values (LMM tests: p = 0.09; see Supplementary material 
Appendix 1 Table A3), but did not significantly affect mod-
ularity (LMM tests: all p = 0.1; see Supplementary material 
Appendix 1 Table A3).The variance explained by the entire 
model (Rc2) ranged between 0.46 and 0.54 [Supplementary 
material Appendix 1 Table A3], with the variance explained 
by fixed factors (Rm2) representing a large fraction in all  
cases (53–54%).

Path analysis showed that part of the effects of complemen-
tary specialization, nestedness and modularity are mediated 

by changes in latitude, sampling metrics, anuran richness, 
functional and phylogenetic richness (Fig. 4, Supplementary 
material Appendix 1 Table A3). We did not detect any spa-
tial structure for none of the response variables in our model 
(p > 0.33 for all variables). The fit index indicated a good fit 
between the model and the data (RMSEA = 0.515; p < 0.05). 
Sampling metrics (completeness and intensity, respectively) 
directly influenced complementary specialization (β = 3.79; 
β = 1.99) and modularity (β = 2.36; β = 2.25). Anuran rich-
ness was spatially structured, being higher towards the 
tropics (β = −2.46) and had effects on the functional and 

Figure  3. Variation in network metrics across network interaction types: anuran–prey, commensalistic epiphyte–phorophyte, bat–fly,  
fish–parasite, seed dispersal, pollination, ant–myrmecophyte, networks. (a) Modularity, (b) complementary specialization.
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phylogenetic richness (β = 6.68; β = 5.44, respectively), with 
richer communities tending to be phylogenetic and function-
ally richer.

Latitude indirectly affected complementary specialization 
via richness (β = −2.46 × 1.99 = −4.89), with tropical com-
munities tending to be richer and to present greater special-
ization than the temperate ones. Likewise, latitude influenced  
complementary specialization mediated by sampling inten-
sity (β = 2.24 × 3.79 = 8.48), causing a total effect of 3.59 
(β = −4.89 + 8.48), which indicates that temperate communi-
ties are better sampled, resulting in higher values of comple-
mentary specialization.

Nestedness was also indirectly affected by latitude, 
mediated by anuran richness (β = −2.46 × −5.24 = 12.89). 
Temperate communities showed lower anuran richness, 
which resulted in higher values of nestedness. Similarly, lati-
tude negatively influenced nestedness mediated by anuran 
richness and functional richness (β = −2.46 × 6.68 × 2.02 
= −33.19), as well as by functional and phylogenetic rich-
ness, resulting in a total effect of – 53.79 (β = −2.46 × 5.44 
× 1.99 × 2.02). Richer communities tend to be phylogenetic 
and functionally more diverse, resulting in lower values of 
nestedness.

Modularity was indirectly affected by latitude, mediated 
by anuran richness (β = −2.46 × 3.49 = −8.58). Poor com-
munities tended to be less modular than richer communi-
ties. In addition, latitude indirectly affected modularity via 
sampling intensity (β = 2.24 × 2.36 = 5.28), with temperate 

communities tending to be better sampled as denoted by 
their higher values of sampling intensity and completeness 
(β = 2.25). These resulted in higher values of modularity.

Discussion

We found that anuran–prey networks are not nested, exhibit 
high connectance and low complementary specialization and 
modularity when compared to other network types. The main 
effects on network metrics were mediated by changes in lati-
tude, anuran richness, functional and phylogenetic richness.

The diet of anurans is generally based on arthropods 
(Duellman 1978). Among prey categories, Coleoptera was the 
most frequent and connected with a great number of anuran 
species, both in temperate and tropical networks. In addi-
tion, Formicidae and Isoptera were the most consumed prey 
categories. The worldwide elevated richness of Coleoptera, 
allied to the fact that ants and termites have eusocial habits 
and form big colonies, make these orders locally abundant, 
probably explaining their high abundance in the networks 
(Davidson et al. 2003, Rafael et al. 2012).

The pattern that emerged in the anuran–prey net-
works in a global scale is different from that reported 
for other antagonistic networks, such as host–parasit-
oid (Morris  et  al. 2014, Bellay  et  al. 2015) and marine 
food-webs (Dunne  et  al. 2004). The anuran–prey net-
works presented low complementary specialization and 

Figure 4. Path diagram showing statistically significant positive (white arrow) and negative (black arrow) influences of variables on 
network metrics (grey circles), where: LAT (latitude), RIC (anuran richness), FUN (functional richness), PHY (phylogenetic richness), 
INT (sampling intensity), COM (sampling completeness), H2 (complementary specialization), wNODF (weighted nestedness) and 
MOD (modularity). Numbers in diamonds represent the r² values and numbers on arrows represent beta values.
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modularity in relation to other networks types, and high 
values of connectance, as we hypothesized. However, con-
trary to our expectations, our networks were not nested. 
These results can be attributed to the community struc-
ture of anurans resulting in effects on their diversity and 
local abundance (Jordano 1987, Lewinsohn et al. 2006b), 
as well as on their generalist and opportunistic food hab-
its (Vignoli and Luiselli 2012). Community structure 
affects the connectance, as elevated values occur when 
the number of links in a network is close to the network 
size, indicating high generalization (Jordano 1987), as 
observed herein. Likewise, the generalist and opportunistic  
habits of anurans result in wide and non-restrictive diets 
and, consequently, in low values of complementary spe-
cialization (Blüthgen  et  al. 2006). In addition, the more 
specialized anurans did not feed exclusively on one item, 
but feed it more frequently than others, which lead to low 
values of complementary specialization and modularity 
(Toft 1980). This finding is similar to the recorded for epi-
phyte–phorophyte networks, which are modular, in spite 
of their low values of specialization (Naranjo et al. 2019). 
However, values of complementary specialization should 
be used for comparisons with care, because this metric is 
highly sensitive to sampling bias (Blüthgen 2010).

Anuran and insect richness are both affected by latitude 
(Hillebrand 2004, Wiens 2007). And we did detect a direct 
effect of latitude on anuran richness and sampling intensity. 
The latitudinal effect on richness is a well-known pattern, with 
the tropical region harboring higher diversity than temperate 
regions (Fischer 1960). In this sense, the number of anuran 
species and interactions are expected to be lower in temper-
ate areas (Wiens 2007, Schemske et al. 2009). Consequently, 
sampling intensity tends to be higher in temperate than in 
tropical regions, where interactions tend to be more numer-
ous due to higher species richness. Indeed, networks metrics 
have already been reported to be sensitive to sampling inten-
sity (Fründ et  al. 2016). In the same way, the influence of 
anuran richness on functional and phylogenetic richness was 
expected because richer communities tend to harbor higher 
phylogenetic and trait diversities (Diamond 1975).

The results of the latitudinal effect confirm our hypoth-
esis, since we found indirect effects of latitude in all net-
works metrics. This result was similar to those that emerged 
in mutualistic networks, where some networks metrics tend 
to be influenced by latitude (Schleuning et al. 2012, 2014, 
Trøjelsgaard and Olesen 2013, Dalsgaard et al. 2017). Instead, 
in host–parasite networks, latitude did not influence network 
metrics (Guilhaumon et al. 2012, Morris et al. 2014). The 
indirect effect of latitude mediated by anuran richness on 
complementary specialization is explained because tropical 
communities tend to be richer than their temperate coun-
terparts, resulting in higher specialization, because there are 
more chances of a species to be a specialist in a diverse com-
munity (Schemske et al. 2009), as indicated by path-analysis.

None of the communities were significantly nested. 
Nestedness occurs when interactions of less connected 

elements form proper subsets of the interactions of more 
connected elements. Thus, nestedness decrease when there is 
high connectance (Cantor  et  al. 2017), as observed in this 
study. The high generalization of anuran networks emerged 
from anurans generalist habits minimizing nestedness.

As predicted, we detected a positive effect of functional 
richness on nestedness, although values were not significant. 
We did not find any direct effect of phylogenetic richness on 
nestedness as hypothesized. However, phylogenetic richness 
indirectly influenced nestedness via functional richness. This 
effect starts with latitude, passing by anuran richness and 
phylogenetic richness. The relation and effects of phyloge-
netic similarity and species traits are a recurrent pattern in 
food webs (Cattin et al. 2004, Naisbit et al. 2012). In fact, in 
a study performed with 13 food-webs, it was demonstrated 
that body size and phylogenetic similarity are correlated and 
determine the trophic structure of those webs (Naisbit et al. 
2012). Moreover, phylogenetic constraints can explain some 
empirical food web patterns as intervality, and species abun-
dance mediated by body size (Cattin et al. 2004). Thus, these 
evidences suggest that the combined effects of phylogenetic 
and functional richness on nestedness are stronger than the 
effect of functional richness alone.

Modularity is an emerged pattern in pollination and seed‐
dispersal networks (Olesen  et  al. 2007, Schleuning  et  al. 
2014). One of the possible explanations for creating modules 
in these networks is that modules are composed by groups of 
species with convergent traits and with the functional inter-
dependence (Schleuning et al. 2014). The detected effect of 
richness on modularity can be explained because greater spe-
cies richness can be associated with a high range of anuran 
sizes and habits. These differences may lead to the formation of 
modules, assembling some species (e.g. specialists, small sized 
and terrestrial species) with different characteristics from that 
in other modules (e.g. generalists, big-sized and arboreal spe-
cies; Woodward and Hildrew 2002, Woodward et al. 2005, 
Olesen et al. 2007). A possible explanation for the detected 
modularity in the anuran–prey networks is that small-sized 
species may behave like specialists, preying only small insects, 
because of the relationship among frog body/mouth size and 
prey volume and size (Toft 1980). And big-sized anurans 
act as generalist species, preying insects of a different size 
range, causing modularity. Similarly, terrestrial species will 
prey different categories compared to arboreal species, being 
these groups assigned to different modules. Besides, com-
munities most highly connected tend to exhibit nestedness 
or modularity properties (Fortuna  et  al. 2010), a pattern 
confirmed here, where anuran–prey communities exhibited 
high connectance and a modular pattern (even if lower than 
the detected in other types of interaction networks) with no 
nestedness. Despite this, the detected influence of latitude 
in modularity for our anuran–prey networks, is similar to 
the recorded in pollination and frugivore networks, where 
modularity increases with latitude (Dalsgaard  et  al. 2013, 
Schleuning et al. 2014). This is also related to the greater spe-
cies richness in low latitudes (Hillebrand 2004, Wiens 2007).
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Our study is the first integrated analysis of structural  
patterns among networks of antagonistic interactions between 
anuran and their preys, including information from differ-
ent parts of the world. In conclusion, our results show that 
anuran–preys networks have high connectance and low 
complementary specialization and modularity in relation to 
other network types, and that they are shaped by latitude, 
anuran richness, functional and phylogenetic richness. 
Altogether, our results indicate that there is a latitudinal 
pattern in anuran–preys networks metrics, as previous 
mutualistic macroecological studies have shown. Latitude 
indirectly influenced network metrics via anuran richness 
and functional and/or phylogenetic richness. Furthermore, 
the pattern emerged in anuran–preys networks metrics 
reflect the generalist and opportunistic habits of anurans 
diet. We provide novel information on predator–prey inter-
action networks in a global scale, concluding that different 
processes are modeling the architecture of anuran–prey net-
works, mainly mediated by latitude.
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