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Abstract

An increase in species richness with decreasing latitude is a prominent pattern in nature. However,
it remains unclear whether there are corresponding latitudinal gradients in the properties of eco-
logical interaction networks. We investigated the structure of 216 quantitative antagonistic net-
works comprising insect hosts and their parasitoids, drawn from 28 studies from the High Arctic
to the tropics. Key metrics of network structure were strongly affected by the size of the interac-
tion matrix (i.e. the total number of interactions documented between individuals) and by the tax-
onomic diversity of the host taxa involved. After controlling for these sampling effects,
quantitative networks showed no consistent structural patterns across latitude and host guilds,
suggesting that there may be basic rules for how sets of antagonists interact with resource species.
Furthermore, the strong association between network size and structure implies that many appar-
ent spatial and temporal variations in network structure may prove to be artefacts.
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INTRODUCTION

For a wide range of taxa, species richness increases from the
poles towards the equator (Rosenzweig 1995; Hillebrand
2004). Indeed, an increase in species richness with decreasing
latitude is so ubiquitous that is has been described as one of
the few fundamental “laws” in ecology (Lawton 1999). As a
possible mechanism for the latitudinal gradient in species rich-
ness, ecologists have invoked a role for interspecific interac-
tions such as competition, predation and parasitism. Such
interactions are proposed to be more frequent, more intense
and have stronger dynamic consequences in the tropics
(Dobzhansky 1950; Janzen 1970; Schemske 2009; Schemske
et al. 2009). Another factor suggested to contribute to high
diversity in the tropics (and a potential consequence of high
levels of interspecific interactions) is an increase in the special-
isation of these interspecific interactions (Rohde 1992; Willig
et al. 2003): where many species co-occur in the same commu-
nity, niche partitioning — and thus specialisation — might be
more pronounced.

Despite widespread assumptions about the presence and
importance of latitudinal gradients in interspecific interac-
tions, there have been relatively few attempts to assess them
systematically (for a review, see Lewinsohn & Roslin 2008). In
particular, evidence for latitudinal gradients in specialisation
remains largely anecdotal. Two studies of interactions between
herbivorous insects and their host plants reached contrasting
conclusions about latitudinal trends in specialisation. While
Novotny et al. (2006) found no evidence for differences in
specialisation in tropical and temperate systems, Dyer et al.

(2007) found a tendency for specialisation to increase towards
the equator. Clearly, more such studies are needed; particu-
larly ones that use a standardised framework to allow the
integration and comparison of data sets collected using vary-
ing methods in widely spaced geographical locations.

One important approach to describing the structure and
understanding the dynamics of interspecific interactions within
ecological communities is the study of interaction networks
(Ings et al. 2009). The structure of these networks may be
critically linked to community stability and dynamics
(Tylianakis et al. 2010). In addition, the network approach
provides a standardised framework for quantifying levels of
ecological specialisation (Bliithgen ez al. 2006). Empirical
studies increasingly generate information on not just the inci-
dence, but the frequency of interspecific interactions within
ecological networks (Memmott 2009), providing a richer and
more nuanced description of their structure. To capture the
key features of these quantitative interaction networks,
‘weighted’” network metrics have been developed (Bersier et al.
2002). As an advantage, such metrics are also less sensitive to
sampling biases than their earlier qualitative counterparts
(Bersier et al. 2002; Banasek-Richter er al. 2009). This facili-
tates standardised comparisons of networks from different
environments, regions and latitudes.

Two recent papers have used quantitative interaction net-
work metrics to compare mutualistic interaction networks
across a latitudinal gradient. Dalsgaard et al. (2011) studied
hummingbird-plant interactions across the Americas, finding
greater specialisation at lower latitudes. In contrast, Schleu-
ning et al. (2012), using a large global data set on flower
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visitation and seed dispersal interactions, found that speciali-
sation was significantly lower at tropical than at temperate
latitudes. Few studies have compared the structure of antago-
nistic networks over any large spatial scales — though varia-
tion in qualitative metrics characterising the structure of
aquatic communities inhabiting pitcher plants has been docu-
mented across North America (Baiser et al. 2012). However,
to our knowledge, no systematic assessment of changes in
quantitative antagonistic networks with latitude has yet been
attempted. As a sufficient number of quantitative antagonistic
networks have now been compiled, the timing seems appropri-
ate for a global analysis to be undertaken.

In this article, we examine latitudinal patterns in network
structure for antagonistic bipartite networks, drawing on stud-
ies ranging from the High Arctic to the Tropics. We focus on
networks involving insects and their parasitoids (i.e. parasitic
insects that are free-living as adults, but which develop in or
on the body of a single host individual). Using recent
advances in quantitative network analysis (Bersier ez al. 2002;
Banasek-Richter ez al. 2009; Dormann et al. 2009), we focus
our assessment on network metrics reflecting both specialisa-
tion and emergent network structure. Crucially, we first
explore potential biases introduced by the heterogeneity of the
component data sets, arising from variations in the size of the
networks (i.e. in the total number of interactions between
individuals documented in the respective studies) and the tax-
onomic diversity of hosts involved. Having controlled for
these sampling effects, we test the following hypotheses:

(1) Network specialisation increases with decreasing latitude:
Species-rich tropical communities have been proposed to com-
prise species that are more specialised than their temperate
counterparts (Dyer et al. 2007; but see Novotny et al. 2002,
2006; Lewinsohn & Roslin 2008). If latitudinal patterns exist
in specialisation at the level of individual species, such pat-
terns should also be reflected in the specialisation of entire
networks. Here, we test the hypothesis that specialisation of
host-parasitoid networks is highest in the tropics.

(2) Network specialisation varies with the ecological guild of
the component species: For host-parasitoid networks, the biol-
ogy of the host taxa involved is likely to influence the specific-
ity of their interactions with other species through biological,
ecological or behavioural host traits. For example, phytopha-
gous insect guilds differ in terms of their specialisation
(Novotny et al. 2010) because their feeding mode, develop-
mental stage and feeding location affect which host species
they can exploit. As hosts from different guilds are differen-
tially detected and attacked by parasitoids, these differences
are likely to translate into differences in parasitism rate, para-
sitoid species richness and parasitoid specificity (Hawkins
1994) — which in turn is expected to affect network-level
metrics of specialisation and emergent network structure.

MATERIALS AND METHODS
Data set

Host-parasitoid network data sets were identified from the lit-
erature and from correspondence with researchers active within

the subject field. We restricted our data set to 28 network stud-
ies that met a set of criteria (see Appendix S1) in terms of their
taxonomic, spatial and temporal resolution. Studies were
located in 19 countries across five continents spanning the
latitudes 34.6° S to 74.5° N (decimal degrees) (Figure S1.1 in
Appendix S1). The studies represented five insect host guilds:
aphids, gallers, leaf chewers, leaf miners and trap nesters.
Details of individual data sets are given in Appendix S1.

Descriptors of network structure

To characterise network structure in a broad sense, we
focused on standard metrics of quantitative bipartite network
architecture as frequently used in cross-network comparisons
(Tylianakis et al. 2007). More specifically, we examined met-
rics which either directly or indirectly reflect the degree of spe-
cialisation at the level of the network, and for which a specific
prediction regarding changes with latitude could be made.

The metrics chosen were (1) weighted quantitative linkage
density, (defined as the weighted diversity of interactions per
species); (2) weighted quantitative connectance (the weighted
realised proportion of possible links, calculated as quantitative
linkage density divided by the number of species in the net-
work); (3) weighted quantitative generality (the mean effective
number of hosts per parasitoid weighted by their marginal
totals); (4) weighted quantitative vulnerability (the mean effec-
tive number of parasitoids per host species, weighted by their
marginal totals); and (5) quantitative weighted modularity (the
degree to which a quantitative network can be divided into
modules where within-module interactions are more prevalent
than between-module interactions (Dormann & Strauss 2013;
see Appendix S2 for equations for all metrics)). In addition,
we used (6) the weighted quantitative network specialisation
index H2’, which provides an alternative description of the
degree of specialisation among hosts and parasitoids across an
entire network (see Appendix S2 for equation; Bliithgen et al.
2006). As such, H2’ quantifies the deviation between observed
interaction frequencies and those expected if interaction fre-
quencies were random; thus, it reflects the extent to which par-
asitoid species discriminate among the available host species.

Overall, lower values of weighted quantitative connectance,
weighted quantitative linkage density, weighted quantitative
generality and weighted quantitative vulnerability (hereafter
connectance, linkage density, generality and vulnerability for
brevity) indicate higher specialisation in the network (with
generality and vulnerability focusing on specialisation at the
level of parasitoids and hosts, respectively, and the other met-
rics at the level of the entire network). Conversely, high values
of H2’ and quantitative weighted modularity (hereafter modu-
larity; both indexes ranging from 0 to 1) imply a high degree
of specialisation at the network level.

Metrics were calculated in the Bipartite (version 2.01)
package of R (Dormann et al. 2008, 2009), using the empty.
web = false option to account for hosts present but not parasi-
tised (see Appendix S2 for rationale). Since the specialisation
index H2’ is sensitive to the type of data (integer or non-inte-
ger), we used only the integer data (based on specific counts
of interactions) for this particular network metric (the
non-integer data set was too small for a meaningful analysis).

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.
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Analyses

The relationships between each metric of specialisation and
network size, taxonomic diversity (see below), latitude and
host guild were examined through a set of generalised linear
mixed models (outlined below). All statistical analyses were
carried out using the /me4 package (Bates ef al. 2013) in the
statistical computing environment R (R Core Team 2013).
Where necessary, we log-transformed data to improve the
normality of residuals. The R codes for the maximal linear
mixed effects model for each analysis described below are
specified in Appendix S2. The structure of the random effect
component of our models was selected by comparing models
with random intercept (with a different intercept for each
Study) to those with a random intercept and slope (allowing,
for each Study, for variation in the slope of the response
depending on log-transformed web size), and selecting those
with the lower Akaike Information Criteria (AIC) score (or
AICc score as corrected for small sample size for Model
Structures 3 and 5, Appendix S2; Burnham and Anderson
2002). Following the principle of parsimony, if there was min-
imal difference in AIC (< 1) between models, the simpler
model was preferred. Following Crawley (2013), we simplified
the maximal models by removing non-significant fixed effects
until a minimum adequate model was obtained. P-values of
fixed effects were obtained by likelihood-ratio tests of the full
model with the explanatory variable included or excluded. We
then refitted the minimum adequate model using Restricted
Maximum Likelihood and visually inspected the residual plots
to check for any obvious deviations from homoscedasticity or
normality.

Testing for the effects of matrix size on network structure

While quantitative network metrics are less prone to sampling
effects than their qualitative counterparts, they may still be
biased by sampling intensity (Bliithgen er al. 2008; Dormann
et al. 2009). In our data set, the total number of interactions
between individuals (i.e. the sum of interactions in a quantita-
tive network matrix) varied by a factor of 1000 across the 28
studies (Table S1.1 in Appendix S1), reflecting variations in
both sampling effort and in the abundance and detectability
of interactions. For brevity, we refer to this value (the total
number of interactions recorded between individuals) as the
‘matrix size’. As smaller sample sizes will likely overlook a lar-
ger proportion of interactions present, we predict that matrix
size will be negatively correlated with metrics characterising
the level of specialisation within networks (hereafter, metrics
of network specialisation).

To control for the effects of matrix size we first analysed
the relationship between matrix size and each of the six net-
work metrics using linear mixed effects models (Model struc-
ture 1, Appendix S2). Each network metric (log transformed,
apart from H2’) was modelled as a function of the logarithm
of matrix size. The structure of the random effect component
of each model was chosen as described above. For connec-
tance, we used a random intercept model to account for non-
independence of networks from the same study. For the other
five metrics the random intercept and slope models were used.

Exploring reasons for relationship between matrix size and metrics

To explore the likely reasons for observed relationships
between network metrics and matrix size (see Results), we
used techniques conceptually equivalent to rarefaction
(Hurlbert 1971).

To examine whether the observed relationships between
matrix size and network metrics were similar to those gener-
ated by sampling effects alone, we created smaller networks
by randomly selecting a specified number of interactions
(individual parasitism events) from each of the original net-
works. For each matrix size within a range from 2 to the
full number of interactions within the network, we randomly
picked a corresponding number of interactions. At each of
these predefined matrix sizes, 100 replicate networks were
created from each of the original networks through random
subsampling. The mean value of each network metric for
each matrix size (across 100 replicates, or 50 replicates for
modularity) was then used as our response variable in fur-
ther analyses. Since we explicitly wanted to examine the
value of each metric vs. absolute sample size (rather than
density), only networks based on integer values (176 net-
works from 17 studies; see Appendix S1) were included in
the subsampling.

To test whether the relationships between matrix size and
metrics that were evident in the original data (Fig. 2) were
also present when subsampling within individual networks,
we then explored the relationships between network metric
and matrix size by fitting linear regression models to the sub-
sampled data. For each of our target metrics, we modelled
the logarithm of the metric (mean value of the metric across
50 or 100 replicates; untransformed data were used for mod-
ularity and H2’) as a function of the logarithm of the sub-
sampled matrix size, in a random intercept model with the
identity of the individual network nested within the study
(Model structure 2, Appendix S2). For modularity, a random
intercept and slope model was used (see Analyses above).
If the original relationships between network metrics and
matrix size at the level of full networks (Fig. 1) were due to
sampling effects alone, we predict that the relationships
would also be repeated within individual networks following
subsampling.

Finally, we tested whether the original relationships between
matrix size and metrics were still evident across networks
when subsampled to a standardised matrix size of 65 interac-
tions (corresponding to the second tercile of empirical matrix
size; see Appendix S3). To explore whether the relationships
persisted when matrix size was standardised to 65 interactions,
we regressed the logarithm of each metric (untransformed
data for modularity and H2’) from the standardised subsam-
pled network (mean of 50 or 100 replicates) against the loga-
rithm of the original matrix size, in a random intercept model
(Model structure 3, Appendix S2). If the original patterns of
relationships between network metrics and matrix size were
due to sampling effects alone, we predict that such relation-
ships would disappear following subsampling. In contrast, if
the relationships are still present, processes other than pure
sampling effects need to be invoked to explain the original
pattern.

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.
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Figure 1 The location, matrix size and number of replicate host-parasitoid networks of each of 28 studies included in the analysis. Each study is depicted
by a square, the size of which represents the logarithm of matrix size (i.e. the total sum of interactions in the respective quantitative network matrix). The
number of dots within each square represents the number of replicate networks per study; for studies with more than one network, we show the mean size
of individual networks. The colour of the squares represents the host guild targeted by each study as identified in the legend.

Testing for the effects of host taxonomic diversity on network
structure

A further potential source of bias in quantifying network
structure arises from variations in the ‘completeness’ of differ-
ent networks in terms of their taxonomic coverage. While
some networks focus on a small range of closely related host
species (e.g. Rott & Godfray 2000), others sample a much
wider range of taxa (e.g. Lewis et al. 2002). The host prefer-
ence of parasitoids is typically restricted to a rather limited set
of phylogenetically related hosts (Desneux et al. 2012). Conse-
quently, parasitoids in networks with high taxonomic diversity
will tend to specialise on discrete sets of hosts, whereas parasi-
toids in networks with low taxonomic diversity, might be able
to attack all or most of the host species present. Therefore,
we predict that metrics of network specialisation will be
higher in networks with greater taxonomic diversity.

To explore whether the observed relationships between
matrix size and network metrics were due to larger networks
encompassing taxonomically more diverse hosts with conse-
quently fewer shared parasitoids, we explicitly assessed the
taxonomic diversity of hosts included in each network, as
described in Appendix S1. Using this information, we calcu-
lated the taxonomic diversity index, A, for the host species
(Clarke & Warwick 1998). The calculations were implemented
using the taxondive function in the R package vegan, using

the option varstep = FALSE (Oksanen et al. 2013). We chose
to focus on the taxonomy of the hosts (rather than the parasi-
toids) since sampling of host-parasitoid networks through
rearing-based techniques is host-focused: researchers choose
which hosts to sample, but cannot choose which parasitoids
to include.

To investigate whether network metrics vary with host taxo-
nomic diversity, we built linear mixed effects models of our
focal network metrics (untransformed data for connectance and
H?2’, log-transformed for the other metrics) as a function of A
(Model structure 4, Appendix S2). A random intercept model
was used for all metrics except generality, for which a random
intercept and slope model was used (see Analyses above).

Testing for effects of latitude and host guild on network structure

Given the observed relationships between matrix size and net-
work metrics (see Results), we adjusted for the large variation
in matrix size by regressing the logarithm of each network
metric (or untransformed data for H2’) on the logarithm of
matrix size, and then used the residuals from these regressions
as our dependent variables in analyses testing for effects of
host feeding guild and latitude. Using a linear mixed effects
model approach, we modelled the residuals from each of these
regressions as a function of host guild, latitude, A, and their
two way interaction terms, simplifying the models as described

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.
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above (Model structure 5, Appendix S2). In each case, we
used models including a random intercept.

RESULTS

Effects of matrix size and host taxonomic diversity on network
metrics

Consistent with our expectation that smaller matrix size
results in higher network specialisation, generality, linkage
density and vulnerability all increased significantly with matrix
size (Table 1; Fig. 2; Table S3.1 in Appendix S3). Connec-
tance significantly decreased with matrix size (Table 1; Fig. 2;
Table S3.1 in Appendix S3), whereas H2’ is designed to be
scale independent (Bliithgen et al. 2006) and — consistent with
expectation — did not change significantly with matrix size.
Modularity, which is highly correlated with H2” (Dormann &
Strauss 2013), was also not affected by matrix size.

For the subsampled data sets, regressions of network met-
rics (all log transformed apart from H2’ and modularity) on
the logarithm of matrix size showed patterns similar to those
obtained in the analogous regressions on the original data
(with modularity forming an exception; Table 1; Fig. 3; Table
S3.2 and Fig. S3.1 in Appendix S3). This consistency suggests
that the original relationships between network metrics and
matrix size can be mostly attributed to sampling effects. As
matrix size increased, connectance and modularity signifi-
cantly decreased, while generality, vulnerability and linkage
density significantly increased (Table 1; Fig. 3; Table S3.2 in
Appendix S3). H2’ did not vary detectably with matrix size.

Using the subsampled data sets with matrix size standar-
dised to 65 interactions, regressions of the logarithm of the
network metrics (all log transformed apart from H2’ and
modularity) on original matrix size were non-significant for all
metrics — except for linkage density, which significantly
increased with matrix size (3> =5.92, d.f. =1, P =0.015).
Thus, the original patterns between network metrics and
matrix size appear to be primarily due to sampling effects,
with little evidence of additional biological effects.

The regressions of network metrics against the taxonomic
diversity index (A) revealed a significant effect of A on gener-
ality, vulnerability, linkage density and modularity (Table 1).
Networks with high taxonomic diversity showed higher gener-
ality and higher linkage density (reflecting low specialisation),
higher modularity (reflecting high specialisation), and lower
vulnerability (reflecting high specialisation), providing incon-

clusive evidence for the prediction that taxonomically more
diverse networks are more specialised.

Effects of latitude and host guild on network metrics

Residuals from regressions of metrics vs. matrix size and taxo-
nomic relatedness were not detectably related to either latitude
or guild (Table S3.3 in Appendix S3). Therefore, once we
have accounted for the size and taxonomic diversity of net-
works, we can reject the hypotheses that specialisation
increases with decreasing latitude, and that specialisation var-
ies among guilds after controlling for latitude.

DISCUSSION

Our study provides a first integrated analysis of structural pat-
terns among networks of antagonistic interactions quantified
in different parts of the world. Drawing on these diverse data,
our explicit control of sampling effects allows us to critically
evaluate hypotheses emerging from current theory on geo-
graphical patterns in species diversity and proposed trends in
ecological specialisation. Overall, we found strong support for
the prediction that network specialisation appears higher in
studies focusing on smaller interaction matrices. There was
less support for the prediction that taxonomically diverse net-
works will exhibit high levels of network specialisation:
although significant changes in network structure were
observed as taxonomic diversity of networks increased, the
patterns detected were not consistently indicative of higher
specialisation. Most surprisingly, we found no support for the
hypotheses that network specialisation increases towards the
tropics, or that — when controlling for latitude — specialisation
within networks varies depending on the ecological guild of
the component host species. In this regard, these antagonistic
host-parasitoid networks seem to differ from networks of
mutualistic interactions (Schleuning ez al. 2012), suggesting
that different processes may be moulding the architecture of
antagonistic and mutualistic networks. Below, we discuss each
of these findings in turn.

Sampling issues in network studies

Both within and across the large number of antagonistic net-
works examined, we found a strong association between net-
work size and measures of network structure. These patterns
concerned network size in the sense of both the number of

Table 1 Likelihood ratio test results for regressions of quantitative network metrics on (a) matrix size for original networks; (b) matrix size for subsampled
networks; and (c) taxonomic diversity A. The values highlighted in bold are statistically significant (P < 0.05).

Matrix size (original networks)

Matrix size (subsampled networks)

Taxonomic diversity A

r d.f. P-value x d.f. P-value x> d.f. P-value
Connectance 10.549 1 0.001 24903 1 <0.001 0 1 1
Generality 8.614 1 0.003 25367 1 <0.001 9.11 1 0.003
H2’ 0.587 1 0.444 1.634 1 0.201 0.798 1 0.372
Linkage density 21.102 1 <0.001 29273 1 <0.001 14.42 1 <0.001
Modularity 1.729 1 0.189 24.04 1 <0.001 30.743 1 <0.001
Vulnerability 21.434 1 <0.001 24714 1 <0.001 17.86 1 <0.001

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.
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Figure 2 Logarithms of the six studied quantitative network metrics plotted against the logarithm of matrix size (i.e. the total sum of interactions in the
respective quantitative network matrix). Networks from 28 individual host-parasitoid network studies are shown in different colours.

interactions examined and the taxonomic coverage of hosts.
While previous network studies have addressed the impor-
tance of sampling intensity (sensu mean number of interac-
tions per possible link in a network) and network dimensions
(sensu number of species), they have not addressed the impact
of the taxonomic diversity (Blithgen ez al. 2007, 2008;
Dormann et al. 2009). Our approach of correcting for both
matrix size and host taxonomic diversity allowed us to sepa-
rate statistical patterns from underlying biology, revealing
more evidence for the former.

Our findings come with important implications for network
studies across habitats and regions. In recent years, there has
been a marked increase in the number of studies involving the
collection of replicated interaction networks between experi-
mental treatments, or across ecological or land-use gradients
(e.g. Schleuning et al. 2011; Devoto et al. 2012; and references
in Supplementary Information). While the magnitude of varia-
tion in matrix size between replicates within individual studies

is likely to be much smaller than among studies in our global
data set, there is nevertheless a risk that methodological arte-
facts will affect the results. Some authors have controlled for
differences in host abundance or host species richness among
networks in their analyses (e.g. Tylianakis er al. 2007), but
others have made uncontrolled comparisons. In future work,
we propose that ecologists should control for potential effects
of matrix size before conducting comparisons — just as ecolo-
gists comparing species richness between sites or treatments
routinely standardise sampling effort using approaches such
as rarefaction (Gotelli & Colwell 2001).

Standardising for effects of taxonomic diversity among net-
works may prove more problematic. For this reason, we sug-
gest that any patterns emerging from studies integrating webs
of highly differing taxonomic diversity should be supported
by more in-depth comparisons between webs of similar taxo-
nomic breadth. Alternatively, the effects of taxonomic breadth
may be isolated by using descriptors such as A (the taxonomic

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.
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networks (see Methods for details).

diversity index; Clarke & Warwick 1998) as a covariate, or by
simply subsampling taxa from larger networks before compar-
ison to metrics from smaller networks. The latter approach
will be similar to that proposed above for compensating for
matrix size.

Latitudinal patterns in network structure and specialisation

While communities vary tremendously in species richness and
taxonomic complexity, our analysis of antagonistic interaction
networks offers no evidence for consistent variation in net-
work structure with latitude. This contrasts with the findings
of Baiser ez al. (2012) for aquatic networks inhabiting pitcher
plants. Focusing on qualitative descriptors of network struc-
ture, these authors found increasing linkage density with
increasing latitudes across North America — a pattern which

they attributed to increasing species richness. However, for
terrestrial insects, an often-assumed decrease in niche breadth
(i.e. increasing diet specialisation) with decreasing latitude
(Dyer et al. 2007) is expected to result in more specialised net-
works in the tropics. For this hypothesis, we found no sup-
port. Rather, the fact that network structure does not vary
consistently with latitude suggests that there may be basic
rules for how antagonists interact with each other across the
globe, irrespective of the size and diversity of the networks
that they comprise.

The lack of variation in the structure of the networks with
latitude observed in our study across a global scale is consis-
tent with the patterns observed by Kaartinen & Roslin (2011,
2012) at a landscape scale. These authors found pronounced
spatiotemporal consistency in the structure of tens of host-
parasitoid networks, despite major variation in both species
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richness and species identity in space and time. Thus, antago-
nistic networks may be similarly structured at both global and
landscape scales.

Our findings from antagonistic networks contrast with
reports of latitudinal patterns in the structure of mutualistic
networks. Studying hummingbird-plant networks across the
Americas, Dalsgaard et al. (2011) found greater biotic special-
isation at lower latitudes. In contrast, Schleuning ez al. (2012),
using a global data set of quantitative mutualistic networks,
found that biotic specialisation of mutualistic networks was
significantly lower at tropical than at temperate latitudes.
These authors attributed the pattern detected to a response of
pollinators and seed dispersers at high latitudes to low plant
diversity, since specialisation decreased with increased plant
diversity. In our study, the same argument could be used to
predict increasing specialisation of parasitoids towards the
host-poor Arctic, but no such patterns were evident after cor-
recting for matrix size and taxonomic diversity. We therefore
suggest that host-parasitoid networks are structured by other
forces — perhaps by basic constraints on the ability of parasi-
toids to locate diverse sets of hosts or to cope with their
behavioural or immune responses.

Since Schleuning ez al. (2012) used a metric designed to be
insensitive to matrix size (Bliithgen er al. 20006), the discrep-
ancy in latitudinal patterns among different types of interac-
tion networks appears to be real rather than methodological.
As such, it suggests that different forces structure networks of
different interaction types. The specialisation of our host-
parasitoid networks also appears much higher overall (mean
H2’ = 0.65, with a high s.d. of 0.31) than the equivalent values
for mutualistic webs (Fig. Ic in Schleuning et al. 2012).
Consequently, even if network specialisation does not change
consistently with latitude for antagonistic networks, it may
still be higher across antagonistic (specifically host-parasitoid)
than mutualistic networks — regardless of latitude. A study by
Poisot et al. (2011) found the opposite pattern, with mutualis-
tic networks more specialised than antagonistic networks;
although here, too, there was larger variation among the lat-
ter. However, the networks included in the study of Poisot
et al. included antagonistic and mutualistic interaction types
well beyond those included in the present study, and well
beyond those studied by Schleuning ez al. (2012). This lack of
standardisation in interaction types may have contributed to
the observed pattern.

Again, a general discrepancy between plant-pollinator or
seed-disperser vs. host-parasitoid systems may be attributable
to different constraints on resource selection. For parasitoids,
host selection is likely to be affected by traits involved in host
location and host defences, thus potentially restricting host
use to fewer and more similar taxa than plants used by pollin-
ators or seed dispersers.

At a general level, the idea that antagonistic and mutualistic
networks may be structured differently is far from new. The
stability of mutualistic networks is thought to be promoted by
a highly connected and nested architecture, whereas stability
in antagonistic networks is promoted by a compartmented
and weakly connected structure (Thébault & Fontaine 2010;
but see also James er al. 2012, 2013; Saavedra & Stouffer
2013). Highly connected networks will — by their nature — be

characterised by lower specialisation than weakly connected
antagonistic networks; as a consequence, networks of these
two different types are likely to respond differently along a
latitudinal gradient of species richness. If structure is related
to stability, then the patterns unravelled here and by Schleu-
ning et al. (2012) suggest that mutualistic networks may be
more stable towards the tropics, whereas antagonistic net-
works (or at least those involving insect hosts and parasitoids)
may be equally stable across latitudes.

Network specialisation and insect host guilds

Across our data set, we found no evidence for network struc-
ture differing consistently among host guilds. This observation
runs contrary to the expectation that the morphological and
chemical defences of the host would affect specialisation at the
level of parasitoids (Gauld et al. 1992; Hawkins 1994) and thus
networks. Indeed, our analysis is among the first to address
specialisation of parasitoids at the network level, but provides
no evidence that specialisation in antagonistic networks is
affected by the ecological guild of the host species, after
accounting for variation in the size and diversity of the
networks. In this context, we stress that the conclusions
reached are conditional on the data examined: while our data
set encompassed representatives of five major insect host guilds,
analysing host-parasitoid networks across a wider range of host
guilds might still reveal differences in network specialisation.

CONCLUSIONS

In this article, we detected no relationship between the
structure of host-parasitoid networks across different lati-
tudes or as associated with different host taxa. Importantly,
a lack of association between latitude and network structure
does not imply a lack of variation, but that variation
among latitudes is overridden by variation from other
sources. The challenge now is to identify the dynamic pro-
cesses generating this apparent uniformity in structure across
a latitudinal gradient, amidst a haze of methodological com-
plications. A significant concern to emerge from our analy-
sis is that many spatial and temporal differences in network
structure proposed to date may be largely indicative of
methodological choices (i.e. of variation in the size and tax-
onomic diversity of the networks compared) rather than of
biological processes. Methodological adjustments such as
those used in this article allow these biases to be overcome
— but relatively few data sets provide the quantitative data
to allow this. While we wait for more studies of this kind,
we urge ecologists to avoid uncontrolled comparisons across
networks.

ACKNOWLEDGEMENTS

M. Albrecht, P. Barbosa, T. Bukovinsky, A. Caldas, L. Cag-
nolo, E. Chaneton, A. Gathmann, C. Godfray, R. Kaartinen,
A-M. Klein, S. MacFadyen, J. Memmott, M. Murakami, M.
Paniagua, F. Sinclair, J. Tylianakis and F. van Veen very
kindly provided host-parasitoid network data sets. Bess Hard-
wick compiled the taxonomic data and designed Fig. 1, while

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.



348 R. J. Morris et al.

Letter

Evgeniy Meyke invested massive effort in writing and running
the subsampling programmes. Carsten Dormann and Jochen
Friind patiently clarified several details regarding the R-pack-
age Bipartite. Charles Godfray and three anonymous review-
ers provided perceptive comments that greatly improved the
manuscript. RIM was funded by a Royal Society University
Research Fellowship and SG by a postdoctoral grant from
the Academy of Finland.

STATEMENT OF AUTHORSHIP

All authors jointly developed the project and collated the net-
work data. Preliminary data analyses were conducted by
RJM, SG and TR. RJM performed the final data analyses
and all authors contributed to interpretation of results. RIM
wrote the first draft of the manuscript and all authors sub-
stantially contributed to revisions.

REFERENCES

Baiser, B., Gotelli, N.J., Buckley, H.L., Miller, T.E. & Ellison, A.M.
(2012). Geographic variation in network structure of a nearctic aquatic
food web. Glob. Ecol. Biogeogr., 21, 579-591.

Banasek-Richter, C., Bersier, L.F., Cattin, M.F., Baltensperger, R.,
Gabriel, J.P., Merz, Y. et al. (2009). Complexity in quantitative food
webs. Ecology, 90, 1470-1477.

Bates, D., Maechler, M. & Bolker, B. (2013). Ime4: linear mixed-effects
models using S4 classes. R package version 0.999999-2. Available at:
http://CRAN.R-project.org/package =Ime4. Last accessed 9 September
2013.

Bersier, L.F., Banasek-Richter, C. & Cattin, M.F. (2002). Quantitative
descriptors of food-web matrices. Ecology, 83, 2394-2407.

Bliithgen, N., Menzel, F. & Blithgen, N. (2006). Measuring specialization
in species interaction networks. BMC Ecol., 6, 9.

Bliithgen, N., Menzel, F., Hovestadt, T., Fiala, B. & Bliithgen, N. (2007).
Specialization, Constraints, and Conflicting Interests in Mutualistic
Networks. Curr. Biol., 17, 341-346.

Bliithgen, N., Friind, J., Vazquez, D.P. & Menzel, F. (2008). What do
interaction network metrics tell us about specialization and biological
traits? Ecology, 89, 3387-3399.

Burnham, K.P. & Anderson, D.R. (2002). Model selection and multimodel
inference: a practical information-theoretic approach. Second edition.
Springer, New York, U.S.A.

Clarke, K.R. & Warwick, R.M. (1998). A taxonomic distinctness index
and its statistical properties. J. Appl. Ecol., 35, 523-531.

Crawley, M.J. (2013). The R Book, 2nd edn. Wiley-Blackwell, Oxford.

Dalsgaard, B., Magard, E., Fjeldsa, J., Gonzalez, A.M.M., Rahbek, C.,
Olesen, J.M. et al. (2011). Specialization in plant-hummingbird
networks is associated with species richness, contemporary precipitation
and quaternary climate-change velocity. PLoS ONE, 6, 7.

Desneux, N., Blahnik, R., Delebecque, C.J. & Heimpel, G.E. (2012). Host
phylogeny and specialisation in parasitoids. Ecol. Lett., 15, 453-460.
Devoto, M., Bailey, S., Craze, P. & Memmott, J. (2012). Understanding
and planning ecological restoration of plant-pollinator networks. Ecol.

Lett., 15, 319-328.

Dobzhansky, T. (1950). Evolution in the tropics. Am. Sci., 38, 209-221.

Dormann, C.F. & Strauss, R. (2013). A method for detecting modules in
quantitative bipartite networks. Methods in Ecology and Evolution,
DOI: 10.1111/2041-210X.12139.

Dormann, C.F., Gruber, B. & Friind, J. (2008). Introducing the bipartite
package: analysing ecological networks. R news, 8(2), 8-11.

Dormann, C.F., Friind, J., Bliithgen, N. & Gruber, B. (2009). Indices,
graphs and null models: analyzing bipartite ecological networks. Open
Ecol. J., 2, 7-24.

Dyer, L.A., Singer, M.S., Lill, J.T., Stireman, J.O., Gentry, G.L.,
Marquis, R.J. et al. (2007). Host specificity of Lepidoptera in tropical
and temperate forests. Nature, 448, 696-699.

Gauld, 1.D., Gaston, K.G. & Janzen, D.H. (1992). Plant allelochemicals,
tritrophic interactions and the anomalous diversity of tropical
parasitoids: the “nasty” host hypothesis. Oikos, 65, 353-357.

Gotelli, N.J. & Colwell, R.K. (2001). Quantifying biodiversity: procedures
and pitfalls in the measurement and comparison of species richness.
Ecol. Lett., 4, 379-391.

Hawkins, B.A. (1994). Pattern & process in host-parasitoid interactions.
Cambridge University Press, Cambridge, UK.

Hillebrand, H. (2004). On the generality of the latitudinal diversity
gradient. Am. Nat., 163, 192-211.

Hurlbert, S.H. (1971). The non-concept of species diversity; a critique and
alternative parameters. Ecology, 52, 577-586.

Ings, T.C., Montoya, J.M., Bascompte, J., Blithgen, N., Brown, L.,
Dormann, C.F. et al. (2009). Ecological networks - beyond food webs.
J. Anim. Ecol., 78, 253-269.

James, A., Pitchford, J.W. & Plank, M.J. (2012). Disentangling nestedness
from models of ecological complexity. Nature, 487, 227-230.

James, A., Pitchford, J.W. & Plank, M.J. (2013). James et al. reply.
Nature, 500, E2-E3.

Janzen, D.H. (1970). Herbivores and the number of tree species in
tropical forests. Am. Nat., 104, S01-528.

Kaartinen, R. & Roslin, T. (2011). Shrinking by numbers: landscape
context affects the species composition but not the quantitative
structure of local food webs. J. Anim. Ecol., 80, 622-631.

Kaartinen, R. & Roslin, T. (2012). High temporal consistency in
quantitative food web structure in the face of extreme species turnover.
Oikos, 121, 1771-1782.

Lawton, J.H. (1999). Are there general laws in ecology? Oikos, 84, 177-192.

Lewinsohn, T.M. & Roslin, T. (2008). Four ways towards tropical
herbivore megadiversity. Ecol. Lett., 11, 398-416.

Lewis, O.T., Memmott, J., Lasalle, J., Lyal, C.H.C., Whitefoord, C. &
Godfray, H.C.J. (2002). Structure of a diverse tropical forest insect-
parasitoid community. J. Anim. Ecol., 71, 855-873.

Memmott, J. (2009). Food webs: a ladder for picking strawberries or a
practical tool for practical problems? Philos. Trans. R. Soc. Lond., B,
Biol. Sci., 364, 1693-1699.

Novotny, V., Basset, Y., Miller, S.E., Weiblen, G.D., Bremer, B., Cizek,
L. et al. (2002). Low host specificity of herbivorous insects in a tropical
forest. Nature, 416, 841-844.

Novotny, V., Drozd, P., Miller, S.E., Kulfan, M., Janda, M., Basset, Y.
et al. (2006). Why are there so many species of herbivorous insects in
tropical rainforests? Science, 313, 1115-1118.

Novotny, V., Miller, S.E., Baje, L., Balagawi, S., Basset, Y., Cizek, L.
et al. (2010). Guild-specific patterns of species richness and host
specialization in plant-herbivore food webs from a tropical forest.
J. Anim. Ecol., 79, 1193-1203.

Oksanen, J., Guillaume Blanchet, F., Kindt, R., Legendre, P., Minchin,
P.R., O’'Hara, R.B., et al. (2013). Package “vegan”. Version 2.0-8.
Available at: http://vegan.r-forge.r-project.org/. Last accessed 9
September 2013.

Poisot, T., Bever, J.D., Nemri, A., Thrall, P.H. & Hochberg, M.E. (2011).
A conceptual framework for the evolution of ecological specialisation.
Ecol. Lett., 14, 841-851.

R Core Team (2013). R: A language and environment for statistical
computing. R Foundation for Statistical Computing. Available at:
http://www.R-project.org/. Last accessed 9 September 2013.

Rohde, K. (1992). Latitudinal gradients in species diversity: the search for
the primary cause. Oikos, 65, 514-527.

Rosenzweig, M.L. (1995). Species diversity in space and time. Cambridge
University Press, Cambridge, UK.

Rott, A.S. & Godfray, H.C.J. (2000). The structure of a leaf miner-
parasitoid community. J. Anim. Ecol., 69, 274-289.

Saavedra, S. & Stouffer, D.B. (2013). “Disentangling nestedness”
disentangled. Nature, 500, E1-E2.

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.



Letter

Global patterns in antagonistic networks 349

Schemske, D.W. (2009). Biotic interactions and speciation in the tropics.
In Speciation and patterns of diversity. (eds Butlin, R.K., Bridle, J.R.,
Schluter, D.). Cambridge University Press Cambridge, UK, pp.
219-239.

Schemske, D.W., Mittelbach, G.G., Cornell, H.V., Sobel, ].M. & Roy, K.
(2009). Is there a latitudinal gradient in the importance of biotic
interactions? Annu. Rev. Ecol. Evol. Syst., 40, 245-269.

Schleuning, M., Bliithgen, N., Florchinger, M., Braun, J., Schaefer, H.M.
& Bohning-Gaese, K. (2011). Specialization and interaction strength in
a tropical plant-frugivore network differ among forest strata. Ecology,
92, 26-36.

Schleuning, M., Friind, J., Klein, A.M., Abrahamczyk, S., Alarcon, R.,
Albrecht, M. et al. (2012). Specialization of mutualistic interaction
networks decreases toward tropical latitudes. Curr. Biol., 22, 1925-1931.

Thébault, E. & Fontaine, C. (2010). Stability of ecological communities
and the architecture of mutualistic and trophic networks. Science, 329,
853-856.

Tylianakis, J.M., Tscharntke, T. & Lewis, O.T. (2007). Habitat
modification alters the structure of tropical host-parasitoid food webs.
Nature, 445, 202-205.

Tylianakis, J.M., Laliberté, E., Nielsen, A. & Bascompte, J. (2010).
Conservation of species interaction networks. Biol. Conserv., 143, 2270—
2279.

Willig, M.R., Kaufman, D.M. & Stevens, R.D. (2003). Latitudinal
gradients of biodiversity: Pattern, process, scale, and synthesis. Annu.
Rev. Ecol. Evol. Syst., 34, 273-309.

SUPPORTING INFORMATION

Additional Supporting Information may be downloaded via
the online version of this article at Wiley Online Library
(www.ecologyletters.com).

Editor, Ferenc Jordan

Manuscript received 12 September 2013
First decision made 7 October 2013
Manuscript accepted 19 November 2013

© 2013 The Authors. Ecology Letters published by John Wiley & Sons Ltd and CNRS.



