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Pollution represents a major threat to biodiversity. A wide class of pollutants tends to accumulate within organisms 
and propagate within communities via trophic interactions. Thus the final effects of accumulable pollutants may be 
determined by the structure of food webs and not only by the susceptibility of their constituent species. Species within 
real food webs are typically arranged into modules, which have been proposed to be determinants of network stability. 
In this study we evaluate the effect of network modularity and species richness on long-term species persistence in 
communities perturbed by pollutant stress. We built model food webs with different levels of modularity and used 
a bioenergetic model to project the dynamics of species. Further, we modeled the dynamics of bioaccumulated and 
environmental pollutants. We found that modularity promoted the stability of food webs subjected to pollutant stress. 
We also found that richer food webs were more robust at all modularity levels. Nevertheless, modularity did not promote 
stability of communities facing a perturbation that shared most features with the pollutant perturbation, but does not 
spread through trophic interactions. The positive effect of both modularity and species richness on species persistence 
was cancelled and even reversed when the structure of food web departed from a realistic body size distribution or a 
hierarchical feeding structure. Our results support the idea that modularity implies important dynamic consequences 
for communities facing pollution, highlighting a main role of network structure on ecosystem stability.

The distribution of trophic interactions determines the  
structure of food webs as well as their stability and the persis-
tence of their constituent species (Thébault and Fontaine 
2010, McCann 2012). Several structural attributes of food 
webs have been suggested as important determinants of their 
stability, such as the frequency of modules of omnivory 
(McCann and Hastings 1997) and their location within  
the network (Kondoh 2008), food chain length (Pimm and 
Lawton 1977, Sterner et al. 1997), nestedness (Thébault  
and Fontaine 2010), allometric degree distributions (Otto 
et al. 2007) and modularity (Pimm and Lawton 1980,  
Milo et al. 2002, Melián and Bascompte 2002, Krause et al. 
2003, Ruiz-Moreno et al. 2006). Modularity refers to the 
tendency of a group of species to have more mutual interac-
tions than with other species in the food web (Rezende et al. 
2009). This food web property has long been proposed as a 
determinant of stability (May 1972), and only recently  
have suitable algorithms been developed to confirm the 
ubiquity of modules in real communities (Krause et al. 2003, 
Olesen et al. 2007, Allesina and Pascual 2009, Rezende  
et al. 2009, Guimerà et al. 2010, Ramos-Jiliberto et al. 
2010). However, the dynamical consequences of modularity 
have been not clearly established, because conflicting results 

suggested that its role in network stability depends on the 
type of perturbation at hand as well as on the measure of 
stability used (e.g. species persistence versus community 
resilience, Thébault and Fontaine 2010). It has been sug-
gested that modularity may confer stability to complex  
ecological networks against perturbations (May 1972,  
Ruiz-Moreno et al. 2006) by confining the effects of distur-
bances within modules (Stouffer and Bascompte 2011). 
Nevertheless, Stouffer and Bascompte (2011) evaluated the 
relationship between modularity and stability in food webs 
subjected to a special kind of perturbation: the primary 
extinction of a single species. In the wild, ecological systems 
are frequently facing disturbances of different natures and 
modes of action. Little is known about the relationship 
between structure and dynamics of food webs experiencing 
perturbations such as pollution, which currently represents 
one of the major threats to biodiversity (MEA 2005).  
Pollution affects several interacting species simultaneously. 
In addition, a wide group of pollutants, including many  
pesticides, industrial byproducts and heavy metals have  
the potential to accumulate within the tissues of organisms 
(Newman and Clements 2008). Organisms take these  
pollutants directly from the medium (typically water) as well 
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as from their food (Kooi et al. 2008). As a consequence, pol-
lutants can be transmitted and propagated through the web 
of trophic interactions. Most if not all ecosystems around  
the globe are in some degree affected by pollutants (Groom 
et al. 2006). The lack of a robust theoretical framework about 
the effect of pollutants on food web dynamics and stability 
represents a main limitation of ecological theory, which 
should be addressed urgently.

There are two parallel ways by which the structure of  
food web connections among species could determine the 
effect of pollution on community dynamics. First, pollutants 
are transmitted through trophic interactions, being accumu-
lated by consumers which are directly injured. Secondly, 
well-known indirect effects take place after injured species 
change their abundance or phenotypic traits which could 
directly or indirectly affect the fitness of their connected, 
albeit unpolluted, coexisting populations. While the latter 
mechanism is common to all perturbed communities, the 
former may take place when the stressor itself is propagated 
through the trophic interactions, as is the case of pollution  
or parasite-mediated diseases (Lafferty et al. 2008). For this  
reason, exposure to a pollutant of only a small subset of  
the species in the community may lead to noticeable effects 
on community dynamics.

Modularity has the potential to limit the propagation  
of both pollutants and their indirect effects through the  
food web. This effect should be more pronounced in smaller 
communities, since community size per se slows the  
propagation of effects to the entire system. This is expected 
because as community size increases, the number of steps for 
an effect to be propagated between two distant species also 
increases. In addition, species richness is directly connected 
with the structure of the whole food web (Dunne et al. 2002, 
McCann 2012), potentially interacting with the role of 
modularity on the stability of communities. Therefore, in 
this study we evaluate the effects of modularity and species 
richness on the persistence of species in model food webs 
subjected to stress exerted by an accumulable pollutant.

Methods

Food webs were generated by means of the generalized  
niche model (GNM; Stouffer et al. 2006). This algorithm 
has connectance, species richness and diet contiguity as  
input parameters. We built a set of 1500 model food webs 
with connectance 0.25, three levels of species richness  
and five levels of network modularity. We defined con-
nectance as directed connectance (i.e. the quotient between 
the number of actual feeding links and the richness squared). 
The modularity level of food webs was measured with the 
algorithm of Leicht and Newman (2008). The different  
levels of modularity were obtained by varying the parameter 
representing diet contiguity in the generalized niche model 
(Guimerà et al. 2010). The parameter of diet contiguity  
represents how close are predator’s prey species within the 
niche axis. A diet contiguity of zero, its minimal value, is 
equivalent to the generalized cascade model (Stouffer et al. 
2005) where species are organized hierarchically on the  
niche axis without a determined proximity. The maximum 
value of diet contiguity is one, and is equivalent to the niche 

model from Williams and Martinez (2000). In the niche 
model the prey species of a given predator are the one next to 
each other on the niche axis. This result in interval sets of 
preys within the niche axis, which generates modularity 
(Guimerà et al. 2010). Thereby an increase in the value  
of diet contiguity results in an increase in the level of modu-
larity. Therefore from the model food webs generated with 
values of diet contiguities between 0.2 and 1 we selected 
food webs with modularity values of 0.14, 0.16, 0.18, 0.2 
and 0.22, with a deviation of  0.01. For each combination 
of richness and modularity we generated 100 different  
food webs.

To model the biomass dynamics of populations within 
the food webs we used as a base the bioenergetic model  
of Yodzis and Innes (1992) generalized by Williams and 
Martinez (2004) for many species food webs. We addition-
ally developed equations for modeling the dynamics of the 
total amount of pollutant accumulated within organisms 
(Kooi et al. 2008) and of the pollutant in the environment. 
Models of both biomass and pollutant dynamics have allo-
metric parameters, whose values were obtained following 
Brose et al. (2006) and Hendricks et al. (2001). Values of 
allometric parameters scale to a power of body mass. This 
model has already been used successfully in the context of 
food webs subjected to pollution by showing that increasing 
levels of biodiversity should increase species persistence  
as pollutant stress increases (Garay-Narváez et al. 2013).  
The bioenergetic model is particularly convenient for our 
purposes since, state variables are in terms of biomass and 
not of individuals, which is convenient to model the pollut-
ant concentration. For detailed information about the model 
and its parameters see Supplementary Material Appendix A1.

Finally, we coupled the dynamics of species and pollutant 
to the topological structure obtained from the generalized 
niche model and ran two simulations of 5000 time steps for 
each of the 1500 model food webs. Initial values for bio-
masses were taken randomly from a uniform distribution 
between 0.05–1, initial values for bioaccumulated pollutant 
and for the environmental pollutant concentration were  
set to zero. Species with densities below 10230 were consid-
ered as extinct and forced to zero. In order to distinguish  
the effects of pollution from the effects of other kinds of 
perturbations that are not propagated though trophic  
interactions, we compared our results with those obtained 
from 1500 model food webs to which we applied a generic 
pulsed perturbation. This perturbation adds an additional 
density dependent mortality rate to the species biomass 
dynamics. The generic perturbation enters the community 
in the same way than the pollutant but, unlike pollutants, 
did not propagate through the trophic interactions (see  
Supplementary material Appendix A1 for further details).

To isolate the effect of the modularity from the effect  
diet contiguity (Guimerà et al. 2010), we repeated our  
analyses on food webs with different modularity values but 
with a single value of diet contiguity. Additionally, we 
assessed if the effect of modularity remained the same when 
we moved away from a realistic food web structure. For 
addressing this point, we performed the same analyses  
using food webs with randomized body size distributions 
and with random topology and random body size distri-
butions. In summary, the analyses were performed on four 
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types of model food webs, which had 1) hierarchical feeding 
(using the generalized niche model), modularity associated 
to diet contiguity and realistic body size distribution.  
This is our main objects of study since resemble natural  
food webs; 2) hierarchical feeding with controlled diet con-
tiguity  0.2 and realistic body size distribution; 3) hierar-
chical feeding with controlled diet contiguity  0.2 and 
random body size distribution; 4) random topology (Erdös– 
Renyi model) and random body size distribution. See  
Supplementary material Appendix A2 for more details and 
results.

Food web stability was measured at the end of each  
simulation as species persistence, defined as the number of 
surviving species over the initial number of species in the 
food web. All codes were implemented and executed in 
MATLAB (R2011b).

Results

Figure 1 shows the relationship between modularity level, 
species richness and species persistence in three perturbation 

Figure 1. Modularity–persistence relationship in systems with increasing levels of pollutant stress. (A) is a plot for unperturbed food  
webs. (B), (C) and (D) are plots for food webs with low, medium and high levels of pollutant stress, respectively. (E), (F) and (G) are plots 
for food webs with low, medium and high levels of a generic stress respectively. Continuous, dashed and dotted lines correspond to  
food webs of 20, 30 and 40 species respectively. Error bars represent 95 per cent confidence intervals arround the mean value of species 
persistence. gj  100 for low pollutant stress, gj  50 for medium pollutant stress, gj  10 for high pollutant stress.
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(Stouffer and Bascompte 2011). In this study we showed 
that modularity effectively promoted the stability of trophic 
networks subjected to pollutant stress, a perturbation that 
is transported through the trophic interactions. The  
opposite results were obtained when food webs were faced 
with the generic perturbation. This suggests that the  
propagation of the pollutant through food consumption 
should be a key property affected by modularity, leading to 
the enhancement of species persistence. Further, we also 
found that biodiversity probably has a main role in the sta-
bility of food webs exposed to pollutants since richer  
food webs were more robust at all modularity levels.  
Additionally, the effect of biodiversity in terms of species 
richness could interact with food web topology at low pol-
lutant stress, since poorer communities were more affected 
by modularity when subjected to pollution while richer 
communities were more stable at lower modularity.  
Such hypothetical synergistic effects of disturbances require 
further attention in future theoretical and empirical stud-
ies. Our findings of a positive effect of modularity and spe-
cies richness on species persistence were qualitatively 
unaffected for a fixed level of diet contiguity ( 0.2), and 
were cancelled and even reversed when the structure  
of food web departed from a realistic body size distribution 
or a hierarchical feeding structure. These suggest that pre-
serving realistic structural attributes such as the body  
size distribution within the food web and the hierarchical 
topological structure plays a major role in maintaining  
the positive effect of modularity and richness on species 
persistence.

A closer examination of our results suggests a double 
structural pattern of food webs with increasing modularity 
(results not shown): 1) a higher level of network connectiv-
ity, measured as average betweenness centrality of species, 
which means that an average species of more modular  
food webs has a more important role in communicating 
other species, and 2) a lower steepness of the cumulative 
out-degree distribution (fitted to an exponential distribu-
tion), which means that there was an increased proportion 
of species with an elevated number of predators at  
higher modularity levels. In food webs subjected to the ref-
erence perturbation, as connectivity increases with modu-
larity, the propagation of the lethal effects through the 
network also increases. Therefore one might expect a higher 
adverse effect on the network and a lower species persis-
tence as modularity increases. With pollutants nevertheless, 
it is the bioconcentration of pollutants which exerts effects 
on species, and therefore the increase in connectivity  
with modularity do not necesarily propagates effects, but 
the pollutant itself. On the other hand, and due to the 
decrease in the steepness of the out-degree distribution, 
modularity would result in a higher pollutant transport to 
higher trophic levels (i.e. biomagnification), lower reten-
tion at low and intermediate trophic levels, and thus  
higher overall species persistence. Consequently, it is 
expected that adverse effects of pollutants affect a higher 
number of species at lower levels of modularity. This opens 
a line of research towards finding and understanding the 
functional significance of structural patterns that change in 
conjunction with modularity, and that apparently are 
unique to the nonrandom structure of food webs.

scenarios: 1) without stress (Fig. 1A), 2) with increasing  
levels of stress by an accumulable pollutant (Fig. 1B–D) and 
ii) with increasing levels of a generic, non-accumulable  
perturbation (Fig. 1E–G).

In undisturbed systems (Fig. 1A) nearly 100% of the ini-
tial species persisted in the food webs after running the 
dynamic model, almost independently of the level of  
modularity and species richness. For all the levels of species 
richness low levels of modularity resulted in the decrease of 
species persistence from its maximum value.

The effects of modularity and species richness on species 
persistence were positive for all levels of pollutant stress  
(Fig. 1B–D). Species persistence of the poorest food webs 
increased with modularity both in polluted (Fig. 1B–D) and 
non-polluted systems (Fig. 1A). On the other hand, the  
richest food webs maintained an almost maximum persis-
tence through the entire gradient of modularity for a low 
level of pollutant stress (Fig. 1B). This suggests that under 
low levels of pollutant stress species richness makes food 
webs more robust to changes in modularity. In all the  
studied food webs a low modularity level led to decreased 
species persistence, which produced a positive relation 
between modularity and species persistence (Fig. 1B–D).

Conversely, with the generic perturbation the effects of 
both modularity and species richness on species persistence 
became increasingly negative as the level of the generic  
perturbation increased (Fig. 1E–G). This contrasts with  
the positive relation between species richness/modularity 
and persistence found in food webs subjected to pollutant 
stress.

Regarding realistic structural attributes (Supplementary 
material Appendix A2 Fig. A1–A3) we found that the  
effect of both modularity and species richness on species per-
sistence did not change qualitatively when fixing diet  
contiguity. This was observed under both kinds of  
perturbations (Supplementary material Appendix A2  
Fig. A1). Nevertheless results were reversed in food webs 
subjected to pollutant stress when, in addition to fixing  
diet contiguity, we randomize body sizes within the food 
web (Supplementary material Appendix A2 Fig. A2). Under 
this scenario the relationship between modularity and spe-
cies persistence became negative, and the effect of species 
richness on food web stability became null. Additionally, 
when both topology and body size structure were random-
ized we found no effect of modularity on species persis-
tence independent of the kind of perturbation, while  
the effect of species richness became null in food webs  
subjected to pollutant stress and was unaffected in food  
webs under the reference perturbation (Supplementary 
material Appendix A2 Fig. A3).

Discussion

The results presented here are congruent with the view of 
modularity as a main determinant of ecosystem stability 
(May 1972, Stouffer and Bascompte 2011). In general, 
modularity is expected to inhibit the propagation of per-
turbations to the whole food web (May 1972). Previous 
studies showed that modularity buffers the propagation of 
extinctions, providing robustness to local perturbations 
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It should be considered that a recent theoretical analysis 
found a negligible or slightly negative effect of modularity 
on the persistence of model food webs (Thébault and  
Fontaine 2010). In this study we obtained different  
results, in which modularity and species richness had a null 
or positive effect on species persistence in the absence of 
perturbations. This discrepancy should be attributed to  
the large differences in the structure of the model commu-
nities, and/or in the experimental levels of modularity. Our 
model food webs had multiple trophic levels, like real webs, 
and the chosen levels of modularity (between 0.14 and 
0.22) matched the range of modularity observed in empiri-
cal food webs (Guimerà et al. 2010). On the other hand, 
Thébault and Fontaine (2010) used communities of two 
trophic levels, which constrain the propagation of effects, 
and a different range of modularity values (between 0.3  
and 0.8). These methodological differences could account 
for the alternative view of the role of modularity suggested 
by these two theoretical analyses.

Modularity may have a more pronounced effect on  
network stability when faced with pollutant stress. It has 
been shown that modularity of food webs should arise 
through spatial habitat structuring (Holt 2002, Krause 
et al. 2003), body size structure (Petchey et al. 2008),  
phylogenetic patterns within communities (Cattin et al. 
2004), or through any combination of these factors 
(Rezende et al. 2009). The present study suggests that the 
loss of modularity had a stronger negative effect on food 
web persistence as pollutant stress increased and commu-
nity size decreased. These results are especially important at 
the present time, when human-driven disturbances such  
as fragmentation, extinctions, and invasion of exotic spe-
cies are reducing the modularity of natural communities 
(Rooney and McCann 2012). Specifically, our study calls 
attention to the synergetic role of food web structure – 
modularity in this case – and species biodiversity on  
the stability of polluted food webs. Considering, that  
pollution (MEA 2005, Groom et al. 2006), species loss 
(May et al. 1995) and simplification of food web structure 
(McCann 2007, Bascompte 2009) are pervasive and ongo-
ing processes of global change, the understanding of their 
inter actions must be a main focus of research. As was found 
in the present analysis, the scarcity of studies in this area 
limits our understanding of the determinants of ecosystem 
stability and their relationship with global change.
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