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Abstract

Omnivores have long been known to play an important role in determining the stability of 

ecological communities. Recent theoretical studies have suggested that they may also increase the 

resilience of their communities to habitat destruction, one of the major drivers of species 

extinctions globally. However, these outcomes were obtained for minimal food webs consisting of 

only a single omnivore and its prey species, while much more complex communities can be 

anticipated in nature. In this study, we undertake a systematic comparative analysis of the 

robustness of metacommunities containing various omnivory structures to habitat loss and 

fragmentation using a mathematical model. We observe that, in general, omnivores are better able 

to survive facing habitat destruction than specialist predators of similar trophic level. However, the 

community as a whole does not always benefit from the presence of omnivores, as they may drive 

their intraguild prey to extinction. We also analyze the frequency with which these modules occur 

in a set of empirical food webs, and demonstrate that variation in their rate of occurrence is 

consistent with our model predictions. Our findings demonstrate the importance of considering the 

complete food web in which an omnivore is embedded, suggesting that future study should focus 

on more holistic community analysis.

Keywords: Omnivory, patch loss and fragmentation, patch-dynamic model, trophic-dependent 

dispersal, competition capability, food web persistence.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Introduction

There is a longstanding debate about the role of omnivorous species in mediating community 

stability (i.e., the ability of a system to return its original state after a small perturbation) and 

resilience (i.e., the return time to its original state after a small perturbation; see Landi et al. 2018). 

Early theory predicted that omnivory would destabilize food webs and therefore be rare in nature 

(Rosenheim et al. 1995, Holt and Polis 1997, Arim and Marquet 2004). This was supported by 

several empirical studies (e.g., Pimm and Lawton 1978, Pimm 1980, 1982, Cohen et al. 1990). 

The destabilizing mechanism was often attributed to the double pressures of competition and 

predation imposed by intraguild (IG) predator on IG prey. However, follow-up studies revealed 

that these empirical studies underestimated the frequency of omnivorous interactions, due to 

insufficient resolution and omission of weak trophic interactions (Martinez 1991, Polis 1991, 

McCann 2000). Omnivory structures are now considered to be ubiquitous across ecosystems and 

taxa (Kratina et al. 2012).

  Recent theoretical and experimental studies suggest that effects of habitat structure may provide 

an explanation for the stabilizing mechanisms of food webs with omnivory (Diehl 1992, Fagan 

1997, Morin 1999, Diehl and Feissel 2001, Melián and Bascompte 2002, Denno and Fagan 2003, 

Janssen et al. 2007, Gonzalez et al. 2011, Pillai et al. 2011, Kratina et al. 2012). In particular, 

physical barriers within a habitat (i.e., spatial refuges) can allow IG prey to avoid omnivores, 

permitting species coexistence that does not occur in a more connected habitat (Diehl 1992, 

Persson and Eklöv 1995, Holyoak and Sachdev 1998, Morin 1999, Diehl and Feissel 2001, 

Hillerislambers et al. 2006, Liess and Diehl 2006, Staddon et al. 2010, Martinson et al. 2012). 

However, this explanation presupposes that the omnivore is less able to cope with such barriers 

than its prey species. As it is more commonly observed that species at higher trophic levels display 

longer-range dispersal than their prey (e.g., Peters 1983, McCann et al. 2005, Greenleaf et al. 

2007, Stevens et al. 2014), an additional mechanism may be required to explain the prevalence of 

omnivorous species. Liao et al. (2017a,b) proposed such an alternative mechanism, showing that A
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omnivory allows higher trophic level species (with dispersal superiority) to persist by feeding on 

different trophic levels despite habitat destruction. More specifically, the trophic rank hypothesis 

predicts that the top predator in a food web is most vulnerable to habitat destruction (Kruess and 

Tscharntke 1994) and thus will be the first species lost via a trophic cascade (Liao et al. 2016, 

2017c). However, when the top predator is an omnivore, this vulnerability can be mitigated by 

switching to feeding on the more abundant prey species at lower trophic levels (Liao et al. 

2017a,b). The greater dispersal range typical of such species can further reinforce this strategy by 

allowing them to access more prey species within the habitat (cf. Melián and Bascompte 2002, 

Pillai et al. 2011). 

While they differ in their specifics, these mechanisms are both mediated primarily by the 

interaction between dispersal range and habitat heterogeneity. Variation in extinction rates arising 

from trophic interactions (e.g., feeding preference or predation pressure) also modifies species 

responses to habitat isolation and thus system robustness (Holt and Hoopes 2005, Chase et 

al.2010, Liao et al. 2017a,b). Here system robustness is defined as the degree of patch loss and 

fragmentation that can be tolerated without one or more species going extinct (Liao et al. 2017a). 

However, most relevant studies have focused on comparing a simple intraguild predation (IGP) 

system with a food chain, while ignoring more complex omnivory structures. In nature, many 

omnivorous predators can feed on two or more trophic levels without a direct competition link 

with their prey (i.e., without IGP) (Vadas 1990, O’Donoghue et al. 1995, Welch et al. 1997, 

Cooper and Vitt 2002, Persson et al. 2007). As such, we might reasonably anticipate that these 

more complex trophic interactions would modify, or even create new, responses to habitat 

heterogeneity with concomitant effects on community robustness (Amarasekare 2008). To gain 

insight into the effects of more complex omnivory structures on community robustness in 

fragmented landscapes, we make use of a spatially extended patch-dynamic framework (see Liao 

et al. 2017a,b) incorporating the factors mentioned above (Fig. 1): omnivory structure (e.g., the 

number of omnivorous links and their trophic positions), feeding traits, trophic-dependent A
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dispersal, patch loss and fragmentation. With this model, we attempt to answer the following 

urgent questions: (i) How do omnivorous trophic links affect the communities formed in spatially 

heterogeneous landscapes? (ii) Does the trophic position of prey species relative to the omnivore 

affect community response to habitat destruction? (iii) Can adding more omnivorous links 

promote metacommunity robustness to habitat loss and fragmentation? Finally, we analyze 

existing empirical data from real food webs to determine the relative frequency at which particular 

omnivory modules occur in order to validate our modelling predictions. Based on both theoretical 

predictions and statistical analysis, we hypothesize that there is a significant association between 

the frequencies of various modules observed in empirical food webs and their robustness to habitat 

destruction, i.e., more robust modules should occur more frequently in nature. More specifically, 

we can reasonably expect to observe more omnivory modules than the simple food chain in 

empirical food webs due to their higher robustness (Liao et al. 2017a). If so, we can further expect 

that adding more omnivorous links in the food chain should promote system robustness.

Methodology

Model overview

We model metacommunities on a broad landscape scale. In particular, we divide the landscape 

into patches of a characteristic size, representing an area which can support a self-sustaining 

subcommunity. We consider two patch types, suitable (S) and unsuitable (U) for colonization, and 

thus characterize the landscape with two parameters, patch availability (S) and patch connectivity 

( ), where  measures the clustering degree of suitable patches (i.e., the aggregation of 𝑞𝑆/𝑆 𝑞𝑆/𝑆

S-patches based on von Neumann neighbourship with four neighbours for each patch), 

representing the conditional probability that the neighbour of a randomly chosen S-patch is also an 

S-patch (Lloyd 1967, Matsuda et al. 1992, Harada and Iwasa 1994, Hiebeler 2000). Thus, patch 

availability is a direct representation of the habitat available within the landscape. The clustering 

degree is proportional to the size of connected regions of suitable habitat (habitat fragments) and 

thus captures one aspect of habitat fragmentation. As such, the fraction of unsuitable patches, i.e., A
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patch loss , and the fragmentation degree of suitable patches is inversely related to patch  𝑈 = 1 ― 𝑆

connectivity, i.e., patch fragmentation . Following the orthogonal neighbour correlation  1 ― 𝑞𝑆/𝑆

algorithm (Hiebeler 2000), we have

                                                   (1)𝑞𝑆/𝑆 > 2 ― 1/𝑆.

Model assumptions

In this study, we make several assumptions for model simplicity. Firstly, following existing 

models (With and King 1999, Hiebeler 2000, North and Ovaskainen 2007, Liao et al. 2013a), we 

assume that the landscape structure can be characterized in terms of the two parameters defined 

above. This allows us to consider the effects of habitat loss and habitat fragmentation separately 

without requiring us to use an explicitly spatial representation of the landscape. Secondly, we only 

consider trophic modules with four species at different trophic levels (Fig. 1a), as it is not feasible 

to model the full diversity of possible food web structures. These modules are a small system 

whose robustness to habitat destruction is easy to study and understand. Doing so can help identify 

the mechanisms on which complex network dynamics rely, avoiding confusion arising from the 

complexity of larger food webs. Thirdly, in accordance with natural observations (Peters 1983, 

McCann et al. 2005, Brose et al. 2006, Greenleaf et al. 2007, Stevens et al. 2014), we allow 

species dispersal range to increase with trophic level (trophic-dependent dispersal). Additionally, 

we make use of a categorical set of dispersal ranges (Fig. 1b-d), all of which can be described in 

terms of the landscape characteristics defined above, rather than a continuum of dispersal, which 

would require a more complex landscape representation. Fourthly, following Pillai et al. (2010, 

2011), we assume that the omnivore prefers to consume the species at higher trophic level when 

prey species of different trophic levels are present in the same patch (i.e., feeding preference). 

Additionally, we assume that the predation pressure imposed on a prey species increases with the 

difference in trophic level between prey and predator. These assumptions are justified by the 

increase in body size and hence nutrient requirements, commonly observed as trophic level 

increases (Peters 1983, McCann et al. 2005, Brose et al. 2006, Greenleaf et al. 2007, Stevens et al. A
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2014). Finally, we assume that high trophic level species cannot survive in a local patch if none of 

its prey species are present (bottom-up control), following the patch-dynamic framework of food 

webs (e.g., Melián and Bascompte 2002, Fortuna and Bascompte 2006, Pillai et al. 2010, 2011).

Model system

We model a community consisting of four species at distinct trophic levels. Thus, there are eight 

possible trophic configurations (modules) for this community (see Fig. 1a). These configurations 

are distinguished by the ‘rank of omnivory’, that is, the number of prey-predator interactions in 

excess of those without omnivory structure, and by the trophic position of these interactions 

(Pimm and Lawton 1978). 

The systematic framework introduced by Pillai et al. (2010) is used to describe the effects of 

trophic interactions on the patch occupancy of each species. As this framework is non-spatial, we 

follow Liao et al. (2017a,b) by assigning each species one of three categorical dispersal ranges, 

which determines its colonization rate with reference to the degree of habitat fragmentation in the 

landscape (Fig. 1b-d). The lowest trophic level species uses neighbour dispersal, which restricts it 

to colonizing adjacent S-patches (Fig. 1b). As such, the availability of colonizable patches for such 

species is given by the clustering degree of their colonies with unoccupied S-patches, and the 

patch-occupancy dynamics can be described using a pair approximation method (Liao et al. 

2017a,b). The second species uses within-fragment dispersal, which allows it to colonize 

S-patches within a habitat fragment. Unsuitable patches can block dispersal between habitat 

fragments (Fig. 1c). Thus, the colonization rate for this species is determined by the average size 

of habitat fragments which we describe using the habitat connectivity  (Lloyd 1967, Matsuda 𝑞𝑆/𝑆

et al. 1992, Harada and Iwasa 1994, Hiebeler 2000, Liao et al. 2016). The third and fourth species 

use global dispersal, which allows them to colonize any S-patch in the landscape (Fig. 1d). 

Species using such dispersal mode are described in our model in exactly the same way as in 

existing patch-dynamic models (Pillai et al. 2010).A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

To provide an example of how this description translates to a mathematical representation of the 

module dynamics, we take the four species food chain 1234 (Fig. 1a) as a reference 

structure. Similar to Liao et al. (2017a,b), the patch dynamics of this module are given by

,                          (2)
𝑑𝑃1

𝑑𝑡 = 𝑐1(𝑃1 ― 𝜌11 ― 𝜌1𝑈)
Neighbour dispersal

― 𝑒1𝑃1
Intrinsic extinction

― 𝜇21𝐹1,2
Predation

,                (3)
𝑑𝐹1,2

𝑑𝑡 = 𝑐21𝐹1,2(𝑃1 ― 𝐹1,2)𝑞𝑆/𝑆
Within - fragment dispersal

― (𝑒1 + 𝑒2)𝐹1,2
Intrinsic extinction

― 𝜇21𝐹1,2 ―  𝜇32𝐹2,3
Predation

,       (4)
𝑑𝐹2,3

𝑑𝑡 = 𝑐32𝐹2,3(𝐹1,2 ― 𝐹2,3)
Global dispersal

― (𝑒1 + 𝑒2 + 𝑒3)𝐹2,3
Intrinsic extinction

― (𝜇21 + 𝜇32)𝐹2,3 ― 𝜇43𝐹3,4
Predation

,     (5)
𝑑𝐹3,4

𝑑𝑡 = 𝑐43𝐹3,4(𝐹2,3 ― 𝐹3,4)
Global dispersal

― (𝑒1 + 𝑒2 + 𝑒3 + 𝑒4)𝐹3,4
Intrinsic extinction

― (𝜇21 + 𝜇32 + 𝜇43)𝐹3,4
Predation

in which all parameters are defined in Table 1. Note that this modelling framework characterizes 

the patch dynamics of the possible trophic links instead of individual species subject to the 

colonization-extinction-predation processes.

To represent neighbour dispersal, species 1 can only colonize empty suitable patches adjacent to 

itself, i.e., the clustering of suitable sites with its colonized sites . This 𝑞𝑠/1 = (1 ― 𝑞1/1 ― 𝑞𝑈/1)

follows from the fact that there are three possible states for a neighbor of species 1: unoccupied 

suitable patch (s), occupied suitable patch (1), and unsuitable patch (U). To obtain the rate at 

which new colonies of this species are created, we multiply by the colonization rate  and the 𝑐1

size of the population , with  due to 𝑃1 𝑐1𝑃1(1 ― 𝑞1/1 ― 𝑞𝑈/1) = 𝑐1(𝑃1 ― 𝜌11 ― 𝜌1𝑈) 𝑞1/1 = 𝜌11/

 and  (see Eq. 2 and Table 1; defined by Matsuda et al. 1992, Hiebeler 2000). 𝑃1 𝑞𝑈/1 = 𝜌1𝑈/𝑃1

In order to construct a closed dynamical system, we further derive the dynamics of  and  𝜌11 𝜌1𝑈

(as shown in Appendix S1: Eqs S9 & S10), which involve both patch availability (S) and 

connectivity ( ). As such, we are able to investigate the effects of patch loss ( ) and 𝑞𝑆/𝑆 𝑈 = 1 ― 𝑆

fragmentation ( ) on the persistence of species 1, and these effects can be transmitted to 1 ― 𝑞𝑆/𝑆

other species via trophic cascading effect. 
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Similarly, the term involving colonization by species 2, found in Eq. 3, is multiplied by the 

clustering degree  to estimate the limited dispersal within habitat fragments for species 2, 𝑞𝑆/𝑆

thus the dispersal range of species 2 is determined by patch connectivity (cf. Liao et al. 2016, 

2017a,b). Finally, since we assume that species 3 & 4 disperse globally, we do not modify the 

colonization terms used by Liao et al. (2017a,b) for these two species in Eqs 4 & 5. The 

patch-dynamics for other omnivory structures listed in Fig. 1a can be found in Appendix S1.

  In this study, we primarily use numerical methods to derive the non-trivial stable equilibrium 

states for system simulations, thereby determining which species survive or go extinct. To our 

knowledge, spatial food webs at the regional scale have not been parameterized using realistic 

biological estimates yet, thus we choose a single set of parameter ranges (similar to previous 

models of Liao et al. 2017a,b) for all modules. Parameter values (relative extinction rate ei/ci at 

fixed ci=1 and top-down extinction rate μji) are varied within the defined ranges (see Table 1) to 

assess the robustness of our results. Meanwhile, changes in these parameter values allow us to 

further explore how feeding preference (φ) or/and predation pressure (ω) modify the effect of 

habitat destruction on spatial food web persistence (i.e., coexistence of all species at ecological 

regime). For example, we represent species feeding preference by altering the extinction rate of 

the omnivore when preying on different trophic levels. In particular, we assume that the omnivore 

has a lower extinction rate when feeding on its preferred prey (φ=ejk/eji). We represent predation 

pressure by including predation-induced extinction rates (i.e., top-down control) which increase 

with the trophic level of the predator (ω=μki/μji). Our results are qualitatively robust for a broad 

range of parameter combinations (Appendix S2: Figs S1-S24), for example, assigning different 

dispersal ranges to different trophic-level species (Appendix S2: Figs S10-S14), and varying 

feeding preference (φ) or/and predation pressure (ω) (Appendix S2: Figs S15-S24). As such, we 

use symmetrical parameter combinations as a representative reference parameter set throughout.

Module composition of empirical food webs
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To test our model predictions, we analyze the module composition of a set of 113 empirical food 

webs across terrestrial, freshwater, marine and soil ecosystems (compiled by Cohen et al. 1990). 

Within each food web, we begin by determining the number of modules which contain 4 species 

linked in a food chain. Then, we categorize these modules according to how many additional 

omnivorous links they contain.

The frequency with which such modules occur depends on the number of species and links 

within the food web (Appendix S3: Fig. S1). To correct for this, we fit a linear model relating link 

density (links/species1.25) to number of modules, allowing the intercepts to vary for each module 

type, and use this model to adjust module numbers for each community to a common link density 

(Appendix S3). We also calculate the relative frequency of each module type (number of modules 

of given type/total number of modules) in each food web as an alternative correction for this issue.

Results

Overview of community formation patterns

We begin with a general overview of the effects of patch availability and connectivity on the 

communities formed for each of the food web modules considered (Fig. 2). In all modules, as both 

patch availability and connectivity increase continuously, the community formed transits from the 

case containing only the basal species to another case containing all possible species. However, 

the order in which species are added to the community during this transition is determined by the 

omnivorous links included in the food web module and the strength of interactions between the 

species. As the effects of the interaction strength are relatively straightforward (Appendix S2: Figs 

S18-S24), we focus on the effects of food web structure.

In a simple food chain, community formation follows the trophic rank hypothesis; as habitat 

availability and connectivity decrease, species become extinct in order of decreasing trophic level 

(Fig. 2a). Omnivorous links modify this, with lower-level consumers going extinct sooner than the 

omnivores in more destructive habitats (Fig. 2b & 2d provide clear examples). This occurs when A
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the shared prey is present in the community and the omnivore is able to outcompete lower-level 

consumers due to its dispersal superiority. This mechanism can be clearly seen by comparing Fig. 

2b (where species 3 is an omnivore capable of consuming species 1) with Fig. 2a (the simple food 

chain). Figure 2a shows that species 2 (the direct consumer of the basal species) can tolerate much 

more patch loss and fragmentation than species 3, in contrast to Fig. 2b where species 3 as the 

omnivore can survive at much lower thresholds of habitat availability and connectivity due to its 

greater dispersal range. This pattern is evident for those modules where the omnivore is able to 

feed on the basal species (e.g., Fig. 2b, d-h). Note that when species 3 and 4 are able to consume 

this species (Fig. 2c, e & h), they display the same extinction thresholds of habitat metrics 

(although with different patch occupancies, see Appendix S2: Figs S1-S8). This occurs because 

both species 3 & 4 display the same dispersal range, and species 4 is able to offset species 3’s 

superior feeding efficiency (lower resource requirements) by feeding on species 3 in addition to 

the basal species in such communities.

Additionally, for reasonable assumptions about the interaction parameters, we observe more 

complex community formation patterns (see Fig. 2b, d & g), mediated by habitat connectivity 

(inversely related to fragmentation). In particular, if species 2 has lower resource requirements 

than the larger omnivores, it outcompetes them in highly connected habitats but is excluded in less 

connected habitats. In the former habitat type, there is little difference between within-fragment 

dispersal and global dispersal, so community formation is dominated by the interactions between 

species. However, in the latter habitat type, increased dispersal range allows the large omnivore to 

find more prey offsetting the competitive disadvantage of higher resource requirements, while 

species 2’s dispersal range is greatly restricted.   

The effect of omnivory structure on community robustness  

We observe that the number of, and species involved in, omnivorous links alters the robustness of 

the full community to habitat destruction (Fig. 3). Food webs with a single omnivorous link (Fig. 

3a) are most robust when the omnivore is species 3, and least robust when species 4 can feed on A
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the basal species. However, when a second omnivorous link is included (Fig. 3b), the most robust 

community is obtained when both omnivores 3 & 4 can feed on the basal species. This 

demonstrates that the effect of a given trophic link depends on the structure of the rest of the food 

web.     

Furthermore, increasing the number of omnivorous links does not always increase community 

robustness (Fig. 3c & 3d). We see that the community is most robust with two specific 

omnivorous links (species 3 and 4 consuming the basal species) although including all possible 

omnivorous links is only slightly less robust (Appendix S2: Fig. S9). Furthermore, a single 

omnivorous link, species 3 feeding on species 1, produces similar robustness to habitat loss to that 

observed in these cases but not to habitat fragmentation (Fig. 3d). In relatively low levels of patch 

connectivity (  in Fig. 3c), we also observe that the community with a single 1-4 𝑞𝑆/𝑆 < 0.7

omnivorous link can tolerate much more habitat destruction than the module containing 1-4 & 2-4 

links. In extreme cases, adding omnivorous links even makes the community less robust to habitat 

destruction than the simple food chain in relatively fragmented landscapes by increasing predation 

pressure (Appendix S2: Fig. S16c).

Combining these observations, we suggest that the primary factor determining how omnivory 

influences community robustness is the degree to which it truncates maximum food chain length. 

In particular, the most robust communities occur when all species are able to feed directly on the 

basal species. Competition between species, mediated by resource requirements, dispersal range 

and feeding traits (by varying feeding preference or/and predation pressure in Appendix S2: Figs 

S15-S24), plays a secondary role as evidenced by the differences in robustness between the single 

omnivory link cases (species 3 or 4 feeding on species 1) and the fact that system robustness 

decreases when all omnivorous links are present.  

Prevalence of omnivory modules in empirical food webs
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There is considerable variation in the number of each type of module occurring in the empirical 

food webs considered (Fig. 4). Nonetheless, we can see that modules containing omnivorous links 

occur, on average, more frequently than the simple 4-species food chain (Fig. 4a & c), with 57% 

of omnivory modules compared with 43% simple food chains. Note that the median values reflect 

a similar ratio as do the adjusted absolute numbers of modules (Fig. 4a). 

Considering types of omnivory module individually (Fig. 4b & d), we find that the most 

common types are the 1-3, 2-4 and 1-3 & 2-4 modules, all of which are predicted to increase food 

web robustness to habitat destruction substantially relative to a simple food chain. The median 

percentages of modules, 1-4 and 1-4 & 2-4, which increase robustness much less, are close to zero, 

though the mean values are higher due to the relatively high prevalence (up to 25%) in some food 

webs. The 1-3 & 1-4 and ‘All’ modules (All – including all possible omnivorous links), which in 

theory maximize food web robustness, occur relatively infrequently but still more frequently than 

those that decrease robustness. 

Discussion

The relationship between omnivory structure and system stability is a longstanding focus of 

attention in ecology (Diehl 1992, Morin 1999, McCann 2000, Diehl and Feissel 2001, Arim and 

Marquet 2004, Kratina et al. 2012). The present model supports the theoretical prediction that 

omnivory structures can be of paramount importance for the stability of ecological communities. 

Communities form according to complex mechanisms involving trophic structure, landscape 

characteristics (patch loss and fragmentation), and species dispersal ranges.

 When omnivorous links are added to a food chain, the trophic distance between omnivores 

and basal resources decreases. This allows omnivores to reduce their vulnerability to the trophic 

cascade underlying the trophic rank hypothesis (Kruess and Tscharntke 1994). If species at lower 

trophic levels are able to coexist with the omnivore due to decreased predation, this increases the 

robustness of the community to habitat destruction. However, the precise outcome is sensitive to A
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the relative competitiveness of the omnivore and these lower trophic level species, as 

demonstrated in Figs 3 and Appendix S2: Figs S15-S17. A particular example of this, which can 

be supported with empirical evidence, is the relative robustness of the 1-3 module (Fig. 2a vs. 2b). 

Without the fourth species, the second species faces the dual pressure of competition and 

predation from the omnivore and thus is very vulnerable to extinction. In a whole lake invasion 

study, Persson et al. (2007) found that long-term coexistence of species could only occur when an 

intraguild (IG) predator was consumed preferentially by another predator. Essentially, adding a 

predator of the IG predator would reduce its feeding pressure on the IG prey, thereby stabilizing 

the trophic system (the mechanism of predator interference; see Amarasekare 2008). Similarly, 

adding 1-4 links to the system with 2-4 links, where omnivorous feeding can offset the superiority 

of species 3 competing for prey species 2, leads to the lowest system robustness to habitat 

destruction among configurations with two omnivorous links. In this system, species 3 becomes 

highly vulnerable due to predation and competitive pressure from species 4 (Figs 2 & 3). 

Another potential mechanism by which omnivory can increase community robustness to 

habitat destruction is adaptive feeding behavior (Holt and Polis 1997, Kratina et al. 2012). This is 

captured by our model (Appendix S2: Figs S2-S8). In high quality landscapes, the patch 

occupancy of links between the omnivore and its direct prey species is high. However, as habitat 

deterioration increases, there is a gradual increase in patch occupancy of links where it feeds on its 

other prey, reaching a maximum where its direct prey becomes extinct (Appendix S2: Figs S2c, 

S4e, S5d & g, S6d, S7d & S8c & f). This suggests that the omnivore at high trophic level can 

switch its feeding on different prey species by adjusting the proportion of each in a mixed diet in 

response to habitat destruction, thereby reducing trophic cascading effect and offering more 

opportunities for its survival (Liao et al. 2017a,b). Furthermore, in our model, when an IG predator 

is placed in competition for the shared prey with its IG prey, these species can co-occur regionally. 

This should be due to the tradeoff between the competitive superiority of IG prey and the dispersal 

advantage of IG predator. Therefore, adaptive feeding behavior in addition to the A
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dispersal-competition tradeoff allows the full community to persist at higher levels of habitat 

destruction, as observed in empirical studies (Scheirs and De Bruyn 2002, Shochat et al. 2004).

It should be emphasized that increasing omnivory within a community does not always enhance 

food web persistence in fragmented landscapes (Fig. 3; Appendix S2: Figs S15-S17), since the 

omnivorous links have different effects dependent on their trophic position. Additionally, 

changing omnivory degree by increasing feeding preference or predation pressure can largely alter 

system robustness to habitat destruction (Appendix S2: Figs S15-S17). If the predation pressure 

introduced by the omnivore is too strong, the presence of the omnivore can even make the 

community more vulnerable to particular forms of habitat destruction (Appendix S2: Fig. S16c). 

In such cases the increase in predation pressure leads to an increased extinction rate of prey, 

thereby lowering the robustness of the overall system. 

Our analysis of empirical food webs shows that the four-species modules containing an 

omnivore occur more frequently than simple food chains in nature (Fig. 4). This observation is in 

good agreement with our model prediction that these modules generally display greater robustness 

to habitat destruction than the simple food chain. The similarity of the results for isolated modules 

and entire food webs suggests that increasing the presence of omnivorous modules may result in 

more robust food webs. However, it does not mean that there is a direct, one-to-one, relationship 

between the relative persistence of modules in isolation and their effects on persistence of the 

whole food web, as the persistence of these modules can be altered by other species or other 

trophic and/or non-trophic interactions (e.g., indirect competition) (Stouffer and Bascompte 2010). 

Thus, caution is required when assuming that one can directly scale up from the module, 

microcosm or mesocosm scale to that of entire food webs. Furthermore, at least for modules with a 

single omnivorous link, there is a clear correlation between the theoretical effect of that link on 

community robustness and the frequency with which it occurs. In particular, the 1-3 and 2-4 links, 

which result in relatively high robustness (Fig. 2), are observed more frequently than the 1-4 link 

which results in relatively low robustness. Given that we can expect more robust communities to A
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occur more frequently in nature (McCann et al. 1998), these observations provide indirect support 

for our modelling predictions. Nonetheless, we must emphasize that there may be additional 

factors influencing the frequency with which these modules occur. In particular, modules with 

more than one omnivorous link all occur relatively infrequently (Fig. 4), regardless of their 

predicted effects on community robustness. One explanation for the rarity of these modules could 

be constraints on biologically viable feeding behaviors. In three of these modules, the top predator 

is able productively consume the basal species, in practice the size differentials that develop across 

trophic levels, and the specialization required to hunt prey, make this unlikely. Additionally, we 

cannot directly analyze how habitat availability and connectivity varies across this data set, since 

these metrics were not recorded. Consequently, given the variability present in the data available, 

it is not possible to conclusively assert that these patterns arise from the effects that our model 

predicts.

Previous studies have demonstrated that habitat isolation can promote species coexistence by 

providing spatial refugia for prey species, thereby increasing community robustness (Diehl 1992, 

Persson and Eklӧv1995, Morin 1999, Diehl and Feissel 2001, Finke and Denno 2006, Janssen et 

al. 2007). This type of behavior is not captured in our model, as we explicitly assume that the IG 

predator with global dispersal can access to any prey colony sites freely. Essentially, this is a 

natural consequence of the scale chosen for our model; we consider large-scale habitat structure, 

the arrangement of patches which can support a population. In contrast, the mechanism of spatial 

refugia is based on small scale variation within a patch (Diehl 1992, Morin 1999, Diehl and 

Feissel 2001), for example, terrain features which are inaccessible to the predator. Nonetheless, we 

suggest that the effects of this mechanism may not be straightforward if an omnivore is present in 

the food web. In particular, Peckarsky and McIntosh (1998) and Janssen et al. (2007) observed 

that intraguild (IG) and shared prey often use similar habitat structures as refuges to escape from 

the omnivore. This has the potential to increase predation by the IG prey on the shared prey, 

thereby increasing the vulnerability of the latter to extinction.A
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In order to formulate this relatively simple mathematical model, we have had to make a number 

of assumptions. While some of these assumptions (e.g., trophic-dependent dispersal, trophic 

modules with four species, and feeding preference/pressure) can be justified from empirical 

observations, there are three that require further comment. Firstly, real landscapes rarely consist of 

neatly divided patches of ‘habitat’ and ‘non-habitat’ as we have assumed. Instead habitat 

degradation coincides with reduction in habitat quality, so that most landscapes show at least some 

levels of habitat variegation (varying species suitability; Liao et al. 2013b). This could be 

modelled directly by assigning each patch (in a spatially explicit landscape) a habitat quality that 

would determine colonization (or extinction) rates. Our model can be regarded as an 

approximation of this more complex description, with the colonization and extinction rates used 

being the averages that would be obtained over this landscape. With this in mind, we might expect 

that our simpler formulation will slightly overestimate community robustness for a given set of 

parameters, as on this scale, variability in these rates tends to depress populations (i.e., increasing 

interspecific difference). Secondly, our use of categorical dispersal ranges is a strong restriction on 

the types of dispersal behavior that we consider. We do obtain qualitatively similar results 

(Appendix S2: Figs S12-S14) when we assign alternative dispersal ranges within the community, 

suggesting that the effect of this limitation is not too great. Nonetheless, it would clearly be 

beneficial to develop a larger set of possible dispersal ranges based on the existing landscape 

characterization. Finally, the strict rules for feeding behavior, i.e., predators require a prey in the 

same patch and predators always consume their highest trophic level prey (Pillai et al. 2010), 

constrain the types of community that can emerge. The former assumption is reasonable if habitat 

patches are relatively large, but would breakdown at smaller scales. Thus, this assumption places a 

lower limit on the size of habitat patches (the hunting range of the largest predator), i.e., it defined 

a characteristic scale of our model. The latter assumption means that predation pressure from 

omnivores is not spread between all possible prey species within a module, instead being focused 

on the shared prey species. As such, it may result in underestimating community robustness A
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relative to a model which allows the omnivore to consume all possible prey species present 

(Melián and Bascompte 2002).   

We investigate how different omnivory structures affect system robustness to habitat loss and 

fragmentation using a mathematical model. Species within a food web module exhibit varying 

sensitivities to the differing forms of habitat destruction, yielding diverse patterns of species 

survival. Furthermore, adding more omnivory links does not always promote food web 

persistence, instead it may increase vulnerability to habitat destruction. While observed patterns of 

occurrence of modules containing omnivores are consistent with our modelling predictions, 

conclusive tests of these predictions would require measurement of the degree of habitat 

destruction to which a community was subject. This could be achieved either through field 

observations (by estimating habitat loss and fragmentation within a landscape) or laboratory-based 

microcosms (where these properties could be manipulated directly) (Persson et al. 2007, Chase et 

al. 2010, Chisholm et al. 2011, Carrara et al. 2012). Overall, our findings enrich our knowledge of 

the omnivory-stability relationship in a spatial context, suggesting that further study should focus 

on identifying conditions under which omnivory structure is a stabilizing feature of more complex 

natural systems.
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Tables

Table 1. Definitions and the range of values of variables and parameters 

Symbols Definitions Range values

U Fraction of unsuitable patches (patch loss) [0, 1]

S Fraction of suitable patches (patch availability) [0, 1]

s Fraction of unoccupied suitable patches [0, S]

𝑞𝑆/𝑆
Conditional probability that a randomly chosen neighbour 

for a S-patch is also suitable (patch connectivity)
[2-1/S, 1]

ci Colonization rate of species i 1

cji Colonization rate of species j when feeding on species i 1

ei Intrinsic extinction rate of species i [0.025, 0.225]

eji

Intrinsic extinction rate of species j when feeding on 

species i
[0.025, 0.225]

𝜇𝑗𝑖
Top-down extinction rate of species i eaten by species j 

due to over-predation
[0.035, 0.315]

Pi Patch occupancy of species i (=1,2,3,4) [0, 1]

Fi,j

Patch occupancy of trophic link ij, with “” indicating 

species j feeding on species i in a local patch
[0, Pi]

𝜌𝑘𝑙
Probability of a randomly chosen pair of neighbours that 

one is k-patch and another is l-patch
[0, 1]

𝑞𝑘/𝑙
Conditional probability that a randomly chosen neighbour 

for a l-patch is a k-patch with qk/l=ρkl/Pl

[0, 1]
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Figure Legends

Figure 1. Schematic illustration of a community consisting of four species placed at four trophic 

levels respectively in fragmented landscapes. (a) Possible trophic configurations: a simple food 

chain with no omnivory structure, with one omnivorous link (i.e., 1-3, 2-4 or 1-4), with two 

omnivorous links (i.e., 1-3 & 1-4, 1-4 & 2-4, or 1-3 & 2-4), and with three omnivorous links (i.e., 

including all 1-3, 1-4 & 2-4 links); (b) species 1 (red) with neighbour dispersal can only access to 

its adjacent suitable patches (black); (c) species 2 (red) having within-fragment dispersal can 

colonize suitable patches (black) within a habitat fragment (defined as a number of connected 

suitable patches); (d) both species 3 & 4 (red) with global dispersal as the omnivore can colonize 

any suitable patches (black) across the landscape. Panels (b-d): white – unsuitable patches, grey – 

suitable patches but inaccessible due to dispersal range, and black – suitable patches and 

accessible within the dispersal range.

Figure 2. Species regional coexistence among different omnivory structures in fragmented 

landscapes (varying both patch availability and connectivity). Species dispersal range: 1 – 

neighbour dispersal, 2 – within-fragment dispersal, 3 & 4 – global dispersal. Invalid region: see 

Eq. 1 (different colors – different community patterns, None – all species extinction). Parameter 

values: species colonization rate ci=cji=1, intrinsic extinction rate ei=eji=0.025 and top-down 

extinction rate μji=0.035 (i,j∈{1,2,3,4} with j>i).

Figure 3. Interactive effects of patch availability and connectivity on food web persistence among 

different omnivorous configurations, simultaneously by considering species dispersal (1 – 

neighbour dispersal, 2 – within fragment dispersal, and 3 & 4 – global dispersal). The black, red 

and blue solid lines dividing the region of food web persistence (i.e., all species survive; 

upper-right region) and species exclusion (i.e., one or more species go extinct; lower-left region) 

varies with patch availability and connectivity. Invalid region: Eq. 1. Parameter values: see Fig. 2.

Figure 4. Frequency of the occurrence for four-species modules in empirical food webs. Panels (a) 

& (b): number of modules adjusted to a single link density (0.907); Panels (c) & (d): fraction of A
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modules of a particular type. In (a) and (c) modules containing omnivorous links are compared to 

a simple food chain. In (b) and (d) each trophic configuration (see Fig. 1) is considered separately 

(All – including all possible omnivorous links). 

A
cc

ep
te

d 
A

rt
ic

le



ecy_3026_f1.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



ecy_3026_f2.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



ecy_3026_f3.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



ecy_3026_f4.tif

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le


