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Abstract

Ecological communities — groups of interacting species —

are subject to a variety of disturbances. Understanding responses

to these disturbances is a primary goal of community ecology. The

structural complexity of the community and the traits of the commu-

nity’s constituent species are both known to have a significant impact

on a community’s response to a disturbance. In this thesis, we inves-

tigated how these two scales — the community level and the species

level — interactively affected community responses to both short and

long term disturbances.

Our first hypothesis was that interaction strength would be weaker in

species with many interactions when compared to species with fewer

interactions. To test this hypothesis, we used simulated food webs

and found that, in locally stable food webs, species with many inter-

actions tended predominantly to have interactions with predators or

with prey. While these many predator or prey interactions were weak,

they tended to be balanced by a few interactions of the opposite type

(with prey or predators) which were stronger than average. The struc-

ture of the network, where species had predominantly one type of

interaction, was essential for this relationship between the number

and strength of interactions to arise.

Our second study investigated how food webs of varying size and

connectance respond to press and pulse disturbances. Many stud-

ies of food web stability only focus on the response to short term or

“pulse” disturbances, however, as anthropogenic impacts on food

webs increase, it is important to increase our understanding of food

web responses to long term or “press” disturbances and determine

whether they follow the same pattern as pulse disturbances. We

found that more species rich and connected food webs were less sta-

ble to both types of disturbance and the more stable a food web was
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to a pulse disturbance, the more stable it was to a press disturbance

as well. We also found that the traits — trophic level and number

of interactions — of the disturbed species impacted a food web’s re-

sistance to a press disturbance. Food webs were less resistant to the

disturbance of species with many interactions or low trophic level

than species with few interactions or high trophic level. The strength

of species’ effects on stability was also moderated by the structural

complexity of the food web.

Together the work that makes up this thesis suggests that, to un-

derstand the stability of food webs to any kind of disturbance, we

should consider both the structure of the network and the traits of

the species embedded within it. While we found that networks were

more vulnerable to disturbance of certain species than others, this

observation also depended on the structure and complexity of the

community they existed in. This has important implications for com-

munities subject to disturbances, especially those disturbances which

alter the way in which communities are structured and species inter-

act.



Introduction

The diverse range of species we observe in ecosystems around

the world interact with each other in a variety of ways to form eco-

logical communities. Some communities, such as coral reefs, are

composed of many species while others, such as Arctic systems, con-

tain few. In some communities, populations of each species remain

relatively stable in size; in others they fluctuate wildly or collapse

entirely, even in the absence of obvious external forcing (Murdoch,

1975). In addition to this intrinsic variation, communities are subject

to natural and anthropogenic disturbances including fire, storms,

and habitat destruction. There are many factors affecting a com-

munity’s “stability” and response to disturbances. For example,

complexity — the number of interacting species and how many in-

teractions there are between them — and structure — how these

interactions are arranged — of the community have strong effects

on community stability (McCann, 2000; Rooney and McCann, 2012).

The traits of the interacting species are also important, with some

species having a larger effect on stability than others (Quince et al.,

2005; Dunne and Williams, 2009; Curtsdotter et al., 2011), as is the

type of disturbance (Bender et al., 1984; Glasby and Underwood,

1996), and even the definition of stability (Ives and Carpenter,

2007; Donohue et al., 2013). Disentangling these factors is one of

the oldest threads of ecological research (Odum, 1953; MacArthur,

1955; Lewontin, 1969), but has renewed urgency as ecosystems

face extreme levels of biodiversity loss and environmental change

(Millenium Ecosystem Assessment, 2005; IPCC, 2014).
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The complexity-stability debate

There are many aspects and definitions of stability, but collectively

they refer to the ability of a community resist or recover from change

(Ives and Carpenter, 2007). Diversity — the number of species in a

community — is one of the most conspicuous ways in which com-

munities differ and therefore one of the earliest aspects studied in

relation to stability (Odum, 1953; Elton, 1958; Conrad, 1972; McCann,

2000). Early understanding of community stability held that diver-

sity increased stability (Odum, 1953; MacArthur, 1955; Elton, 1958).

This was the logical conclusion from observations of diverse commu-

nities, such as tropical forests, which remained constant in relative

abundance over time while more species-poor communities often ex-

perienced wild fluctuations, such as insect outbreaks in boreal forests

(Murdoch, 1975). MacArthur (1955) took those observations one step

further and developed a mathematical framework to try and explain

how diversity lead to increased stability. This framework used food

webs — the network of predator-prey interactions describing who

eats whom — to analyze both the number of species and the num-

ber of interactions between them. His concept was that if a species

with many predators suddenly experienced a large increase in abun-

dance, the effect of this overabundance on the predators would be

diluted and the effect on any one predator species would be minimal.

If, however, a species with only one predator experienced a large in-

crease in abundance, that fluctuation would be passed on in full to

the predator. Similarly, if a prey species became scarce, a predator

with many prey would not suffer as strongly as a predator which fed

exclusively on the scarce prey. Thus stability could be increased by in-

creasing either the number of species in a community or the number

of interactions between them. These two parameters — number of

species and number of interactions between them — are collectively

termed “complexity” (May, 1972; McCann, 2000). A more complex

food web is one with a large number of species and many interac-

tions between them while a simple food web is one with few species

or interactions.

The early observations of diverse ecosystems and MacArthur’s frame-

work were, however, based largely on observation and speculation

(McCann, 2000). The first attempt to numerically determine the re-

lationship between diversity and community stability revealed the

exact opposite of these early studies (May, 1972). May (1972) used

a mathematical model to simulate communities of varying species

richness and connectance (the proportion of possible interactions
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between species which actually occur) and determine their stability.

He showed that the more diverse a community was and/or the more

interactions between species, the less likely the community was to be

stable. Other theoretical studies using similar approaches supported

these findings (Gardner and Ashby, 1970; Pimm and Lawton, 1978).

Clearly, however, many natural communities are very diverse and

seemingly stable. As May’s simulated communities were constructed

at random, ecologists determined that natural communities must be

structured in such a way as to allow them to persist despite an ap-

parently destabilizing level of diversity (Yodzis, 1981; McCann, 2000).

Yodzis (1981) supported this hypothesis by showing that by using re-

alistic network structure and parameters stability of diverse commu-

nities was much easier to achieve. Many stabilizing structures have

since been found, such that complexity is generally considered to in-

crease stability when these aspects are accounted for (McCann et al.,

1998; McCann, 2000; Kondoh, 2003; Emmerson and Yearsley, 2004;

Stouffer and Bascompte, 2011).

The importance of food webs and their species

When investigating the stability of ecological communities, studies

have largely focused on the complexity and structure of the food web

(e.g. Ives, 1995; May, 1972; Chen and Cohen, 2001; Allesina and Tang,

2012) or the effect of one or a few species (e.g. McCann et al., 1998;

Courchamp et al., 1999), and have largely overlooked how they inter-

actively affect stability. Food-web stability has been shown repeatedly

to depend on the structure and complexity of the food web (McCann,

2000; Stouffer and Bascompte, 2011; Rooney and McCann, 2012).

This structure and complexity arises, however, from the interactions

of multiple species, the traits of which can also influence stability

beyond the influence of structure and complexity (Mouillot et al.,

2013; Dehling et al., 2014; Olito and Fox, 2015). Equally, the influ-

ence of an individual species on the stability of the food web de-

pends not only on the species’ own traits, but also how that species

interacts with other species and how they interact with each other

(Sahasrabudhe and Motter, 2011; Peralta et al., 2014). In order to

understand food-web responses to disturbances, it is essential to un-

derstand how each species contributes to stability in the context of

the entire food web and the consequences for the rest of the com-

munity if they are impacted by a disturbance. This is particularly

important with the current high levels of biodiversity loss and dis-



12

turbances which may alter the relationship of species to each other

(Gilbert, 2009; Tylianakis et al., 2010; Rader et al., 2014).

In this thesis, we address the reciprocal effects of species’ traits

and network structure on stability in two parts. We first inves-

tigate how the distribution of links between species and the

strength of those links affect network stability. It has frequently

been assumed that species with many interactions should inter-

act more weakly than species with few interactions (MacArthur,

1955; May, 1972; Montoya and Solé, 2003; Montoya et al., 2005;

Wootton and Emmerson, 2005), but, to our knowledge, this has

never been explicitly tested. Second, we investigate the response

of food webs of varying complexity to press disturbances of individ-

ual species and how this response varies with network complexity

and the traits of the disturbed species. Together these studies will

help us to identify the traits of species which affect how food webs

respond to disturbances as well as the interaction patterns among

species which must be maintained to enhance stability.

Degree distribution and weak interactions

There are many aspects of food-web structure which are important

for community stability. One of these is the degree distribution: how

the number of interactions per species is distributed throughout the

community (Dunne et al., 2002a; Arii and Parrott, 2004; Stouffer et al.,

2005; Otto et al., 2007). Most food webs have an exponential degree

distribution where the majority of species have few interactions and a

minority have many interactions (Camacho et al., 2002; Stouffer et al.,

2005; Digel et al., 2011; Sánchez-Carmona et al., 2013). This holds

not only for the total number of links a species has, but also when

the total is broken down into how many predators or prey a species

has (Camacho et al., 2002; Digel et al., 2011). Indeed, the success

of the niche model (Williams and Martinez, 2000) in reproducing

many aspects of natural food webs is at least partly due to its as-

sumption of an exponential degree distribution (Stouffer et al., 2005;

Dunne and Williams, 2009).

Another important mechanism enhancing stability is the preponder-

ance of weak interactions (McCann et al., 1998; Berlow et al., 2004;

Pinnegar et al., 2005). In natural food webs, interaction strengths are

skewed towards weak interactions and this has been shown to pro-

mote stability in both empirical and theoretical communities (Paine,
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1992; Fagan and Hurd, 1994; Wootton, 1997; Sala and Graham, 2002;

Berlow et al., 2004). McCann et al. (1998) used modules of 3 to 4

species to show that weak interactions are essential for stability by

dampening the dynamic behavior of a potentially strong interac-

tion. Modules where each strong interaction had at least one weak

interaction to balance it were far more likely to achieve stability than

modules with more strong interactions than weak. Successive studies

have supported this finding and shown that loss of weakly inter-

acting species can be detrimental to the stability of the community

(Berlow, 1999; Emmerson and Yearsley, 2004; Bascompte et al., 2005).

Some studies have combined these two patterns — the dis-

tribution of degree and of interaction strength — to assume

that species with many interactions will have weak interac-

tions (MacArthur, 1955; May, 1972; Montoya and Solé, 2003;

Montoya et al., 2005; Wootton and Emmerson, 2005; Montoya et al.,

2009; Mougi and Kondoh, 2012). Intuitively, it makes sense that if

a species interacts with many other species it will not affect, or be

affected, as strongly by the interacting species as a species with few

interactions. A generalist predator need not feed as heavily on each

prey species as a predator with only one prey species, while a prey

species with many predators will not withstand the same predation

pressure from each predator that a prey species with only one preda-

tor can withstand. Indeed this assumption underpins MacArthur

(1955)’s mathematical framework showing that increased complex-

ity leads to increased stability. MacArthur’s framework normalizes

interaction strengths such that the sum of a species’ incoming links

equals one; in this way, a species with more interactions must have

weaker interactions than one with few interactions (MacArthur, 1955).

This then means that increased diversity tends to increase stability

by increasing the number of weak interactions (MacArthur, 1955;

McCann and Hastings, 1997). Despite the intuitive nature of this as-

sumption, some empirical support for its existence (O’Gorman et al.,

2010), its long history and repeated appearance in food-web models,

it has to our knowledge never been experimentally tested.

Press disturbances and stability

There is a vast body of research investigating the relationship be-

tween complexity and stability. However, the focus of most of these

studies is only on short term, discrete disturbances from which the

community can recover once the disturbance subsides (e.g. May,
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1972; Emmerson and Yearsley, 2004; Allesina and Pascual, 2008;

Tang and Allesina, 2014). This type of disturbance is known as a

pulse disturbance and examples include storms, fires, and floods

(Bender et al., 1984). With increasing anthropogenic pressures on

ecosystems globally, however, the vast majority of communities are

experiencing disturbances, such as increased nutrient levels from pol-

lution, which are long term changes that will not subside in the near

term (Millenium Ecosystem Assessment, 2005; IPCC, 2014). These

disturbances are known as press disturbances and can have vastly

different effects on ecological communities than pulse disturbances

(Bender et al., 1984; Glasby and Underwood, 1996).

Another issue muddying the waters around the stability-complexity

debate is that of the definition of stability (Grimm and Wissel, 1997;

Ives and Carpenter, 2007). Although the concept of stability is intu-

itively simple, there are many different aspects and thus definitions

of stability, and each of these has a different relationship with com-

plexity (Ives and Carpenter, 2007; Donohue et al., 2013). Many of

these measures of stability only measure a response to pulse distur-

bances. It is unclear how results of studies using these measures will

correspond to the stability of communities experiencing press dis-

turbances. Studies focusing on press disturbances are increasing.

However the relevant measures of stability are poorly character-

ized compared to those measuring stability to pulse disturbances

(Glasby and Underwood, 1996; Grimm and Wissel, 1997). Many

of these studies of press disturbance have focused on the effect of

species removals and in particular the number of secondary extinc-

tions they cause (Dunne et al., 2002b; Ebenman et al., 2004; Estrada,

2007; Dunne and Williams, 2009; Gilbert, 2009; Staniczenko et al.,

2010). While understanding the effects of species removals is impor-

tant given the current rate of biodiversity loss, many press distur-

bances do not fully remove a species, but merely impact its growth

or death rate (Anderson et al., 2011; Gornish and Tylianakis, 2013;

Graham et al., 2014). It is quite possible for a species to be “func-

tionally extinct” and cause a secondary extinction when it still has

positive biomass (Anderson et al., 2011; Säterberg et al., 2013).

Furthermore, many studies of species’ removals use a purely topo-

logical method, whereby a species only goes extinct when it loses

all its prey species (Dunne et al., 2002b; Dunne and Williams, 2009;

Staniczenko et al., 2010; Ebenman, 2011). This significantly over-

estimates how robust — how many secondary extinctions are caused

as a result of a species’ removal — the network is to the loss of

species (Curtsdotter et al., 2011) and precludes the ability to observe
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secondary extinctions when the focal species is not itself extinct. The

alternative is to use dynamic methods which include species inter-

actions and allow for changes in biomass (due to predator release,

for example) (Curtsdotter et al., 2011). This allows the study of com-

munity responses to disturbance to be extended to situations where

the growth rate of the focal species is affected but does not cause

complete extinction (Säterberg et al., 2013). Indeed, it would be par-

ticularly valuable to know how much different species in different

communities can be impacted before becoming functionally extinct,

and how this depends on the complexity of the community. This will

have important ramifications for activities such as marine harvest-

ing. For example, if species become functionally extinct when their

growth rate is decreased by only a small amount, the harvesting limit

needs to be above this threshold. To extend the discussion to those

studies focused on species removals, it would also be beneficial to

know whether a disturbed species will cause a secondary extinction

before going extinct itself.

Species traits

Just as the complexity of a food web is likely to impact the response

of the food web to press disturbances, it is also likely that the traits

of the disturbed species will affect the food web’s response to a sub-

removal press disturbance. Here we use “traits” to describe how

a species interacts with other species in a food web, for example,

trophic level and the number of interacting partners a species has (de-

gree). Species’ traits are also shown to affect the number of secondary

extinctions caused as a result of a species removal (Borrvall et al.,

2000; Quince et al., 2005; Eklöf and Ebenman, 2006; Curtsdotter et al.,

2011). It can therefore be expected that species’ traits would also im-

pact how much a species’ growth rate can be decreased before an

extinction occurs. It is perhaps unsurprising that targeted removal of

the most connected species causes the most secondary extinctions in

topological studies (Dunne et al., 2002b; Dunne and Williams, 2009)

as species with many interactions with other species are more likely

to be the only remaining prey item for another species than a species

with few interactions. Dynamic studies have shown the same rela-

tionship between number of interactions and robustness of the com-

munity to loss of that species (Quince et al., 2005; Curtsdotter et al.,

2011).
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The trophic level of the disturbed species has also been shown

to affect the robustness of the community to loss of species

(Curtsdotter et al., 2011). Topological studies underestimate the

importance of top-down control because species in these models

can only go extinct when they lose all prey species (Dunne et al.,

2002b). It is, therefore, impossible in those studies for removal of a

top predator to cause a secondary extinction (Dunne and Williams,

2009; Curtsdotter et al., 2011). In reality, however, top preda-

tors are essential for controlling interactions between competi-

tors and their loss can lead to population explosions and thus

secondary extinctions (Paine, 1966; Estes and Palmisano, 1974;

Elmhagen and Rushton, 2007). The loss of basal species can also

be catastrophic as these form the basis of the entire community

(Quince et al., 2005; Curtsdotter et al., 2011). Indeed, some studies

have found that the community is least robust to the removal of basal

species (Borrvall et al., 2000; Quince et al., 2005; Curtsdotter et al.,

2011).

Aims and hypotheses

The overarching aim of this thesis is to explore how species fit into

the complexity-stability debate and to extend the discussion to press

disturbances. This will enable us to understand what aspects of food-

web complexity, structure, and species’ traits affect community sta-

bility and how communities will respond to different types of distur-

bances. We have broken this into two sections. The first concerns the

relationship between interaction strength and degree in locally stable

versus unstable food webs, while the second investigates the response

of food webs to press disturbances.

It is frequently assumed that generalists (species with many

interactions) should interact more weakly with each partner

than specialists (species with few interactions) (MacArthur,

1955; May, 1972; Montoya and Solé, 2003; Montoya et al., 2005;

Wootton and Emmerson, 2005). To our knowledge, however, this

has never explicitly tested. The first part of this thesis tested this di-

rectly by comparing the relationship between a species’ degree and

mean interaction strength in locally stable versus unstable food webs.

We asked whether species with many interactions did indeed have

weaker interactions than species with few interactions. This brought

together research on network structure and interaction strength to
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determine the validity of an assumption underpinning multiple theo-

retical studies.

The second section investigated the response of food webs to in-

cremental press disturbances of single species. The majority of the

literature on the complexity-stability debate focuses on pulse dis-

turbances (May, 1972; Neubert et al., 2004; Allesina and Tang, 2012;

Tang and Allesina, 2014, e.g.). Those studies which investigate press

disturbances mostly focus on the food web’s response to species re-

movals (Dunne et al., 2002b; Estrada, 2007; Curtsdotter et al., 2011,

e.g.). Food webs are increasingly being exposed to press distur-

bances which, while they may not remove a species entirely, affect

species’ growth rates and can cause extinctions and restructuring of

the food web (Anderson et al., 2011; Gornish and Tylianakis, 2013;

Graham et al., 2014). For the complexity-stability debate to remain

relevant, it is important to extend the debate to these types of distur-

bances. Specifically, we directly compared three measures of stability

to press and pulse disturbances across varying levels of size and con-

nectance to ask whether they all followed the same relationship with

complexity. We hypothesized that the properties which convey sta-

bility to one type of disturbance may be different from those which

convey stability to another type of disturbance, in which case our

measures of stability would show different relationships with com-

plexity. We then determined how the traits of the disturbed species

affected the food web’s response to disturbance. We hypothesized

that food webs would be more vulnerable to disturbance of some

species than others depending on their traits.

Together these studies investigated how species form stable commu-

nities and how the traits of these species and properties of the com-

munities affected their response to different kinds of disturbances.

Our results have implications for both research and the management

of natural communities by showing that species need to be consid-

ered in the context of the community they exist in while networks

cannot be studied without an understanding of the traits of species

within.





Generalists have weaker and stronger interactions

Abstract

Ecological communities consist of generalists who interact with

proportionally many species and specialists who interact with pro-

portionally few. The strength of these interactions also varies, with

communities typically exhibiting a few strong links embedded within

many weak links. Historically it has been argued that generalists

should interact more weakly with their partners than specialists and,

since weak interactions are thought to increase community stability,

that this pattern increases the stability of diverse communities. Here

we studied model-generated predator-prey communities to explicitly

investigate the validity of this argument. In feasible communities

— those which were both locally stable and all species had positive

biomass — we indeed found that species with many predators or

prey are affected by them more weakly than species with few. This

relationship, however, is only part of the story. While species with

many predators (or prey) tend to be only weakly affected by them,

these many weak interactions are balanced by a few strong interac-

tions with prey (or predators). These few strong interactions are large

enough that, when the effect of predator and prey interactions are

combined, it seems that species with many interactions actually in-

teract more strongly than species with few interactions. Though past

research has tended to focus on either the arrangement of species

interactions or the strength of those interactions, we show here that

the two are in fact inextricably linked. This observation has impli-

cations for both the realistic design of theoretical models and the

conservation of ecological communities, especially those in which the

strength and arrangement of species’ interactions are impacted by

biodiversity-loss disturbances such as habitat alteration.
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Introduction

In the face of increasing global biodiversity loss, understanding

the effect of biodiversity on the stability of ecological commu-

nities is a pressing issue (Tilman and Downing, 1994; McCann,

2000; Loreau et al., 2003; Pereira et al., 2010; Cardinale et al., 2012).

While early theoretical research suggested that diversity had a

negative effect on stability (Gardner and Ashby, 1970; May, 1972;

Pimm and Lawton, 1977, 1978), decades of successive research have

largely come to support a positive relationship between biodiver-

sity and stability (Tilman and Downing, 1994; McCann, 2000). The

investigation of potentially important stabilizing mechanisms, how-

ever, remains an active area of research (Tilman and Downing, 1994;

McCann et al., 1998; Worm and Duffy, 2003; Ives and Cardinale,

2004; Stouffer and Bascompte, 2010; Gravel et al., 2011;

Stouffer and Bascompte, 2011; Rooney and McCann, 2012).

In their simplest form, studies of the network of interactions un-

derlying an ecological community have focused primarily on the

number of species and the number of interactions between those

species as measures of network complexity (May, 1972). Subse-

quently, both theoretical and empirical studies have shown that

higher order properties such as compartments or the distribution

of species’ degree—the number of interactions a species has—can

also play a key role in enhancing stability (Dunne et al., 2002a;

Arii and Parrott, 2004; Stouffer et al., 2005; Stouffer and Bascompte,

2010; Thébault and Fontaine, 2010; James et al., 2012). Other studies

have also shown that the strength of interactions is important, and

weak interactions in particular have been found to be very stabilizing

(Paine, 1992; Fagan and Hurd, 1994; de Ruiter et al., 1995; Wootton,

1997; McCann and Hastings, 1997; McCann et al., 1998; Neutel et al.,

2002; Otto et al., 2007; Tang and Allesina, 2014).

Combining the distribution of species’ degree and the impor-

tance of weak interactions, it has long been speculated that

species with many interactions should interact weakly while

species with few interactions should interact strongly (MacArthur,

1955; May, 1972; Montoya and Solé, 2003; Montoya et al., 2005;

Wootton and Emmerson, 2005). Such speculation makes intuitive

sense since highly connected species should not need to interact

as strongly with any one species of prey or be able to withstand

high predation pressure from many predators (Montoya et al.,

2005; O’Gorman et al., 2010). There is some evidence for this in
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empirical studies (O’Gorman et al., 2010) and theoretical studies

have incorporated this assumption when showing a positive re-

lationship between biodiversity and stability (MacArthur, 1955;

Mougi and Kondoh, 2012). Given how common this assump-

tion is and the imprint it has left in the literature (MacArthur,

1955; May, 1972; Montoya and Solé, 2003; Montoya et al., 2005;

Wootton and Emmerson, 2005; Mougi and Kondoh, 2012), we test

it here directly. Furthermore, we consider both resilience and feasibil-

ity, instead of focusing exclusively on local stability. A more resilient

community is one which returns to its original state more quickly

after a disturbance, while a feasible community is one which is both

locally stable and all species have a positive biomass. Finally, rather

than concentrating on how an individual species affects those species

it interacts with, we consider how an individual species is affected by

the species it interacts with. Thus we test the hypotheses that, in fea-

sible and/or more resilient food webs, species who have many prey

are less reliant on each prey than those species with few prey, and

that species with many predators are impacted less by each of their

predators than those species with few predators.

Methods

Simulating model communities

We studied the properties of simulated communities across a range

of species richness S ∈ [4, 6, . . . , 48, 50] and a range of connectance

C ∈ [0.05, 0.10, . . . , 0.35, 0.4], where connectance represents the prob-

ability that any two species have a direct effect on each other. We

chose these values of connectance to span the range commonly seen

in natural food webs (Williams and Martinez, 2000; Dunne, 2006;

Stouffer and Bascompte, 2011), whereas the sizes were constrained by

the computational effort required for the subsequent calculations.

To introduce greater heterogeneity in the number of links per species

(also known as degree) than would be observed in networks gener-

ated completely at random (Barabási and Albert, 1999; Dunne et al.,

2002a; Stouffer et al., 2005), we randomly assigned each species i

a probability pi of interacting with other species, such that species

with higher values of pi will tend to have a higher degree. Studies

of empirical networks indicate that an approximately-exponentially-

decaying degree distribution, where a few species have many inter-
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actions and many species have few interactions, gives a strong fit

to that observed empirically (Dunne et al., 2002a; Camacho et al.,

2002; Stouffer et al., 2005; Williams and Martinez, 2008). We therefore

drew the species-specific values pi at random from a beta distribu-

tion β
(

1, 1−C
C

)

(Williams and Martinez, 2000; Camacho et al., 2002;

Stouffer et al., 2005). The probability that any off-diagonal value in

the community matrix is non-zero was then given by pij =
pi+p j

2

(Bascompte et al., 2003).

To characterize species dynamics within our simulated commu-

nities, we studied a system of generalized Lotka-Volterra equa-

tions (Williams, 2008; Allesina and Tang, 2012; Tang and Allesina,

2014)

fi =
dXi

dt
= riXi(1 − Xi) + ∑

j 6=i

αijXiXj , (1)

where Xi represents the total biomass of species i, ri is the per capita

growth rate of species i, and αij quantifies the per capita effect of

species j on species i. Given an equilibrium solution X∗, the behavior

of this community at or very near to equilibrium is provided by its

community matrix M (Laska and Wootton, 1998; Allesina and Tang,

2012), whose elements mij =
∂ f i
∂Xj

∣

∣

∣

X∗
. Substituting in Eq. 4 here gives

mii = ri(1 − 2X∗
i ) + ∑j 6=1 αijX

∗
j

mij = αijX
∗
i .

(2)

We parametrized the community matrices M studied here as follows.

First, we drew the non-zero off-diagonal elements mij from a normal

distribution N(0, 1). To ensure that our community only featured

predator-prey interactions, we ensured that all interacting pairs mij

and mji always had opposite sign structure (i.e., mij > 0 if mji 6= 0

and mji < 0). Second, we set all diagonal elements mii = −1. This

latter condition has two immediate benefits: it imposes a reference

time for self damping (Allesina and Pascual, 2008) and implies that

differences between communities will only be due to the arrange-

ment and strength of off diagonal elements (Allesina and Tang, 2012;

Tang and Allesina, 2014).

With our generalized Lotka-Volterra model parametrized in this way,

it is possible to directly solve for ri and X∗
i when given the matrix M

(Allesina and Tang, 2012). Having solved for X∗
i , the per capita effects

αij can be calculated as

αij =
mij

X∗
i

. (3)
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From the equilibrium densities X∗
i , we were able to determine

whether the community matrix had a non-trivial, feasible equilib-

rium point such that all Xi > 0 (Tang and Allesina, 2014). Similarly,

we also calculated the resilience of the community matrix—and hence

this equilibrium point X∗—by quantifying its dominant eigenvalue

(Pimm and Lawton, 1977).

Following the above methodology, we attempted to generate 100 fea-

sible community matrices and 100 unfeasible community matrices for

each combination of S and C, discarding any that contained species

which did not interact with any other species. If we failed to reach

these targets after generating 100000 candidate matrices, we kept the

reduced number and moved onto the next combination. This gave us

a total of 26786 matrices that we studied in greater detail as described

below.

Statistical analysis

We first aimed to determine whether, in feasible and/or more re-

silient communities, species with many links are impacted less by

the species they interact with than those with few links. To do so, we

considered two values of interaction strength: per capita (αij) and

per population (mij). The first, αij, therefore describes the effect of

an individual of species j on an individual of species i while mij de-

scribes the effect of an individual of species j on the population of

species i. For each species i, we calculated these as the mean of the

absolute value of all interaction strengths for an individual of species

j on an individual (|αij|) or population (|mij|) of species i . To con-

trol for differences in size and connectance across networks, we used

species’ ‘relative degree’ as a measure of whether or not they had

few or many interactions, where relative degree was calculated as a

species’ degree divided by the average degree for the network (ki/z)

and average degree (z) is given by the total number of interactions in

the network divided by number of species z = L
2S . Note that the 2

in the denominator of this expression arises because each interaction

contributes two “units” of degree, one to the predator and one to the

prey.

Lastly, we focused on two measures of stability: resilience and feasi-

bility. Resilience was quantified as the dominant eigenvalue, with a

larger value indicating a less resilient network. Since a feasible net-

work is one which was stable and where all species could co-exist



24

with a positive biomass at equilibrium; feasibility is a binary variable

that indicates a network is either feasible or unfeasible.

Note that, by design, there should be no relationship between the

number of interactions a species has and the strength of the effect of

those interactions in our synthesized community since we assigned

all interactions and interaction strengths at random. However, the

stability of a network is an emergent property that can only be deter-

mined after all parameters are set. This means that any stabilizing

relationship between the number of interactions a species has and the

strength of those interactions could manifest itself more frequently

in feasible or resilient networks than it does in unfeasible or less re-

silient networks. With this in mind, we used a linear mixed model to

determine whether the data indicated a significant relationship with

stability. Given our initial hypothesis, we were particularly interested

in whether or not we would observe a negative relationship between

relative degree and mean interaction strength which also depended

on our measures of stability.

Original networks

To compare across our original 26786 food webs, we used either

mean |αij| or mean |mij| as the dependent variable in the mixed

model, relative total degree of species i (ki/2z), a measure of stabil-

ity (either resilience or feasibility), and their statistical interaction as

independent variables, and we also included a random effect term

for the network. Here the random effect accounts for the fact that we

have included multiple species from each network in the model, but

those species are not independent since the stability of the network

is an emergent property of all species and all interactions therein. To

investigate whether interactions with predators or prey contributed

more to any eventual pattern we might find, we repeated the above

analyses separately for each interaction type. To do so, we substi-

tuted in the mean negative (|α−ij | or |m−
ij |) or positive (|α+ij | or |m+

ij |)

interaction strength as the dependent variable. In place of relative

total degree, we likewise used k−i /z, the relative number of negative

interactions (i.e., interactions with predators) or k+i /z, the relative

number of positive interactions (i.e., interactions with prey). Note

that we use 2z when considering interactions with both predators

and prey combined, but only z when considering them separately.
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Controlling for topology

When comparing across networks, there can be structural varia-

tions, in terms of who interacts with whom, which can also affect

stability. This “structure” is often referred to as network topology,

and examples of topological patterns thought to influence stabil-

ity include the degree distribution of the network (Dunne et al.,

2002a; Arii and Parrott, 2004; Stouffer et al., 2005; Otto et al., 2007;

Estrada, 2007), compartmentalization (Thébault and Fontaine,

2010; Stouffer and Bascompte, 2011), and the level of omnivory

(McCann and Hastings, 1997; Holyoak and Sachdev, 1998;

Tanabe and Namba, 2005; Gellner and McCann, 2012). It is pos-

sible that such patterns can have a stabilizing effect on networks

which can outweigh the effect of the strength of interactions between

species. Since we are most interested in the relationship between a

species’ degree and how strongly it is affected by its interactions, we

aimed to also control for potentially stabilizing or destabilizing ef-

fects of different topological structures. To do so, we took each of our

26786 networks and shuffled all mij values within the network while

maintaining who was predator and prey in each interaction. Doing

so consisted of randomly reassigning the positive and negative off-

diagonal elements of the network separately in order to keep the sign

structure of all predator-prey interactions identical. We repeated this

process 100 times for each network to generate 26786 ensembles of

101 topologically-identical networks.

We then compared each of these sets to each other to determine

whether, when controlling for the effect of topology, a significant

relationship between relative degree and mean interaction strength

still impacted stability. Here we again used a linear mixed model;

however, we fit it separately to each of the 26786 sets of mij-shuffled

networks. Again, either mean |αij| or |mij| was the dependent vari-

able, relative degree, a measure of stability (either resilience or feasi-

bility), and their statistical interaction were the independent variables.

This time we also included a random effect for species to account

for pseudoreplication caused by the fact that the replicates of each

species across the shuffled networks are not independent, as they

will always have the same degree and interact with the same species.

We then compared the results of these 26786 models by using a Chi

square test to determine whether we observed a significant interac-

tion between relative degree and stability more than we would expect

at random at α = 0.05.
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Figure 1: When all interactions are
considered together, species with
many interactions relative to other
species in their food web have stronger
interactions than species with few
interactions. (a) The mean strength of

all interactions (|mij|) increases with
relative total degree (ki/2z). Dashed
lines show the equivalent relationship
for unfeasible networks. (b) Although
this relationship appears relatively
weak, it is far stronger than what
would be expected at random given
the variation of interaction strengths
imposed on the data. Here, we show
the null distribution of the relationship
in panel a but measured across 100

randomizations of the data. The dashed
vertical line indicates the strength of the
relationship observed in panel a.

Results

Original networks

Contrary to our initial hypothesis, we observed that species’ relative

degree is not related to its mean |αij| as a function of the resilience

of the community matrix. When interactions were broken down

into positive (prey) and negative (predator) interactions, we again

found no relationship between the number of interactions and per

capita interaction strength as a function of resilience. The above also

held when testing for a relationship between mean |αij| and relative

degree in either feasible or unfeasible simulated networks.

We similarly observed no relationship between mean |mij| and rela-

tive degree when considering resilience as a measure of stability. In

contrast, we observed a significant relationship between number of

interactions and the impact of those interactions in feasible networks

when mean |mij| was our dependent variable. Intriguingly, it is in

the opposite direction to what we hypothesized (Fig. 1). Here, the

more interactions a population has, the stronger those interactions

are. On the other hand, we found entirely contradictory patterns

upon breaking this down into predator and prey interactions. When

considering only predator or only prey interactions, the more in-

teractions a species has, the weaker those interactions are in feasible

networks (Fig. 2,Fig. 3). This occurs because species in feasible net-

works tend to have many predators and few prey or many prey and

few predators (Fig. 4). In both cases, the many predators (or prey)

impact the focal species weakly, giving rise to a negative interac-

tion strength-degree relationship overall. The few prey (or preda-

tors), however, impact the focal species sufficiently strongly that,
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when the effect of all interactions on the focal species’ population

are lumped together, species with many interactions are impacted

more strongly by each species they interact with than species with few

interactions. While the strength of the positive and negative relation-

ships described above appear to be weak (Fig. 1a, Fig. 2a, Fig. 3a),

they are far stronger than we would expect to observe at random

(Fig. 1b,Fig. 2b,Fig. 3b).

Controlling for topology

Of the 26786 mij-shuffled sets of networks, very few exhibited a re-

lationship between total degree and mean |αij| that was a function

of feasibility (907; 3.4%) or resilience (1060; 4.0%) (Fig. 5). For preda-

tor and prey interactions, we found only 2.4% and 2.9% of networks,

respectively, showed a significant interaction when feasibility was

the measure of stability and 3.5% and 3.9% when resilience was

the stability measure. In all cases, the proportion was significantly

lower than would be expected at random in terms of false positives

(p > 0.05). This would appear to imply that, even when controlling

for network topology, a negative relationship between degree and

mean per capita interaction strength does not contribute to increase

resilience or feasibility of the community.
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Figure 2: When considering only a
species’ interactions with prey, species
which have many interactions with
prey relative to other species in their
food web have weaker interactions
than species with few interactions. (a)
The mean strength of interactions with
prey (|m+

ij |) decreases with relative

degree (k+i /z). (b) This relationship
is stronger than would be expected at
random. Symbols and calculation of
null distribution follow Fig. 1.
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Figure 3: When considering only a
species’ interactions with predators,
species which have many interactions
with predators relative to other species
in their food web have weaker interac-
tions than species with few interactions.
(a) The mean strength of interactions
with prey (|m−

ij |) decreases with relative

degree (k−i /z). (b) This relationship
is stronger than would be expected at
random. Symbols and calculation of
null distribution follow Fig. 1.
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Figure 4: Feasibility depends on the
strength and correct arrangement of a

species’ interactions. (a) When a species
in a feasible web has more prey than
predators, the effect of those prey on
the population of species i is weaker
than the equivalent effect of those
predators on species i, and vice versa.
(b) The same is not true in unfeasible
food webs where no such relationship
is observed. In both panels, the x-axis
shows species’ relative number of prey
interactions minus the relative number
of predator interactions ((k+i − k−i )/z):
species with positive values have
more interactions with prey while
species with negative values have more
interactions with predators. The y-axis
shows species’ mean prey interaction
strength minus the mean of predator
interaction strength (|m+

ij | − |m−
ij |):

species with values above zero have
stronger prey than predator interactions
while species with values below zero
have stronger predator than prey
interactions.

When considering mij as our dependent variable, we saw a higher

number of shuffle sets (1270; 4.7% for feasibility, 2066; 7.7% for re-

silience) with a significant effect of stability on the mij-degree rela-

tionship than we observed when mean |αij| was the dependent vari-

able. When considering positive and negative interactions separately,

we also see a higher number of significant interactions. Of course,

these proportions still do not provide clear support for the stabilizing

impact of a negative degree - mij relationship since they are again

roughly consistent with what would be expected purely at random.

Nevertheless, we did find some evidence that the topology of the

network alone can be important in determining stability: networks

which are originally feasible are more likely to be feasible after shuf-

fling than those which are not (p < 0.001 ). Importantly, it appears

that the interplay between topology and the distribution of inter-

action strengths is most important for stability. We separated the

mij-shuffled sets of networks into two categories: (i) those in which

the original network was feasible and (ii) those in which it was not.

The percentage of mij-shuffled sets which showed a significant ef-

fect of the interaction strength-degree relationship on stability was

much higher in the originally feasible category than the originally

unfeasible category (Fig. 5). This observation is most evident when

studying mean |mij| and feasibility. In this case, when positive and

negative links are combined, we see only 4.7% of networks which

exhibit a significant interaction. Conversely, when separated, we see

that only 1.1% of the 18457 originally unfeasible networks exhibit this

interaction, while 12.8% of those which were originally feasible have

a significant interaction. Notably, this result holds whether mean |αij|

or |mij| is used as the dependent variable and whether stability is

measured as resilience or feasibility (Fig. 5).
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Figure 5: Bars show the percentage
of mij-shuffled network sets which
showed a relationship between degree
and mean interaction strength that
was a function of stability. A greater
percentage of shuffle sets where the
original network was feasible (orange
bars) showed a significant relationship
than those where the original network
was unfeasible (white bars) or all
networks together (black bars). This
was true for both (a) feasibility and
(b) resilience and both population
(mij) and per capita (αij) interaction
strength. The first two values in each
graph — those shaded by the gray
background — show the results for
all interactions considered together,
while the remainder show the results
when interactions with predators (|m−

ij |

and |α−
ij |) and prey (|m+

ij | and |α+
ij |) are

considered separately.

Discussion

With the increasing support for the importance of weak inter-

actions in stabilizing food-web dynamics (de Ruiter et al., 1995;

McCann and Hastings, 1997; McCann et al., 1998; Neutel et al., 2002),

and intuitive arguments that generalists should interact more weakly

than specialists, it has long been assumed that a species with many

interactions in a community should interact more weakly, on average,

than a species with few interactions (MacArthur, 1955; May, 1972;

Montoya and Solé, 2003; Wootton and Emmerson, 2005). While we

found that this is indeed the case, the relationship between species’

degree and mean interaction strength observed here is not as sim-

ple as we initially hypothesized. When considering both positive

and negative links together, we find the feasibility of a network

depends on the relationship between the number of interactions

a species has and the strength of those interactions. However, in

contrast to the negative relationship we expected, and which has

been assumed in many previous studies, we found a positive rela-

tionship overall, namely, the more interactions a species has, the

stronger those interactions are. Yet when we delved deeper and sep-

arated positive (interactions with prey) and negative (interactions

with predators) interactions, we found the opposite relationship be-

tween mean population interaction strength and degree. For both

positive and negative interactions, we specifically observed that

specialists have stronger interactions than generalists. This result

makes greater intuitive sense — generalists may be less efficient

than specialists (Yamada and Boulding, 1998; Bernays et al., 2004;

Terraube et al., 2011), species cannot withstand heavy predation

from many predators (Gunzburger and Travis, 2004; Paterson et al.,

2009; Rodriguez-Girones, 2012) etc. — and is the relationship we
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originally expected to see. Nevertheless, it presents a paradox when

compared with what we saw when positive and negative interactions

are lumped together.

The solution to this conundrum lies in the interplay between network

topology and interaction strength distribution. We found that species

which have many interactions tend to have many positive or many

negative interactions, but not both, and these tend to be weak but are

balanced by a few strong interactions of the opposite type. What’s

more, these few strong interactions are sufficiently strong such that

when we lump all interactions together it appears that species with

many interactions have stronger interactions. Due to the trophic

structure of natural food webs, it is likely that this is a pattern which

is commonly found in nature; species near the bottom of the food

web have many predators but few prey while those near the top

have many prey and few predators (Williams and Martinez, 2000;

Camacho et al., 2002). What is intriguing is that this pattern emerged

in our feasible networks even when our networks were assembled in

a random fashion with no predefined trophic structure.

We have focused on feasible food webs, where the biomass of all

species must be positive as well as the network being stable, rather

than focusing only on stability. Also, rather than examining how a

focal species impacts other species, we have turned the tables and

looked at how other species affect the focal species. In this way the

distribution of interaction strengths with the topological pattern de-

scribed above may have an intuitive and logical explanation; a species

with many prey but few predators must be preyed on more heavily

by those few predators or its population would increase to an extent

that the network would no longer be feasible, while a species with

few prey and many predators must prey heavily on those few prey

to prevent being driven to extinction by its many predators. The sta-

bilizing effect of weak interactions is well supported (de Ruiter et al.,

1995; Wootton, 1997; McCann and Hastings, 1997; McCann et al.,

1998; Neutel et al., 2002), and the reason for this is that weak inter-

actions dampen the potentially chaotic effect of strong interactions

(McCann and Hastings, 1997). Thus it may be that the pattern we

observe here, with species having many weak positive or negative

interactions countered by a few strong interactions of the opposite

type, is an efficient way of ensuring that most strong interactions are

sufficiently dampened by weak interactions.

Ultimately it appears that the combination of an asymmetric arrange-

ment of a species’ interactions and the strength of those interactions
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is most important for feasibility. This conclusion is most strongly

supported by the results we obtained upon shuffling interaction

strengths. For very few networks which were originally unfeasible

— and therefore were unlikely to show this asymmetric interaction

pattern — was feasibility affected by the relationship between species’

degree and mean interaction strength. In contrast, in networks which

were originally feasible — and therefore likely did show this asym-

metric interaction pattern — feasibility was far more likely to be

dependent on the relationship between species’ degree and mean

interaction strength. Clearly, it is important to have a food-web struc-

ture which is conducive to feasibility before the stabilizing effect of

a relationship between number and strength of interactions can be

observed.

In conclusion, it seems that studies which have assumed that species

with many prey (or predators) interact more weakly than those with

few prey (or predators) have done so correctly. Nevertheless, this is

only the tip of the iceberg. While the literature has tended to focus

on either the topology of interactions or the strength of those inter-

actions when studying food webs, our results indicate that these

are two sides of the same coin and are too tightly interwoven to be

treated independently. Thinking more broadly, this observation has

clear impacts for the conservation and management of ecological

communities (Brose, 2010; Tylianakis et al., 2010); while it is impor-

tant to focus on conserving species and thus their interactions, it may

also be important to focus on conserving the strength of those inter-

actions. In particular, for a species with many prey, it may be more

important to maintain the few predators which have a strong impact

than the many prey it relies on weakly, and vice versa.





Responses to press disturbances:

Effects of species’ traits and food-web complexity

Abstract

With current high levels of biodiversity loss and environmental

change, studies of food-web stability need to broaden their focus

beyond short-term disturbances to include the effects of long-term

“press” disturbances. Here we subjected simulated food webs to

press disturbances by decreasing the growth rate of each species, in-

dividually, in the food web. We then compared the resilience and

reactivity — measures of stability to short-term “pulse” disturbances

— and resistance — a measure of stability to press disturbances —

of each food web and found that stability of all types decreased as

species richness and connectance increased. We found that resilience

and reactivity were good predictors of resistance.

We also identified how the traits of the disturbed species affected a

food web’s response to disturbance. Our simulated food webs were

less resistant to disturbance of generalists and basal species than

specialists or top predators. These relationships depended on the

complexity of the food web, being stronger at low levels of complex-

ity. Thus, while the complexity of a food web largely determines

its stability, for a given level of complexity the disturbance of some

species can be more detrimental to the food web than others.
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Introduction

Understanding how ecological communities will respond to distur-

bances is a central theme in both fundamental and applied ecology

(MacArthur, 1955; May, 1972; McCann, 2000). Communities are made

up of interacting species and populations which, through time, are

subject to periodic disturbances (Begon et al., 2006). These distur-

bances often remove individuals and resources from the community

and, as a result, can significantly alter the structure and dynamics

of the community (Parker and Huryn, 2006; Houseman et al., 2008;

Takimoto et al., 2012). Disturbance, however, is a broad term, and dif-

ferent kinds of disturbances can cause different effects on communi-

ties (Bender et al., 1984; Parkyn and Collier, 2004; Parker and Huryn,

2006; Houseman et al., 2008; Montoya et al., 2009). In an ecological

context, there are two broad classes of disturbance: pulse distur-

bances and press disturbances (Bender et al., 1984). A pulse distur-

bance is best described as a short-term, discrete event, such as a

storm. Although the event may be powerful, it subsides after a finite

period of time. A press disturbance, on the other hand, is a long-term

event, such as a change in nutrient level due to pollution or a change

in temperature due to changing climate (Bender et al., 1984).

Many natural communities are capable of withstanding or recover-

ing from disturbances and returning to a state similar to that before

the disturbance (Holling, 1973; Dale, 1991; Swift, 2002). This phe-

nomenon is intuitively termed “stability”. There are, however, many

different aspects and definitions of stability (Grimm and Wissel, 1997;

Neubert and Caswell, 1997; Ives and Carpenter, 2007; Donohue et al.,

2013). Many theoretical studies of food-web stability focus on mea-

sures of stability to pulse disturbances (May, 1972; Neubert et al.,

2004; Allesina and Tang, 2012; Tang and Allesina, 2014, e.g.); yet

as ecosystems respond to ever-increasing anthropogenic impacts,

press disturbances are becoming the norm for communities glob-

ally (Millenium Ecosystem Assessment, 2005; IPCC, 2014). It is

not uncommon for these press disturbances to affect one or a few

species in the community disproportionately, for example, the har-

vesting of marine species (Sharp and Pringle, 1990; Daskalov, 2002;

Benoît and Swain, 2008; Estes et al., 2011). However, as species

within a community interact in many ways, even species which

are not directly affected by the disturbance can be impacted, in

some cases even more severely than the originally disturbed species

(Zavaleta et al., 2001; Sahasrabudhe and Motter, 2011; Säterberg et al.,

2013). This can lead to significant restructuring or even collapse of
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communities, as has occurred in a number of marine ecosystems due

to overfishing of large consumer species (Sharp and Pringle, 1990;

Jackson et al., 2001; Daskalov, 2002; Benoît and Swain, 2008). Unless

we know whether or when a community stable to a pulse distur-

bance is also stable to a press disturbance, studies focused solely on

pulse disturbances are of limited use in understanding how commu-

nities will respond to an increasing prevalence of press disturbances.

Moreover, theoretical studies investigating the effect of press distur-

bances have largely focused on the robustness of food webs to species

removal (Dunne et al., 2002b; Estrada, 2007; Dunne and Williams,

2009; Curtsdotter et al., 2011), but a species does not have to be en-

tirely removed to cause secondary extinctions (Säterberg et al., 2013)

and many of these press disturbances initially manifest themselves

as a decrease in a species’ growth rate or increased mortality rate

(Anderson et al., 2011; Gornish and Tylianakis, 2013; Graham et al.,

2014). To effectively manage communities we therefore need to un-

derstand how the community will respond to sub-lethal disturbances

and, more importantly, at what point these disturbances actually

cause extinctions.

Here we aimed to compare the stability of networks to pulse and

press disturbances. We focused on three commonly used defini-

tions of stability to pulse disturbances: local stability, resilience

and reactivity. Local stability was the simplest mathematical def-

inition as a community is locally stable if it returns to its original

equilibrium point after a small disturbance (May, 1972). Resilience

provided a way of quantifying stability, and measured the rate at

which the community returned to equilibrium (Pimm and Lawton,

1977; Ives, 1995; Gunderson, 2000). A more resilient community

was one that returns more quickly after a disturbance to its origi-

nal state. Resilience is, therefore, an important property in the nat-

ural world where repeat disturbances can happen quickly. While

resilience measures the long-term response to a pulse disturbance,

many studies have shown that the transient dynamics - what hap-

pens in the period between the disturbance and the return to equilib-

rium - can be as or more important for the community’s persistence

(Chen and Cohen, 2001; Neubert et al., 2004; Caswell and Neubert,

2005; Fukami and Nakajima, 2011). Reactivity quantified this tran-

sient response to a disturbance and is defined as the maximum ampli-

fication rate of the disturbance (Neubert and Caswell, 1997). A highly

reactive community was one in which a disturbance was rapidly

amplified before decaying to the original state while an unreactive

community was one in which the perturbation decayed immediately

(Neubert et al., 2009). After quantifying a community’s susceptibil-
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ity to a pulse disturbance, we then used resistance as a measure of

how a community responded to a press disturbance. Specifically,

we quantified resistance as the magnitude of disturbance required

to cause an extinction in the community (Ives and Cardinale, 2004;

Lake, 2013). A more resistant community could withstand a larger

disturbance than a less resistant community. Note that the extinction

marking the end of the disturbance was not always the extinction of

the disturbed species (Säterberg et al., 2013). We, therefore, also inves-

tigated whether these species-specific disturbances tended to result

first in the extinction of the species being disturbed or in a secondary

extinction.

In addition to determining how the nature of a disturbance affected a

community’s response to the disturbance, we were also interested

in how the properties of the food web and disturbed species af-

fected a food web’s response to disturbance (May, 1972; McCann,

2000; Quince et al., 2005; Montoya et al., 2009; Curtsdotter et al.,

2011; Vallina and Le Quéré, 2011). An important factor underly-

ing a community’s response to a disturbance is the complex net-

work of interactions between the species within the community

(Williams and Martinez, 2000; Miller et al., 2002; Montoya and Sol,

2002; Montoya et al., 2006; Neutel et al., 2007). Properties of this

network, such as the number of interacting species and the den-

sity of interactions between them, can have a significant impact

on how a community responds to different kinds of disturbances

(Gardner and Ashby, 1970; May, 1972; Pimm, 1984; Haydon, 1994;

Dunne et al., 2002b).

While the properties of a food web can affect how vulnerable it is

to a disturbances, species’ traits can make a species more or less

resistant to the disturbance or likely to affect other species within the

community when disturbed (Montoya et al., 2009; Curtsdotter et al.,

2011; Donohue et al., 2013). For example, a generalist may be more

likely to cause secondary extinctions within the community than a

specialist because generalists interact directly with a large proportion

of species in the community (Curtsdotter et al., 2011). Top predators

may be more able to withstand a reduction in growth rate before

going extinct than a lower trophic species because a reduction in a

predator’s growth rate will likely lead to an increase in their prey

species and thus their food resources (Estes et al., 2011). If this is the

case, having knowledge about the traits of the disturbed species may

greatly increase our ability to predict the outcome of disturbance.
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Here, we determined how the properties of food webs and the

traits of a disturbed species affected how communities responded

to species-specific press disturbances, such as those caused by over

harvesting of a particular species. Specifically, we investigated (i) how

well measures of stability to pulse disturbances can predict a com-

munity’s response to a press disturbance, (ii) how the parameters

of the network affected the food web’s response to disturbance, and

(iii) how the traits of the disturbed species affected the outcome of

disturbance. The results of our study indicate how relevant studies of

stability to pulse disturbances are to communities experiencing press

disturbances, and what properties of communities or species make

them more or less resistant to press disturbances.

Methods

Simulating model communities

To produce simulated networks with realistic structures, we used

the niche model (Williams and Martinez, 2000) to generate artificial

networks with species richness S ∈ [10, 100], at intervals of 2 species,

and connectance C ∈ [0.05, 0.4], at intervals of 0.05. Connectance

is defined as the fraction of possible interactions which are actually

observed in the community (C = L
S2 ). For each of the 168 combina-

tions of S and C, we generated many different networks, discarding

any that contained species which shared no interactions with other

species in the network, until we had a total of 100 networks for each

combination of S and C.

For all networks, we randomly assigned per capita effects αij of all

interactions from a normal distribution N(0, 1). When αij (the effect

of predator j on prey i) was a negative value, we set αji (the effect

of prey i on predator j) to a positive value to make all interactions

predator-prey. We also set the diagonal values αii, the effect of species

on themselves, to −1. Choosing a common value for all species

imposed a reference time for self damping (Allesina and Pascual,

2008) and further implied that differences between communities

were only due to the arrangement and strength of off-diagonal ele-

ments (Allesina and Tang, 2012).



38

To fully define the dynamic behavior of these communities, we

used a system of generalized Lotka-Volterra dynamical equations

(Pimm and Lawton, 1978; Emmerson and Yearsley, 2004):

dXi

dt
= riXi(1 − Xi) + ∑

j 6=i

αijXiXj , (4)

where Xi represents the population density of species i and ri is the

per capita growth rate of species i. Once biomasses and interaction

coefficients were set, we could then solve for growth rate (r∗i ) in Eq.4

when the community was at equilibrium. To ensure that all networks

were feasible (all biomasses were positive) and to remove an addi-

tional source of randomness, we set all equilibrium biomasses X∗
i = 1.

To test the impact of this decision, we also explored the behavior of

networks with a more realistic biomass structure where top predators

had lower biomasses than species at lower trophic levels, and this

did not qualitatively alter our results (results not shown here). We

ensured that all networks were initially locally stable (see next section

for the exact definition) and feasible.

Resilience, reactivity, and resistance

For each network, we first quantified its resilience and reactivity —

estimates of the network’s stability to short-term disturbances. Re-

silience was measured as the dominant eigenvalue of the system and

captured the rate at which a network returned to equilibrium after a

disturbance (Pimm and Lawton, 1977). A negative eigenvalue meant

that the network returned to its equilibrium and was locally stable.

The greater the magnitude of the dominant eigenvalue, the faster the

rate at which the network returned to equilibrium. Thus a more re-

silient network had a more negative eigenvalue. Reactivity is defined

as the maximal initial amplification rate and, as such, measures the

transient behavior of the network between the disturbance and return

to equilibrium (Neubert and Caswell, 1997; Tang and Allesina, 2014).

Reactivity was quantified as the largest eigenvalue of the symmetric

part of the community matrix (Tang and Allesina, 2014). A negative

value of reactivity meant that all perturbations decayed immediately

while positive values indicated that some perturbations amplified

before decaying. As such, a locally unstable network was always reac-

tive; however, a locally stable network could be more or less reactive

— or even “unreactive” in the sense that all perturbations decayed

immediately — and it has previously been shown that two networks
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with the same resilience can exhibit rather different values of reactiv-

ity (Tang and Allesina, 2014). Although networks can be unreactive,

all our networks were at least slightly reactive. This is affected by

the value of our diagonal entries. With more negative diagonal en-

tries and thus stronger intraspecific interactions reactivity decreases

(Tang and Allesina, 2014).

After quantifying how each network would respond to a short-term

disturbance in terms of their resilience and reactivity, we subjected

them to simulated long-term, press disturbances to quantify their re-

sistance. To do so, we individually decreased the growth rate of every

species in every network incrementally in steps of 0.001r∗i (where r∗i
is their initial growth rate at equilibrium) until the system reached

a bifurcation point. In all cases, this bifurcation coincided with the

extinction of the species being disturbed—a focal extinction—or the

extinction of another species—a secondary extinction (Säterberg et al.,

2013). We quantified resistance as the change in growth rate required

to cause this bifurcation. If the bifurcation was caused by a secondary

extinction, we continued decreasing the growth rate of the focal

species to determine whether the network reached a new locally sta-

ble configuration without the secondarily extinct species. Across all

simulated communities, this corresponded to over 2 × 109 simulated

disturbances.

We quantified resistance as the proportional change in growth rate

required to reach an extinction; mathematically, this can be expressed

as (
r∗i −rd

i
r∗i

). We call this quantity resistance since a more resistant net-

work could tolerate a larger change in growth rate of the disturbed

species before causing an extinction. As a result of these simulated

press perturbations, we had S values of resistance for each network.

To make this measure of stability analogous to network-wide prop-

erties like resilience and reactivity, we used the minimum value of

resistance for all species in each network to estimate the resistance

for the entire network when considering the network as a whole. We

chose to use minimum resistance as this was the most analogous to

resilience, which concentrates on the dominant eigenvalue, and also

because it provides the most conservative estimate. For comparison,

we repeated all of our analyses using the mean value of resistance for

the network, and this did not qualitatively change our results (results

not shown here).
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Statistical Analyses

Previous research has demonstrated that resilience and reactivity

(henceforth measures of pulse stability) are strongly affected by size

and connectance (Tang and Allesina, 2014), and we expected similar

behavior for resistance. To quantify how resilience, reactivity and re-

sistance changed across size and connectance, we used a generalized

linear model for each measure of stability. The three models included

terms for size, connectance, and their interaction as predictors and

a measure of stability as the dependent variable. When reactivity or

resistance were the measure of stability, we used the log of reactivity

or resistance to obtain a better fit.

We next wanted to test whether resistance was predicted by our mea-

sures of pulse stability above and beyond any of the aforementioned

effects of size and connectance. To do so, we used a generalized lin-

ear model with the log of resistance as the dependent variable and

size, connectance, a measure of pulse stability, and all possible in-

teractions between them as independent variables. As above, note

that this corresponded to two separate models, one testing the rela-

tionship between resistance and resilience and one the relationship

between resistance and reactivity. We used the log of resistance as the

dependent variable to ensure that we never obtained predicted values

of resistance below zero. When reactivity was the measure of pulse

stability, we again used the log of reactivity.

We also looked at the outcome of disturbance — whether the extinc-

tion was of the focal species or a secondary extinction and, if it was a

secondary extinction, whether the network reached a new locally sta-

ble equilibrium once that species was lost. To consider how the out-

come of disturbance changed across size and connectance, we used

a binomial generalized linear model with each network’s fraction of

disturbances which resulted in a focal extinction as the dependent

variable, and size, connectance, and their interaction as independent

variables. Of those disturbances which resulted in a secondary ex-

tinction, we were also interested in determining whether the network

would be stable again without the secondarily extinct species. To do

so, we again used a binomial generalized linear model with the same

independent variables but with each network’s fraction of secondary

extinctions that were stable post-extinction as the dependent variable.

Finally, we investigated how the traits of the disturbed species im-

pacted how a community responded to disturbance. The traits we
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considered were trophic level - how high in the food web the species

fed - and degree - how many interactions the species had with other

species. Here, degree included all interactions a species has with

other species in the community, whether as predator or prey. Trophic

level was quantified as the mean number of species energy passed

through from primary producers to the focal species, weighted by

link strength following Levine (1980). Thus a primary producer had

a trophic level of zero, a herbivore of one, and predators and omni-

vores successively higher numbers.

We investigated how these traits affected the resistance of the net-

work to disturbance, how they affected whether a focal or secondary

extinction occurred, and, for those disturbances which caused a sec-

ondary extinction, whether the traits of the disturbed species were

related to whether the network became stable again once the secon-

darily extinct species was lost. We used two separate mixed effects

models to quantify how the traits of the disturbed species affected

the resistance of the community to the disturbance, one for degree

and one for trophic level. The log of resistance was the dependent

variable and size, connectance, trait (degree or trophic level of the

focal species), and all possible interactions between them were the

independent variables. We also included a random effect for network.

This random effect accounted for the fact that, while each species in a

network was perturbed separately, they were not strictly independent

because species in particular networks could tend to be more or less

resistant for reasons not captured elsewhere in the model.

We then used binomial mixed effect models to determine whether the

traits of the disturbed species affected the type of extinction caused

and, for those disturbances which caused a secondary extinction,

whether the network was stable again post extinction. For each net-

work, the fraction of disturbances resulting in a focal extinction (as

opposed to a secondary extinction) was the dependent variable while

size, connectance, trait (degree or trophic level of the focal species)

and all possible interactions between them were the independent

variables, plus a random effect for network. When comparing how

traits affected whether networks were stable without the secondarily

extinct species, the independent variables were the same, however

the dependent variable was the proportion of disturbances for each

network which caused a secondary extinction and remained stable

afterward (as opposed to those which caused a secondary extinction

and became unstable afterwards).
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Figure 6: The relationship between
different types of stability and size
and connectance of the community.
Colour represents the magnitude
of stability for a given combination
of size and connectance, with red
representing less stable communities
and yellow more stable . Each cell
shows an average of all values of
the relevant measure of stability for
communities with that combination of
size and connectance. (A) Resilience
and (B) Reactivity: communities with
low size and connectance are the most
resilient and least reactive while large
and highly connected networks are the
least resilient and most reactive. (C)
Resistance: large and highly connected
networks are the least resistant while
the simplest networks are the most
resistant.

Results

We were first interested in determining and comparing how re-

silience, reactivity and resistance changed across size and con-

nectance of a food web. Across all measures of stability (resilience,

reactivity and resistance), we found that networks with the fewest

species and lowest connectance were the most “stable” while the

most complex networks (high connectance and many species) were

the least “stable” (Fig. 6) (Resilience R2 = 0.836, reactivity R2 = 0.839,

resistance R2 = 0.762). The decrease in stability as complexity in-

creased was particularly marked in both resilience and resistance and

occurred at similar levels of size and connectance (Fig. 6a,c).

At lower values of size and connectance, we also found that press

disturbances were much more likely to result in a focal extinction

(approximately 80% of the time, R2 = 0.788) (Fig. 7a). Of those

disturbances which did result in a secondary extinction, the network

was more likely to be stable without the secondarily extinct species

at these low values of size and connectance (Fig. 7). At higher levels

of complexity on the other hand, disturbances almost always resulted

in a secondary extinction, and it was rare that these networks were

stable without the secondarily extinct species (R2 = 0.316). For

the above models, R2 values were calculated as 1 − residualdeviance
nulldeviance

(Faraway, 2005).

We then directly compared each network’s response to a pulse versus

a press disturbance to determine whether networks which were more

resilient or less reactive (and therefore more stable to short-term

pulse disturbances) were also more resistant and stable to long-term

disturbances. At low values of size and connectance, where networks
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a b Figure 7: Whether a disturbance results
in a focal or secondary extinction and, if
it is a secondary extinction, whether the
network reaches a stable state without
that species, depends on the size and
connectance of the network. (a) At low
levels of species richness and connec-
tivity, most disturbances result in a
focal extinction, while in more complex
communities most disturbances result
in a secondary extinction. Red indicates
a higher proportion of secondary extinc-
tions, while yellow indicates a higher
proportion of focal extinctions. (b)
Similarly, of those disturbances which
result in a secondary extinction, the
community is stable without the lost
species more frequently at low levels
of size and connectance than in more
complex communities. Red indicates a
higher proportion of disturbances per
network which are unstable when a
species is lost while yellow indicates
a higher proportion of disturbances
per network which are stable after a
species is lost.Each cell shows the mean
proportion of focal extinctions (panel a)
or proportion of secondary extinctions
which were stable after the disturbance
(panel b) for each food web with that
combination of size and connectance.

tended to be most stable, we indeed found that resilience and re-

activity were good predictors of resistance (resilience R2 = 0.804,

reactivity R2 = 0.794) (Fig. 8). However, this relationship began to

break down at higher levels of complexity to the extent that, at high

levels of size and connectance, resistance was minimal regardless of

resilience or reactivity.

Having determined how the properties of the network affected

the response of the community to disturbance, we were then in-

terested in determining how the traits of the disturbed species af-

fected the outcome of disturbance. We used marginal (R2
m) and con-

ditional (R2
c ) R2 values to determine the fit of our mixed models

(Nakagawa and Schielzeth, 2013). R2
m explains the fit of the model

when considering only fixed effects (in this case, size, connectance

and species’ traits), while R2
c explains the fit of the model when con-

sidering both fixed and random effects (the specific food web the

species came from). The degree of the disturbed species affected

the resistance of the network to press disturbances (R2
m = 0.107,

R2
c = 0.951); networks were more resistant to the disturbance of

species with few interactions (low degree) than those with many in-

teractions (high degree), particularly at low species richness and high

connectance or low connectance and high species richness (Fig. 9).

The large difference between R2
m and R2

c indicates that the random

effect — the particular network the species came from — explains

a large amount of the results. In essence, this means that the prop-

erties of the network as a whole explain the baseline resistance (so

some networks will be more resistant to disturbance of all species,

regardless of the species’ traits, than other networks). Species’ traits

then modify that baseline such that, within any particular network,

resistance is lower to disturbance of generalists than specialists. Com-

parison of species from separate networks based on their traits, but

without knowledge of the stability of the network they originate

from, is far less informative.
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Figure 8: The ability of measures of sta-
bility to pulse disturbances (resilience
and reactivity) to predict stability to
press disturbances (resistance) depends
on species richness and connectance,
as predicted by our generalized lin-
ear mixed models. (a,b) Resilience is
a good predictor of resistance at low
levels of species richness and connec-
tivity (R2 = 0.796). This relationship
weakens at higher levels of species
richness and connectance. (c,d) Sim-
ilarly the log of reactivity is a good
predictor of resistance at low levels
of species richness and connectance,
but weakens at high levels of size and
connectance (R2 = 0.768). Panels a
and c show the relationship for commu-
nities with 20 species, panels b and d
show the relationship for communities
with 70 species. Solid lines show the
relationship for communities with a
connectance of 0.1, while dashed lines
show communities with a connectance
of 0.3.

Although disturbing species with many interactions caused an ex-

tinction more quickly (the network was less resistant), they tended

to cause secondary extinctions resulting in a new stable equilibrium

rather than focal extinctions (Fig. 10). Species with few interactions,

on the other hand, tended to go extinct themselves, and, when they

did cause secondary extinctions, the network was unlikely to be sta-

ble without the secondarily extinct species. The relationship between

degree and the community’s response to disturbance was weaker at

high levels of complexity.

Species with different trophic levels also had different effects on the

rest of the community when disturbed (R2
m = 0.149, R2

c = 0.959). Net-

works were more resistant to disturbance of high trophic level species

(top predators) than low trophic level species (primary producers)

(Fig. 9). This relationship was strongest at lower levels of complex-

ity. Again we see the large difference between R2
m and R2

c indicating

that properties of the network set the baseline resistance and then

species traits affect how far from this baseline resistance actually falls.

Trophic level had little to no effect on whether disturbances result in

a focal or secondary extinctions or whether the network was stable

after a secondary extinction.
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Figure 9: The resistance of the food
web to a disturbance depends on the
degree and trophic level of the dis-
turbed species, as predicted by our
generalized linear mixed models. (a,b)
Communities are more resistant to
disturbance of specialists than gener-
alists, especially at high connectance
and low species richness and low
connectance and high species rich-
ness (R2

m = 0.107, R2
c = 0.951). (c,d)

Communities are more resistant to
disturbance of top trophic species than
lower trophic species, especially at low
species richness and low connectance
(R2

m = 0.149, R2
c = 0.959). Panels a

and c show the relationship for commu-
nities with 20 species, panels b and d
show the relationship for communities
with 70 species. Solid lines show the
relationship for communities with a
connectance of 0.1, while dashed lines
show communities with a connectance
of 0.3.
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Figure 10: The outcome of disturbance
depends on the degree of the disturbed
species, as predicted by our generalized
linear mixed models. (a,b) Disturbance
of a specialist is more likely to result

in a focal extinction (value of 1 on
the y axis), while disturbance of a
generalist is more likely to result in a
secondary extinction (value of 0 on the
y axis), although this is less evident
in large, well connected networks
(R2

m = 0.453, R2
c = 0.770). (c,d) Of

those disturbances which result in a
secondary extinction, if the disturbed
species is a generalist it is more likely
that the community will be stable
after the loss of that species than if the
disturbed species is a specialist (R2

m =
0.019, R2

c = 0.251). A value of 1 on the
y axis means all disturbances causing
secondary extinctions were stable
after the disturbance, while a value
of 0 means none were. Panels a and c
show the relationship for communities
with 20 species, panels b and d show
the relationship for communities
with 70 species. Solid lines show the
relationship for communities with a
connectance of 0.1, while dashed lines
show communities with a connectance
of 0.3.
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Discussion

We found that the stability of a community to a single-species press

disturbance followed much the same relationship with network com-

plexity as the community’s stability to pulse disturbances; as commu-

nities increased in species richness and/or connectance, they became

less stable to both press and pulse disturbances. This agrees with

other theoretical research that has found an inverse relationship be-

tween complexity and stability (May, 1972; Pimm and Lawton, 1978;

Yodzis, 1981; Allesina and Pascual, 2008). At high levels of species

richness and connectance, networks are very complex and there are

many direct and indirect interactions between species such that two

species which are not directly connected may have a large effect on

each other (Yodzis, 1988; Laska and Wootton, 1998; Wootton, 2002;

Montoya et al., 2005; Stouffer and Bascompte, 2011) and a small dis-

turbance can propagate rapidly throughout the food web (Abrams,

1992; Menge, 1995; Montoya et al., 2009). Indeed, we found that, as

complexity increased, the number of disturbances which resulted

in a secondary extinction rather than extinction of the focal species

increased to almost 100%. Clearly, while the disturbance was almost

always insufficient to cause the focal species to go extinct, it was

enough to disrupt the delicate balance required to keep all interact-

ing species at equilibrium and cause another species to go extinct.

Frequently (> 50%) the network was able to reach a stable config-

uration after this secondary extinction; however, this occured less

often as complexity increased. This indicates that, in highly complex

networks, species in stable and feasible webs were simply too interde-

pendent and could not coexist when one was lost.

We also found that measures of stability to pulse disturbances

were good predictors of resistance, beyond what was explained

by the size and connectance of the network - the more stable a

community was to a pulse disturbance (i.e., the more resilient or

less reactive it was), the more stable it was to a press disturbance

(i.e., the more resistant it was). This indicates that the properties

which confered stability to a pulse disturbance also tended to

confer stability to a press disturbance. Many studies have found

that elements of the structure of the network are important for

stability, above and beyond species richness and connectance

(McCann et al., 1998; Allesina and Pascual, 2008; Tylianakis et al.,

2010; Stouffer and Bascompte, 2011; Allesina and Tang, 2012),

and, indeed, this is why in the natural world we observe very di-

verse networks of species which are still stable (McCann, 2000;
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Borrelli and Ginzburg, 2014; Borrelli, 2015). It is likely that the more

stable food webs in our simulations exhibited more of these stabiliz-

ing mechanisms than less stable food webs. At high levels of size and

connectance, however, the relationship between stability to press and

pulse disturbances broke down. Here, as discussed above, commu-

nities appeared to be so delicately balanced that even the slightest

perturbation was enough to cause an extinction; thus, regardless of

how resilient or reactive a network was, it had minimal resistance.

Clearly, the properties of the network as a whole give some insight

into how the community will respond to a disturbance. We found,

however, that for disturbances where a single species bore the brunt

of the disturbance, the traits of that species also affected the out-

come of the disturbance. Specifically, when a species with few in-

teractions was disturbed, the community could withstand a much

larger disturbance before an extinction occured than when a species

with many interactions was disturbed. This is because generalists —

species with many interactions — interacted directly with many other

species in the food web (Symondson et al., 2002; Orlando and Hall,

2015). Disturbance to a generalist therefore may lead to a significant

alteration in biomass of one of these interacting species, due to de-

creased predation or prey resources from the disturbed generalist,

which in turn may lead to secondary extinctions (Quince et al., 2005;

Curtsdotter et al., 2011). Indeed, we found that, although communi-

ties could withstand a smaller decrease in growth rate to a generalist

than a specialist before experiencing an extinction, we also found

that disturbances of generalists tended to cause secondary extinc-

tions, whereas disturbances of specialists tended to cause focal ex-

tinctions. Furthermore, when disturbance of a generalist resulted in

a secondary extinction, the network was far more likely to be stable

post-extinction than if the disturbed species was a specialist. When

a specialist caused a secondary extinction, that species was likely

the only, or one of few, predators or prey the specialist interacted

with. This extinction likely therefore also caused the extinction of the

specialist. In contrast, it is plausible that generalists tended to cause

extinction of species which primarily interacted only with the gen-

eralist. As the generalist interacted with many other species, it was

not strongly impacted by the lost species and neither were any other

species. In a real-world context, this means that if a generalist species

is disturbed, it is likely that secondary extinctions may occur at a

relatively low level of disturbance, but that the network will likely

remain stable without that lost species. In contrast, if a specialist is

disturbed, the network may be able to withstand a larger disturbance

before an extinction, but when one does occur it is likely to be the
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specialist itself which goes extinct. Other studies have also found that

disturbance of generalists caused more secondary extinctions than

disturbance of specialists (Quince et al., 2005; Dunne and Williams,

2009; Curtsdotter et al., 2011), although Montoya et al. (2009) found

that disturbance of specialists has larger net effects on the rest of the

food web than generalists. This result may explain why, when a spe-

cialist caused a secondary extinction, the network was usually not

stable post-extinction.

We found that the trophic level of the disturbed species also affected

the outcome of disturbance; communities were less resistant to distur-

bance of primary producers than top predators. This is likely because

a decrease in growth rate of top predators can have a positive im-

pact on the biomass of their prey due to a release from predation

(Montoya et al., 2009) and this in turn can feed back to bolster the

biomass of the predator, to the extent that, in some cases, we found

that the biomass of the predator actually increased at early stages of

growth rate decrease. This phenomenon has been observed in natural

systems, for example where trapping of wild cat populations actu-

ally led to an increase in wild cat populations (Lazenby et al., 2014).

In contrast, we found that when a primary producer was disturbed,

their growth rate was no longer sufficient to withstand the predation

pressure of those above it, and the species rapidly went extinct. We

found little to no effect of trophic level on whether the disturbance

resulted in a primary or secondary extinction, in contrast to many

empirical studies which find that loss of top predators cause more

secondary extinctions than loss of primary producers (Donohue et al.,

2013; Paine, 1966; Terborgh et al., 2001; Estes et al., 2011). The reason

many of these studies find this result is due to competition between

species, which we have not explicitly accounted for.

Food-web complexity and species’ traits interactively affect a food

web’s response to disturbances. This has implications for conserva-

tion and management of natural systems undergoing press distur-

bances. While harvest of certain species may be more catastrophic

than others, it is also important to maintain the structure of the food

web as a whole in order to maximize resistance. Furthermore, our

results indicate that the same properties which confer stability to

pulse disturbances also confer stability to press disturbances. Further

investigation of which stabilizing structures or mechanisms are most

responsible for this relationship between press and pulse stability

would be beneficial for attempts to maximize resistance by maintain-

ing food-web structure.



Synthesis

In this thesis, we have investigated how network structure and com-

plexity, species’ traits, and disturbance type all relate to community

stability. First we examined the relationship between species’ degree

and mean interaction strength and how this relationship affected

local stability in networks with an exponential degree distribution.

Secondly, we considered how network complexity and species’ traits

affected a food web’s response to a press disturbance. Taken together,

the results of these studies have several implications for the study of

community stability and its applications.

Food-web complexity and structure

We found that food-web structure both affects stability directly and

influences the effect of species with different traits on stability. We

found that, while an exponential degree distribution increases sta-

bility (Arii and Parrott, 2004; Stouffer et al., 2005; Otto et al., 2007;

Dunne and Williams, 2009), this needed to occur in such a way that

species’ interactions were predominantly incoming (from prey) or

outgoing (to predators). That is, very few species with many in-

teractions had both many prey and many predators. Further, the

more numerous type of interaction tended to be weak while inter-

actions of the rare type tended to be strong. While this relationship

between species’ degree and mean interaction strength is stabiliz-

ing, it can only be realized when this structure where species have

predominantly in- or outgoing interactions occurs. Although it has

frequently been assumed that species with many interactions should

have weaker interactions, we have shown that it is not simply the

number of interactions which is important but the number in each di-

rection. To further test the importance of this structure, we randomly

reassigned interaction strengths of each network while maintaining
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the topology. We found that food webs which were initially stable

and thus had this asymmetric link direction structure were more

likely to be stable again after reassignment. This indicates that with-

out this structure the stabilizing relationship between species’ degree

and mean interaction strength cannot occur and the network will not

be stable no matter how interaction strengths are distributed.

We also found that the size and connectance of the network af-

fects stability, not only to pulse disturbances but also to press dis-

turbances. Stability to both disturbances decreased as complex-

ity increased. In highly complex networks, there are many indi-

rect interactions that allow a slight disturbance to any species to

rapidly propagate and destabilize the network (Yodzis, 1988; Menge,

1995; Laska and Wootton, 1998; Wootton, 2002; Montoya et al.,

2005; Stouffer and Bascompte, 2011). At this level of complexity,

resistance to all press disturbances was so low that the traits of

the disturbed species were irrelevant. At lower levels of complex-

ity, however, the more stable a food web was to a pulse distur-

bance, the more stable it was to a press disturbance. This can be

explained by structures of the food web — such as the asymmetric

link structure discussed in the paragraph above — which enhance

stability beyond what is accounted for by size and connectance

(McCann et al., 1998; Allesina and Pascual, 2008; Tylianakis et al.,

2010; Stouffer and Bascompte, 2011; Allesina and Tang, 2012). At high

levels of complexity, food webs had minimal resistance to press dis-

turbances regardless of their resilience or reactivity. It may be that at

higher levels of complexity these stabilizing structures occur less fre-

quently. This would help explain the decrease in stability with com-

plexity. For example, it has been suggested that networks with higher

connectance have a more uniform degree distribution (Dunne et al.,

2002a). If the structural mechanism discussed in “Generalists have

weaker and stronger interactions” indeed influences the stability of

food webs in “Response to press disturbances: Effects of species’ traits and

food-web complexity”, a more uniform degree distribution at higher

connectance levels may prevent the negative relationship between

number and strength of interactions from occurring. This would

contribute to the decrease in stability as connectance increases.

Species’ interactions

The influence of a single species on stability, or the effect on the

network if that species is disturbed, depends on how it interacts
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with other species and on the structure and complexity of the food

web as a whole. A number of studies have shown the importance

of weak interactions for dampening the potential oscillations of

strong interactions (Paine, 1992; Fagan and Hurd, 1994; Wootton,

1997; McCann et al., 1998; Sala and Graham, 2002; Berlow et al., 2004),

and that strong interactions occur on two consecutive levels of a

food chain less often than expected at random (Bascompte et al.,

2005). Thus, it may be that a network structure where species have

predominantly weak interactions in one direction and a few strong

interactions in the other direction ensures that a strong interaction

is usually followed by a weak interaction and that this pattern pre-

vents disturbances from propagating. Equally, this means that if a

neighboring species with whom the focal species interacts strongly is

disturbed, the effect can be buffered by the focal species’ many weak

interactions in the opposite direction.

Species’ traits affected a food web’s response to a press disturbance.

The structure and complexity of the network had a sufficiently large

effect on the food web’s resistance, however, that knowledge of the

disturbed species’ traits was most useful when comparing the effect

of two species from the same food web. While the complexity of a

food web set the baseline of stability to both press and pulse distur-

bances, the traits of the species within the food web affected how

far from that baseline the response to a disturbance fell. How much

a species’ traits influenced stability depended on complexity of the

network however; at high levels of complexity, species’ traits had very

little effect, while at low complexity they had a much greater effect.

Thus the effect of an individual part depended on the structure of the

whole.

Implications for theory and application

“Generalists have weaker and stronger interactions” draws together re-

search on the importance of degree distribution (Dunne et al., 2002a;

Arii and Parrott, 2004; Stouffer et al., 2005; Otto et al., 2007; Estrada,

2007), the distribution of links to predators and prey (Camacho et al.,

2002; Stouffer et al., 2005), distribution of interaction strength, the

importance of weak interactions for dampening strong interactions

(McCann et al., 1998; Bascompte et al., 2005), some empirical support

(O’Gorman et al., 2010) and a 60 year old argument for complexity

enhancing stability (MacArthur, 1955) to show that a long held as-

sumption, while true, only explained part of the story. We believe
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that the finding that stability is influenced not only by the number

and strength of interactions a species has but also the direction of

those interactions gives a greater understanding of stabilizing mecha-

nisms in empirical food webs and will thus enable more empirically

accurate model generation for future research.

Comparison of stability-complexity relationships can be challeng-

ing, as stability can be quantified in a number of different ways

(Grimm and Wissel, 1997; Ives and Carpenter, 2007; Donohue et al.,

2013). In “Response to press disturbances: Effects of species’ traits and

food-web complexity” we directly compared three measures of stability

and included press as well as pulse disturbances. We found that all

measures of stability showed the same relationship with complexity

and, moreover, that food webs most stable to pulse disturbances were

also most stable to press disturbances. This indicates that studies of

food-web stability to pulse disturbances and the stabilizing mecha-

nisms which increase stability — such as that which we investigated

in “Generalists have weaker and stronger interactions” — may also be

relevant to press disturbances, at least at a level of network realism

employed here.

In a real-world context, our results show that it is important to con-

sider species, not only for their intrinsic traits, but also how they

interact with and relate to the community as a whole. Some species

likely form more crucial elements of the community’s stability than

others, but this also depends on the properties of the food web in

which we find them (Power et al., 1996; Ebenman and Jonsson, 2005;

Valls et al., 2015). These species may need greater protection for the

sake of the whole community than some other species. For example,

we found that food webs are least resistant to the disturbance of gen-

eralists, and that they tend to cause secondary extinctions when dis-

turbed. Perhaps this is because generalists tend to have many weak

interactions, and these interactions are known to be important for

stability (McCann et al., 1998). Although generalists interact directly

with many species, their influence on stability may be less a result

of these direct interactions, and more a result of their contribution

to a stable structure for the food web due to their weak interactions.

To manage and conserve ecological communities subject to a variety

of disturbances, perhaps we need to shift our focus to the protection

and maintenance of those species and interactions which contribute

the most to a stable network structure.
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Future directions

There are a number of directions in which one could continue this

research to draw a fuller picture of how species’ interactions and

network structure affect food-web stability to different disturbance

types. For example, in both projects we only considered the impact

of species’ interactions in one direction; either the effect of the focal

species on other species or the effect of other species on the focal

species. Similarly there are a number of ways in which our simulated

networks and disturbances were simplified relative to reality in or-

der to make them mathematically tractable. Further studies using

more realistic options may give a more accurate picture of how nat-

ural food webs may respond to disturbances. Finally, many of these

threads of research were initially sparked by observation or experi-

mentation of natural systems. To fully understand the implications

of the studies presented here for natural systems, they should be

investigated empirically.

In “Generalists have weaker and stronger interactions”, we only consid-

ered the effect of interacting species on the focal species. The next

step would be to extend this to examine how the focal species affects

other species; i.e., do species with many interactions have weaker im-

pacts on those species they interact with? We would not necessarily

expect to observe the same relationship as we have when looking at

how other species affect the focal species, as it has been shown in a

number of cases that species can have strong effects on many species

in the community, for example keystone or dominant species (Paine,

1992; Ebenman and Jonsson, 2005). This would also enable us to draw

stronger inference about our perturbations experiment and why food

webs are least resistant to the disturbance of generalists. In the case

where the generalist is being disturbed it would be more informa-

tive to know the effect of generalist on other species and not only the

effect of other species on the generalist.

In “Response to press disturbances: Effects of species’ traits and food-web

complexity”, we considered how the traits of a disturbed species can

affect the community’s response to a disturbance. It would also be in-

formative to study what traits make a species more or less vulnerable

to a disturbance. For example, do specialists go secondarily extinct

more frequently than generalists? Do secondarily extinct species usu-

ally have the same relationship (i.e., as prey or directly interacting)

with the focal species? Frequently conservation and management is

more interested in protecting a particular charismatic species rather
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than determining the effect on the rest of the food web if a particular

species is disturbed. While our current studies give us information

about the latter, this proposed study would give important informa-

tion about the former.

In order to obtain enough food webs to replicate across a wide range

of size and connectance values, we have simulated networks. Al-

though we have endeavored to make these as realistic as possible, by

using the niche model (Williams and Martinez, 2000) and imposing

a predator-prey interaction structure (Allesina and Pascual, 2008),

there are still many elements of real networks which we will not have

captured and will likely influence stability (James et al., 2015). For

example, the level of accuracy in estimating interaction strengths is

known to have a significant effect on stability (Novak et al., 2011) and

we have set all our interaction strengths at random. We have hypoth-

esized that the reason food webs most stable to pulse disturbances

are also most stable to press disturbances may have to do with sta-

bilizing features and structures of the food web, such as that which

we observe in “Generalists have weaker and stronger interactions”. In

this case it may be that more realistic food webs may show a different

relationship between stability to press and pulse disturbances than

that which we observe here.

Similarly, to simplify our study of press disturbances, we only con-

sidered the effect of press disturbances on a single species at a time.

In reality, these disturbances usually affect multiple species. While

choosing which species to impact together, and by how much, to real-

istically investigate this would be a considerable challenge, it would

give a more accurate understanding of how these disturbances would

actually affect communities.

There has been at least one empirical study of the strength of species’

interactions relative to the number of interactions (O’Gorman et al.,

2010). To determine how common this pattern actually is in natural

communities, however, further studies would be useful. In particular,

these studies should also consider the number and direction of inter-

actions, to determine whether the pattern of few strong and many

weak interactions which we observe in “Generalists have weaker and

stronger interactions” holds in natural communities.

While there are many empirical studies of the effect of press distur-

bances on communities, these tend to focus on disturbances which

affect the community as a whole (such as a change in temperature)

or focus on a species’ removal (Zeng et al., 1997; Buonopane et al.,
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2005; Guido and Pillar, 2015). These removal experiments, however,

usually remove only one or a few species in the food web and do not

compare the effect of removing one species compared to another. We

found that the effect of species’ traits on food-web resistance depends

on the properties of the community and that this can occur without

complete removal of the disturbed species. Experimental studies

comparing the effect of decreasing the growth rate of a primary pro-

ducer compared to a top predator — or a generalist compared to a

specialist — within the same food web would give insight into the

applicability of our results to natural communities.

Conclusions

While there is a wealth of research on the themes of community sta-

bility, network complexity and structure, species traits, disturbance

types and how they all relate to each other, there are still a number of

gaps in our knowledge. Here we have found that when these themes

are brought together and studied directly they some times interact in

surprising ways which could not be anticipated accurately by study-

ing each theme in isolation. The relationship between species’ degree

and interaction strength are important for stability, but only when

combined in an asymmetric structure which prevents the propaga-

tion of disturbances. Species’ traits affect a food web’s response to a

disturbance, but only relative to the baseline set by the structure of

the network, and the complexity of the network can make species’

traits irrelevant. While there are still many studies to complete the

reconciliation of these themes, the research presented here reveals

some valuable insights into the stability of communities to different

disturbance types and how this is influenced by the properties of the

networks and species involved.





Bibliography

Abrams, P. A. (1992). Predators that Benefit Prey and Prey that

Harm Predators: Unusual Effects of Interacting Foraging Adapta-

tion. The American Naturalist, 140(4):573–600.

Allesina, S. and Pascual, M. (2008). Network structure, predator-

prey modules, and stability in large food webs. Theoretical Ecology,

1:55–64.

Allesina, S. and Tang, S. (2012). Stability criteria for complex ecosys-

tems. Nature, 483(7388):205–208.

Anderson, S. H., Kelly, D., Ladley, J. J., Molloy, S., and Terry, J.

(2011). Cascading Effects of Bird Functional Extinction Reduce

Pollination and Plant Density. Science, 331:1068–1071.

Arii, K. and Parrott, L. (2004). Emergence of non-random structure

in local food webs generated from randomly structured regional

webs. Journal of Theoretical Biology, 227(3):327–333.

Barabási, A.-L. and Albert, R. (1999). Emergence of Scaling in Ran-

dom Networks. Science, 286(5439):509–512.

Bascompte, J., Jordano, P., Melián, C. J., and Olesen, J. M. (2003).

The nested assembly of plant-animal mutualistic networks. Proceed-

ings of the National Academy of Sciences, 100(16):9383–9387.

Bascompte, J., Melián, C. J., and Sala, E. (2005). Interaction strength

combinations and the overfishing of a marine food web. Proceedings

of the National Academy of Sciences, 102(15):5443–5447.

Begon, M., Townsend, C. R., and Harper, J. L. (2006). Ecology: from

individuals to ecosystems. Blackwell Oxford.

Bender, E. A., Case, T. J., and Gilpin, M. E. (1984). Perturbation

Experiments in Community Ecology: Theory and Practice. Ecology,

65(1):1–13.



58

Benoît, H. P. and Swain, D. P. (2008). Impacts of environmental

change and direct and indirect harvesting effects on the dynamics

of a marine fish community. Canadian Journal of Fisheries and Aquatic

Sciences, 65(10):2088–2104.

Berlow, E. (1999). Strong effects of weak interactions in ecological

communities. Nature, 398:330–334.

Berlow, E. L., Neutel, A.-M., Cohen, J. E., De Ruiter, P. C., Emmer-

son, M., Fox, J. W., Jansen, V. A. A., Jones, J. I., Kokkoris, G. D.,

Logofet, D. O., Mckane, A. J., Montoya, J. M., and Petchey, O. (2004).

Interaction Strength in Food Webs : Issues and Opportunities. Jour-

nal of Animal Ecology, 73(3):585–598.

Bernays, E. A., Singer, M. S., and Rodrigues, D. (2004). Foraging

in nature: foraging efficiency and attentiveness in caterpillars with

different diet breadths. Ecological Entomology, 29(4):389–397.

Borrelli, J. J. (2015). Selection against instability: stable subgraphs

are most frequent in empirical food webs. Oikos.

Borrelli, J. J. and Ginzburg, L. R. (2014). Why there are so few

trophic levels: Selection against instability explains the pattern.

Food Webs, 1:10–17.

Borrvall, C., Ebenman, B., and Jonsson, T. (2000). Biodiversity

lessens the risk of cascading extinctions in model food webs. Ecology

Letters, 3:131–136.

Brose, U. (2010). Improving nature conservancy strategies by ecolog-

ical network theory. Basic and Applied Ecology, 11(1):1–5.

Buonopane, M., Huenneke, L. F., and Remmenga, M. (2005). Com-

munity response to removals of plant functional groups andspecies

from a Chihuahuan Desert shrubland. Oikos, 110(December

2004):67–80.

Camacho, J., Guimerà, R., and Nunes Amaral, L. A. (2002). Ro-

bust Patterns in Food Web Structure. Physical Review Letters,

88(22):228102.

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings,

C., Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. a.,

Kinzig, A. P., Daily, G. C., Loreau, M., Grace, J. B., Larigauderie, A.,

Srivastava, D. S., and Naeem, S. (2012). Biodiversity loss and its

impact on humanity. Nature, 486(7401):59–67.

Caswell, H. and Neubert, M. G. (2005). Reactivity and transient

dynamics of discrete-time ecological systems. Journal of Difference

Equations and Applications, 11(4-5):295–310.



59

Chen, X. and Cohen, J. E. (2001). Transient dynamics and food-web

complexity in the Lotka-Volterra cascade model. Proceedings of the

Royal Society B: Biological Sciences, 268(1469):869–877.

Conrad, M. (1972). Stability of foodwebs and its relation to species

diversity. Journal of Theoretical Biology, 34(2):325–335.

Courchamp, F., Langlais, M., and Sugihara, G. (1999). Cats pro-

tecting birds: modelling the mesopredator release effect. Journal of

Animal Ecology, 68(2):282–292.

Curtsdotter, A., Binzer, A., Brose, U., de Castro, F., Ebenman, B., Ek-

löf, A., Riede, J. O., Thierry, A., and Rall, B. C. (2011). Robustness

to secondary extinctions: Comparing trait-based sequential dele-

tions in static and dynamic food webs. Basic and Applied Ecology,

12(7):571–580.

Dale, V. H. (1991). Revegetation of Mount St Helens debris

avalanche 10 years post eruption. National Geographic Research &

Exploration, 7(3):328–341.

Daskalov, G. M. (2002). Overfishing drives a trophic cascade in the

Black Sea. Marine Ecology Progress Series, 225:53–63.

de Ruiter, P. C., Neutel, A.-M., and Moore, J. C. (1995). Energetics,

Patterns of Interaction Strengths, and Stability in Real Ecosystems.

Science, 269(5228):1257–1260.

Dehling, D. M., Fritz, S. a., Töpfer, T., Päckert, M., Estler, P.,

Böhning-Gaese, K., and Schleuning, M. (2014). Functional and

phylogenetic diversity and assemblage structure of frugivorous

birds along an elevational gradient in the tropical Andes. Ecography,

37:1047–1055.

Digel, C., Riede, J. O., and Brose, U. (2011). Body sizes, cumulative

and allometric degree distributions across natural food webs. Oikos,

120(4):503–509.

Donohue, I., Petchey, O. L., Montoya, J. M., Jackson, A. L., McNally,

L., Viana, M., Healy, K., Lurgi, M., O’Connor, N. E., and Emmerson,

M. C. (2013). On the dimensionality of ecological stability. Ecology

Letters, 16(4):421–429.

Dunne, J. A. (2006). The network structure of food webs. In Pascual,

M. and Dunne, J. A., editors, Ecological Networks: Linking Structure to

Dynamics in Food Webs, pages 27–86. Oxford University Press.

Dunne, J. A. and Williams, R. J. (2009). Cascading extinctions and

community collapse in model food webs. Philosophical Transactions of

the Royal Society B: Biological Sciences, 364(1524):1711–1723.



60

Dunne, J. A., Williams, R. J., and Martinez, N. D. (2002a). Food-web

structure and network theory: The role of connectance and size.

Proceedings of the National Academy of Sciences, 99(20):12917–12922.

Dunne, J. A., Williams, R. J., and Martinez, N. D. (2002b). Network

structure and biodiversity loss in food webs: robustness increases

with connectance. Ecology Letters, 5(4):558–567.

Ebenman, B. (2011). Response of ecosystems to realistic extinction

sequences. The Journal of Animal Ecology, 80(2):307–309.

Ebenman, B. and Jonsson, T. (2005). Using community viability

analysis to identify fragile systems and keystone species. Trends in

Ecology and Evolution, 20(10):568–75.

Ebenman, B., Law, R., and Borrvall, C. (2004). Community viability

analysis: The response of ecological communities to species loss.

Ecology, 85(9):2591–2600.

Eklöf, A. and Ebenman, B. (2006). Species loss and secondary extinc-

tions in simple and complex model communities. Journal of Animal

Ecology, 75(1):239–246.

Elmhagen, B. and Rushton, S. P. (2007). Trophic control of meso-

predators in terrestrial ecosystems: top-down or bottom-up? Ecology

Letters, 10(3):197–206.

Elton, C. S. (1958). The Ecology of Invasions by Animals and Plants.

Chapman & Hall, London.

Emmerson, M. and Yearsley, J. M. (2004). Weak interactions, om-

nivory and emergent food-web properties. Proceedings of the Royal

Society B: Biological Sciences, 271(1537):397–405.

Estes, J. A. and Palmisano, J. F. (1974). Sea Otters: Their Role in

Structuring Nearshore Communities. Science, 185(4156):1058–1060.

Estes, J. a., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J.,

Bond, W. J., Carpenter, S. R., Essington, T. E., Holt, R. D., Jackson,

J. B. C., Marquis, R. J., Oksanen, L., Oksanen, T., Paine, R. T., Pik-

itch, E. K., Ripple, W. J., Sandin, S. a., Scheffer, M., Schoener, T. W.,

Shurin, J. B., Sinclair, A. R. E., Soulé, M. E., Virtanen, R., and War-

dle, D. a. (2011). Trophic Downgrading of Planet Earth. Science,

333(6040):301–6.

Estrada, E. (2007). Food webs robustness to biodiversity loss: the

roles of connectance, expansibility and degree distribution. Journal

of Theoretical Biology, 244(2):296–307.



61

Fagan, W. F. and Hurd, L. E. (1994). Hatch density variation of a

generalist arthropod predator: population consequenes and commu-

nity impact. Ecology, 75(7):2022–2032.

Faraway, J. J. (2005). Extending the linear model with R: Generalized

Linear, Mixed Effects, and Nonparametric Regression Models. Chapman

& Hall/CRC Press.

Fukami, T. and Nakajima, M. (2011). Community assembly: alter-

native stable states or alternative transient states? Ecology Letters,

14(10):973–84.

Gardner, M. and Ashby, W. (1970). Connectance of Large Dy-

namic (Cybernetic) Systems: Critical Values for Stability. Nature,

228(21):784.

Gellner, G. and McCann, K. (2012). Reconciling the Omnivory-

Stability Debate. The American Naturalist, 179(1):22–37.

Gilbert, A. J. (2009). Connectance indicates the robustness of food

webs when subjected to species loss. Ecological Indicators, 9(1):72–80.

Glasby, T. and Underwood, A. (1996). Sampling to differentiate

between pulse and press perturbations. Environmental Monitoring

and Assessment, 42:241–252.

Gornish, E. S. and Tylianakis, J. M. (2013). Community shifts under

climate change: Mechanisms at multiple scales. American Journal of

Botany, 100(7):1422–34.

Graham, S. L., Hunt, J. E., Millard, P., McSeveny, T., Tylianakis, J. M.,

and Whitehead, D. (2014). Effects of Soil Warming and Nitrogen

Addition on Soil Respiration in a New Zealand Tussock Grassland.

PLOS ONE, 9(3):e91204.

Gravel, D., Canard, E., Guichard, F., and Mouquet, N. (2011). Per-

sistence Increases with Diversity and Connectance in Trophic Meta-

communities. PLOS ONE, 6(5):e19374.

Grimm, V. and Wissel, C. (1997). Babel, or the ecological stability

discussions: an inventory and analysis of terminology and a guide

for avoiding confusion. Oecologia, 109(3):323–334.

Guido, A. and Pillar, V. D. (2015). Are removal experiments effective

tools for assessing plant community resistance and recovery from

invasion? Journal of Vegetation Science, 26(3):608–613.

Gunderson, L. (2000). Ecological Resilience–in Theory and Applica-

tion. Annual Review of Ecology and Systematics, 31:425–439.



62

Gunzburger, M. S. and Travis, J. (2004). Evaluating predation pres-

sure on green treefrog larvae across a habitat gradient. Oecologia,

140(3):422–9.

Haydon, D. (1994). Pivotal Assumptions Determining the Relation-

ship between Stability and Complexity: an Analytical Synthesis of

the Stability-Complexity Debate. The American Naturalist, 144(1):14–

29.

Holling, C. (1973). Resilience and stability of ecological systems.

Annual Review of Ecology and Systematics, 4:1–23.

Holyoak, M. and Sachdev, S. (1998). Omnivory and the stability of

simple food webs. Oecologia, 117:413–419.

Houseman, G. R., Mittelbach, G. G., Reynolds, H. L., and Gross,

K. L. (2008). Perturbations alter community convergence, di-

vergence, and formation of multiple community states. Ecology,

89(8):2172–2180.

IPCC (2014). Climate Change 2014: Synthesis Report. Contribution

of Working Groups I, II and III to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change. IPCC, Geneva, Switzer.

Ives, A. R. (1995). Measuring Resilience in Stochastic Systems. Eco-

logical Monographs, 65(2):217–233.

Ives, A. R. and Cardinale, B. J. (2004). Food-web interactions govern

the resistance of communities after non-random extinctions. Nature,

429:174–177.

Ives, A. R. and Carpenter, S. R. (2007). Stability and Diversity of

Ecosystems. Science, 317(5834):58–62.

Jackson, J. B., Kirby, M. X., Berger, W. H., Bjorndal, K. a., Botsford,

L. W., Bourque, B. J., Bradbury, R. H., Cooke, R., Erlandson, J., Estes,

J. a., Hughes, T. P., Kidwell, S., Lange, C. B., Lenihan, H. S., Pandolfi,

J. M., Peterson, C. H., Steneck, R. S., Tegner, M. J., and Warner, R. R.

(2001). Historical Overfishing and the Recent Collapse of Coastal

Ecosystems. Science, 293(5530):629–37.

James, A., Pitchford, J. W., and Plank, M. J. (2012). Disentan-

gling nestedness from models of ecological complexity. Nature,

487(7406):227–230.

James, A., Plank, M. J., Rossberg, A. G., Beecham, J., Emmerson,

M., and Pitchford, J. W. (2015). Constructing Random Matrices to

Represent Real Ecosystems. The American Naturalist, 185(5):000–000.



63

Kondoh, M. (2003). Foraging Adaptation and the Relationship be-

tween Food-Web Complexity and Stability. Science, 299(5611):1388–

91.

Lake, P. S. (2013). Resistance, Resilience and Restoration. Ecological

Management & Restoration, 14(1):20–24.

Laska, M. and Wootton, J. (1998). Theoretical Concepts and Em-

pirical Approaches to Measuring Interaction Strength. Ecology,

79(2):461–476.

Lazenby, B. T. ., Mooney, N. J. ., and Dickman, C. R. (2014). Effects

of low-level culling of feral cats in open populations : a case study

from the forests of southern Tasmania. Wildlife Research, 41:407–420.

Levine, S. (1980). Several Measures of Trophic Structure Applicable

to Complex Food Webs. Journal of Theoretical Biology, 83:195–207.

Lewontin, R. C. (1969). The meaning of stability. Brookhaven symposia

in biology, 22:13–24.

Loreau, M., Mouquet, N., and Gonzalez, A. (2003). Biodiversity as

spatial insurance in heterogeneous landscapes. Proceedings of the

National Academy of Sciences, 100(22):12765–70.

MacArthur, R. (1955). Fluctuations of Animal Populations and a

Measure of Community Stability. Ecology, 36(3):533–536.

May, R. (1972). Will a Large Complex System be Stable? Nature,

238:413–414.

McCann, K. and Hastings, A. (1997). Re-evaluating the omnivory-

stability relationship in food webs. Proceedings of the Royal Society B:

Biological Sciences, 264(1385):1249–1254.

McCann, K., Hastings, A., and Huxel, G. (1998). Weak trophic

interactions and the balance of nature. Nature, 395(October):794–798.

McCann, K. S. (2000). The diversity-stability debate. Nature,

405(6783):228–233.

Menge, B. A. (1995). Indirect Effects in Marine Rocky Intertidal

Interaction Webs : Patterns and Importance. Ecological Monographs,

65(1):21–74.

Millenium Ecosystem Assessment (2005). Ecosystems and Human

Well-Being: Biodiversity Synthesis. World Resources Institute, Wash-

ington, DC.

Miller, T., Kneitel, J., and Burns, J. (2002). Effect of community

structure on invasion success and rate. Ecology, 83(4):898–905.



64

Montoya, J., Emmerson, M., Solé, R., and Woodward, G. (2005). Per-

turbations and indirect effects in complex food webs. In de Ruiter,

P. C., Wolters, V., and Moore, J. C., editors, Dynamic Food Webs: Mul-

tispecies assemblages, ecosystem development, and environmental change,

pages 369–380. Academic Press.

Montoya, J. and Solé, R. (2003). Topological Properties of Food

Webs: From Real Data to Community Assembly Models. Oikos,

102(3):614–622.

Montoya, J. M., Pimm, S. L., and Solé, R. V. (2006). Ecological net-

works and their fragility. Nature, 442(7100):259–64.

Montoya, J. M. and Sol, R. V. (2002). Small World Patterns in Food

Webs. Journal of Theoretical Biology, 214(3):405–412.

Montoya, J. M., Woodward, G., Emmerson, M. C., and Solé, R. V.

(2009). Press perturbations and indirect effects in real food webs.

Ecology, 90(9):2426–2433.

Mougi, A. and Kondoh, M. (2012). Diversity of Interaction Types

and Ecological Community Stability. Science, 337(6092):349–351.

Mouillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R.,

Harmelin-Vivien, M., Kulbicki, M., Lavergne, S., Lavorel, S., Mou-

quet, N., Paine, C. E. T., Renaud, J., and Thuiller, W. (2013). Rare

species support vulnerable functions in high-diversity ecosystems.

PLOS Biology, 11(5):e1001569.

Murdoch, W. W. (1975). Diversity, Complexity, Stability and Pest

control. Journal of Applied Ecology, 12(3):795–807.

Nakagawa, S. and Schielzeth, H. (2013). A general and simple

method for obtaining R2 from generalized linear mixed-effects

models. Methods in Ecology and Evolution, 4(2):133–142.

Neubert, M. and Caswell, H. (1997). Alternatives to Resilience for

Measuring the Responses of Ecological Systems to Perturbations.

Ecology, 78(3):653–665.

Neubert, M., Caswell, H., and Solow, A. (2009). Detecting reactivity.

Ecology, 90(10):2683–2688.

Neubert, M. G., Klanjscek, T., and Caswell, H. (2004). Reactivity

and transient dynamics of predator-prey and food web models.

Ecological Modelling, 179(1):29–38.

Neutel, A.-M., Heesterbeek, J. a. P., and De Ruiter, P. C. (2002).

Stability in Real Food Webs: Weak Links in Long Loops. Science,

296(5570):1120–3.



65

Neutel, A.-M., Heesterbeek, J. a. P., van de Koppel, J., Hoender-

boom, G., Vos, A., Kaldeway, C., Berendse, F., and de Ruiter, P. C.

(2007). Reconciling complexity with stability in naturally assembling

food webs. Nature, 449(7162):599–602.

Novak, M., Wootton, J. T., Doak, D. F., Emmerson, M., Estes, J. A.,

and Tinker, M. T. (2011). Predicting community responses to pertur-

bations in the face of imperfect knowledge and network complexity.

Ecology, 92(4):836–846.

Odum, E. P. (1953). Fundamentals of Ecology. Saunders, Philadelphia.

O’Gorman, E. J., Jacob, U., Jonsson, T., and Emmerson, M. C. (2010).

Interaction strength, food web topology and the relative importance

of species in food webs. Journal of Animal Ecology, 79(3):682–92.

Olito, C. and Fox, J. W. (2015). Species traits and abundances predict

metrics of plant-pollinator network structure, but not pairwise

interactions. Oikos, 124(4):428–436.

Orlando, P. a. and Hall, S. R. (2015). How do generalist consumers

coexist over evolutionary time? An explanation with nutrition and

tradeoffs. Theoretical Ecology.

Otto, S. B., Rall, B. C., and Brose, U. (2007). Allometric degree

distributions facilitate food-web stability. Nature, 450(7173):1226–

1229.

Paine, R. (1966). Food Web Complexity and Species Diversity. The

American Naturalist, 100(910):65–75.

Paine, R. T. (1992). Food-web analysis through field measurement of

per capita interaction strength. Nature, 355(6355):73–75.

Parker, S. M. and Huryn, A. D. (2006). Food web structure and

function in two arctic streams with contrasting disturbance regimes.

Freshwater Biology, 51(7):1249–1263.

Parkyn, S. M. and Collier, K. J. (2004). Interaction of press and pulse

disturbance on crayfish populations: flood impacts in pasture and

forest streams. Hydrobiologia, 527(1):113–124.

Paterson, G., Whittle, D. M., Drouillard, K. G., and Haffner, G. D.

(2009). Declining lake trout (Salvelinus namaycush) energy den-

sity: are there too many salmonid predators in the Great Lakes?

Canadian Journal of Fisheries and Aquatic Sciences, 66(6):919–932.

Peralta, G., Frost, C. M., Rand, T. A., Didham, R. K., and Tylianakis,

J. M. (2014). Complementarity and redundancy of interactions



66

enhance attack rates and spatial stability in host-parasitoid food

webs. Ecology, 95(7):1888–1896.

Pereira, H. M., Leadley, P. W., Proença, V., Alkemade, R., Scharle-

mann, J. P. W., Fernandez-Manjarrés, J. F., Araújo, M. B., Balvanera,

P., Biggs, R., Cheung, W. W. L., Chini, L., Cooper, H. D., Gilman,

E. L., Guénette, S., Hurtt, G. C., Huntington, H. P., Mace, G. M.,

Oberdorff, T., Revenga, C., Rodrigues, P., Scholes, R. J., Sumaila,

U. R., and Walpole, M. (2010). Scenarios for Global Biodiversity in

the 21st Century. Science, 330(6010):1496–1501.

Pimm, S. (1984). The complexity and stability of ecosystems. Nature,

307:321–326.

Pimm, S. and Lawton, J. (1978). On feeding on more than one

trophic level. Nature, 275:542–544.

Pimm, S. L. and Lawton, J. H. (1977). Number of trophic levels in

ecological communities. Nature, 268:330–331.

Pinnegar, J. K., Blanchard, J. L., Mackinson, S., Scott, R. D., and

Duplisea, D. E. (2005). Aggregation and removal of weak-links in

food-web models: system stability and recovery from disturbance.

Ecological Modelling, 184(2-4):229–248.

Power, M. E., Tilman, D., Estes, J. a., Menge, B. a., Bond, W. J., Mills,

S., Daily, G., Castilla, J. C., Lubchenco, J., and Paine, R. T. (1996).

Challenges Quest for Keystones. Bioscience, 46(8):609–620.

Quince, C., Higgs, P., and McKane, A. (2005). Deleting species from

model food webs. Oikos, 110:283–296.

Rader, R., Bartomeus, I., Tylianakis, J. M., and Laliberté, E. (2014).

The winners and losers of land use intensification: pollinator com-

munity disassembly is non-random and alters functional diversity.

Diversity and Distributions, 20(8):908–917.

Rodriguez-Girones, M. a. (2012). Possible top-down control of

solitary bee populations by ambush predators. Behavioral Ecology,

23(3):559–565.

Rooney, N. and McCann, K. S. (2012). Integrating food web diver-

sity, structure and stability. Trends in Ecology and Evolution, 27(1):40–

6.

Sahasrabudhe, S. and Motter, A. E. (2011). Rescuing ecosystems

from extinction cascades through compensatory perturbations. Na-

ture Communications, 2(1):170.



67

Sala, E. and Graham, M. H. (2002). Community-wide distribution of

predator-prey interaction strength in kelp forests. Proceedings of the

National Academy of Sciences, 99(6):3678–3683.

Sánchez-Carmona, R., Rodríguez-Ruiz, A., Encina, L., Granado-

Lorencio, C., and Rodríguez-Sánchez, M. V. (2013). Network struc-

ture of food webs in Mediterranean streams: a tool for conservation.

Fundamental and Applied Limnology, 183(3):215–221.

Säterberg, T., Sellman, S., and Ebenman, B. (2013). High frequency

of functional extinctions in ecological networks. Nature, 499:468–470.

Sharp, G. J. and Pringle, J. D. (1990). Ecological impact of marine

plant harvesting in the northwest Atlantic: a review. Hydrobiologia,

204-205(1):17–24.

Staniczenko, P. P. a., Lewis, O. T., Jones, N. S., and Reed-Tsochas, F.

(2010). Structural dynamics and robustness of food webs. Ecology

Letters, 13(7):891–899.

Stouffer, D., Camacho, J., Guimera, R., A., N. C., and Nunes Amaral,

L. A. (2005). Quantitative patterns in the structure of model and

empirical food webs. Ecology, 86(5):1301–1311.

Stouffer, D. B. and Bascompte, J. (2010). Understanding food-web

persistence from local to global scales. Ecology Letters, 13(2):154–161.

Stouffer, D. B. and Bascompte, J. (2011). Compartmentalization

increases food-web persistence. Proceedings of the National Academy of

Sciences, 108(9):3648–3652.

Swift, M. C. (2002). Stream ecosystem response to, and recovery

from, experimental exposure to selenium. Journal of Aquatic Ecosys-

tem Stress and Recovery, 9:159–184.

Symondson, W., Sunderland, K., and Greenstone, M. (2002). Can

Generalist Predators be Effective Biocontrol Agents? Annual Review

of Entomology, 47:561–594.

Takimoto, G., Post, D. M., Spiller, D. a., and Holt, R. D. (2012). Ef-

fects of productivity, disturbance, and ecosystem size on food-chain

length: insights from a metacommunity model of intraguild preda-

tion. Ecological Research, 27(3):481–493.

Tanabe, K. and Namba, T. (2005). Omnivory Creates Chaos in

Simple Food Web Models. Ecology, 86(12):3411–3414.

Tang, S. and Allesina, S. (2014). Reactivity and stability of large

ecosystems. Frontiers in Ecology and Evolution, 2:1–8.



68

Terborgh, J., Lopez, L., Nunez, P., and Rao, M. (2001). Ecological

meltdown in predator-free forest fragments. Science, 294:1923–1926.

Terraube, J., Arroyo, B., Madders, M., and Mougeot, F. (2011). Diet

specialisation and foraging efficiency under fluctuating vole abun-

dance: a comparison between generalist and specialist avian preda-

tors. Oikos, 120(2):234–244.

Thébault, E. and Fontaine, C. (2010). Stability of ecological com-

munities and the architecture of mutualistic and trophic networks.

Science, 329(5993):853–856.

Tilman, D. and Downing, J. (1994). Biodiversity and stability in

grasslands. Nature, 367:363–365.

Tylianakis, J. M., Laliberté, E., Nielsen, A., and Bascompte, J. (2010).

Conservation of species interaction networks. Biological Conservation,

143(10):2270–2279.

Vallina, S. M. and Le Quéré, C. (2011). Stability of complex food

webs: Resilience, resistance and the average interaction strength.

Journal of Theoretical Biology, 272(1):160–173.

Valls, A., Coll, M., and Christensen, V. (2015). Keystone species:

toward an operational concept for marine biodiversity conservation.

Ecological Monographs, 85(1):29–47.

Williams, R. J. (2008). Effects of network and dynamical model struc-

ture on species persistence in large model food webs. Theoretical

Ecology, 1(3):141–151.

Williams, R. J. and Martinez, N. D. (2000). Simple rules yield com-

plex food webs. Nature, 404(6774):180–183.

Williams, R. J. and Martinez, N. D. (2008). Success and its limits

among structural models of complex food webs. Journal of Animal

Ecology, 77(3):512–519.

Wootton, J. (1997). Estimates and Tests of Per Capita Interaction

Strength: Diet, Abundance, and Impact of Intertidally Foraging

Birds. Ecological Monographs, 67(1):45–64.

Wootton, J. (2002). Indirect effects in complex ecosystems: recent

progress and future challenges. Journal of Sea Research, 48(2):157–172.

Wootton, J. T. and Emmerson, M. (2005). Measurement of Interac-

tion Strength in Nature. Annual Review of Ecology, Evolution, and

Systematics, 36(1):419–444.



69

Worm, B. and Duffy, J. (2003). Biodiversity, productivity and stabil-

ity in real food webs. Trends in Ecology and Evolution, 18(12):628–632.

Yamada, S. B. and Boulding, E. G. (1998). Claw morphology, prey

size selection and foraging efficiency in generalist and specialist

shell-breaking crabs. Journal of Experimental Marine Biology and

Ecology, 220(2):191–211.

Yodzis, P. (1981). The stability of real ecosystems. Nature, 289:674–

676.

Yodzis, P. (1988). The Indeterminacy of Ecological Interactions as

Perceived Through Perturbation Experiments. Ecology, 69(2):508–

515.

Zavaleta, E. S., Hobbs, R. J., and Mooney, H. a. (2001). Viewing

invasive species removal in a whole-ecosystem context. Trends in

Ecology and Evolution, 16(8):454–459.

Zeng, Z., Luo, M., Yang, Y., Liang, J., Xie, R., Deng, X., Ding, W., and

Song, Z. (1997). Experimental manipulations of a cropland rodent

community in the western Sichuan Plain: dominant species removal.

Acta Theriologica Sinica, 17(3):189–196.





Acknowledgements

First and foremost I need to thank my senior supervisor Daniel Stouf-

fer. I never would have attempted a project of such computational

and mathematical intensity without his encouragement. His knack

of dumping me in the deep end with just enough of a lifeline to have

some idea of where to begin ensured that my brain was well exer-

cised, but I always had somewhere to turn if I was completely stuck.

His door was always open and he was always ready to help me think

something through or provide advice.

Thank you also to my secondary supervisor Angus McIntosh. An-

gus’s support and mentorship played a large part in my decision to

pursue ecology and to enrol in a biological modelling course as an

undergraduate, which ultimately lead to my interest in theoretical

ecology. His continued support and mentorship has been of great

value during my MSc.

I am extremely grateful to Nick Baker and Alyssa Cirtwill who al-

ways took the time to answer my questions, no matter how basic, and

explain them clearly and cafefully to me. I was a complete novice

to programming when I began my MSc two years ago, and without

their support and Daniel’s, I would have never have even attempted

what I have accomplished in that time.

Steve Gourdie and Stinus Lindgreen, thank you for your patience

when I crashed or nearly crashed the Biology Cluster!

Thank you to my lab mates Alyssa Cirtwill, Camille Coux, Guilio

Dalla Riva, Nick Baker, Marilia Gaiarsa, Fernando Cagua, Bernat

Bramon and Katie Bowron for thoughts, advice, manuscript revisions,

support, encouragement and coffee breaks. Thanks also to Carla

Gomez Creutzberg, Melissa Broussard, Johanna Voinopol-Sassu,



72

Michelle Lambert, Karen Adair, Nixie Boddy and Sophie Hunt for

comments on the manuscript.

Thank you to Sam Stephenson and my family for love, support, pa-

tience, encouragement and putting up with my (occasional) stressed

and grumpy state!

I am very grateful to my sources of funding: I was funded by a Uni-

versity of Canterbury Master’s Scholarship, a William Georgetti

Scholarship, a Freemason’s University Scholarship, a Sadie Balkind

Scholarship, administered by the Canterbury Branch of the New

Zealand Federation of Graduate Women, a University of Canterbury

Summer Research Scholarship, a University of Canterbury Alumni

Association Scholarship and a University of Canterbury Senior Schol-

arship. The Canterbury Branch of the New Zealand Federation of

Graduate Women and the Canterbury Branch of the Royal Society

of New Zealand provided funding to travel to the 2014 Ecological

Society of America Annual Meeting. I am thankful to the BlueFern

University of Canterbury Super Computer for computing facilities.


	Abstract
	Introduction
	The complexity-stability debate
	The importance of food webs and their species
	Degree distribution and weak interactions
	Press disturbances and stability
	Species traits
	Aims and hypotheses

	Generalists have weaker and stronger interactions
	Abstract
	Introduction
	Methods
	Results
	Discussion

	Response to press disturbances: Effects of species' traits and food-web complexity
	Abstract
	Introduction
	Methods
	Results
	Discussion

	Synthesis
	Food-web complexity and structure
	Species' interactions
	Implications for theory and application
	Future directions
	Conclusions

	Bibliography
	Acknowledgements

