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Summary

1. Competition and predation are at the heart of community ecology. The theoretical concept of

intraguild predation (IGP) combines these key interactions in a single communitymodule. Because

IGP is believed to be ubiquitous in nature, it has been subject to extensive research, and there exists

a well-developed theoretical framework.

2. We show that a general class of IGPmodels can be transformed to simpler, but equivalent com-

munity structures. This rather unexpected simplification depends critically on the property of

‘indiscriminate predation’, which we define broadly as the top-predator not distinguishing between

its two different prey species.

3. In a broader context, the great importance of IGP and of the simplifying transformation we

report here is enhanced by the recent insight that the basic IGP structure extends naturally to host–

parasitoid and host–pathogen communities. We show that parasites infecting prey (predators)

tend to render IGP effectively into exploitative competition (tritrophic food chain, respectively).

4. The equivalence between the original and simplified community module makes it possible to

take advantage from already existing insights. We illustrate this by means of an eco-epidemiologi-

cal IGPmodel that is strikingly similar to a classical exploitative competition model.

5. The change of perspective on certain community modules may contribute to a better under-

standing of food web dynamics. In particular, it may help explain the interactions in foodwebs that

include parasites. Given the ubiquity of parasitism, food webs may appear in a different light when

they are transformed to their simplified analogue.

Key-words: eco-epidemiology, exploitative competition, food chains, food webs, parasite–host

ecology

Introduction

One approach to investigate the manifold forms of ecological

communities with often thousands of interacting species is to

identify, in the unmanageable structure of the larger system,

a few general patterns of species interaction. Then, by look-

ing at the dynamics that arise from those community mod-

ules (Holt 1997), the structure and population dynamics of

the whole community may be addressed. Three species mod-

ules that have gained much attention among ecologists

include tritrophic food chains, apparent competition and

exploitative competition (EC). All of these modules assume

that two of the three species involved do not directly interact

with each other. By contrast, the community module of intra-

guild predation (IGP) includes direct interaction of all three

species.

In its simplest form, an intraguild predator (IG predator)

grazes on an intraguild prey (IG prey), while both share a

common prey or basal resource. IGP contains the aforemen-

tioned simpler modules as special cases, when either one of

the three interactions can be neglected. The theoretical

framework of IGP has been laid out in the work of Polis,

Myers & Holt (1989) and Holt & Polis (1997). IGP has

attractedmuch attention from ecologists and is believed to be

a very common scenario in natural populations (Arim &

Marquet 2004). Theoretical studies show that the occurrence

of IGP may have important implications for the persistence

of food webs and biodiversity; for a comprehensive review,

see the special feature on IGP inEcology, vol. 88 (11).

While the original concept of IGP focuses on interactions

between predators and their prey, more recently, it has been

recognized that the basic structure of IGP arises naturally in

several subdisciplines of ecology. In particular, similarities

between host–parasitoid and host–pathogen interactions*Correspondence author. E-mail: msieber@uni-osnabrueck.de
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with classical IGP have been highlighted (Borer, Briggs &

Holt 2007). Parasites are recognized as major players in the

functioning of ecosystems (Lefèvre et al. 2009) and they have

subsequently been incorporated into food webs on the tro-

phic level above their hosts (Hochberg, Hassell & May 1990;

Raffel, Martin & Rohr 2008). In a similar way, the field of

eco-epidemiology has integrated host–pathogen epidemiol-

ogy with community ecology (Anderson &May 1986; Holt &

Dobson 2006; Holt & Roy 2007). As such, on the community

level, parasites and pathogens have been found to play a role

analogous to classical predators.

Thus, even though predators, parasites and pathogens dif-

fer substantially in terms of body size, generation times, dura-

bility and intimacy of the interaction with their resource, a

unification of host–parasite and prey–predator interactions

within the IGP frameworkmay provide useful insights across

the borders of ecological subdisciplines. This paper shows

that parasitism does not only fit into the IGP framework, but

that it may suggest a different and rather unexpected perspec-

tive on the underlying community structure. Technically, this

change of perspective corresponds to a transformation of

variables, a powerful tool routinely used across all scientific

disciplines. Physics, for example, is abound in problems that

may appear intractable in one coordinate system, but which

get dramatically simplified by an appropriate coordinate

transformation. Similar changes in the frame of reference

have also lead to fresh insights into problems in ecology and

evolution, such as replacing absolute values by time-averaged

values to explain the coexistence of species in variable envi-

ronments (Levins 1979) or looking at gene numbers rather

than gene frequencies (Holt &Gomulkiewicz 1997).

Using this approach, we will first show that after an appro-

priate transformation of variables, particular cases of IGP

are structurally similar to ‘simpler’ community modules. We

will then demonstrate that this structural similarity also

translates into remarkably similar community dynamics.

These similarities can be effectively exploited to bridge gaps

in our current understanding of food webs, as suggested

already byHolt & Polis (1997).

Transformation of IGP

In this section, we show how an IGP module can be trans-

formed into simpler module structures. The only condition

concerns indiscriminate predation (see below for a defini-

tion). The model considered here is deliberately very general.

This highlights that the transformation of IGP into other

food web modules is not restricted to certain functional

responses and growth functions. The next sections will intro-

duce a more specific example illustrating the benefits of the

module transformation.

A GENERAL MODEL OF IGP

We begin with an IGP module consisting of a basal prey A,

an IG prey B and an IG predator P (Fig. 1). A, B and P are

assumed to represent the total biomass of each species. Inter-

actions between the species lead to the conversion of biomass,

which is illustrated by the arrows in Fig. 1. In general, there

is no one-to-one correspondence between the outflow of

resource biomass and the subsequent increase of consumer

biomass. To account for the conversion efficiency, the flow of

biomass is often split into a functional response of the

resource and the corresponding numerical response of the

consumer. In Fig. 1, an upper (lower) case letter at the tail of

an arrow corresponds to the biomass flow associated with the

functional (numerical) response, respectively.

The IGP community is then described by the following set

of differential equations

dA

dt
¼ rðA;BÞ|fflfflffl{zfflfflffl}

production

�VðA;BÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
consumption by B

�GðA;B;PÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
consumption by P

; eqn 1

dB

dt
¼ vðA;BÞ|fflfflffl{zfflfflffl}

conversion of A

�HðA;B;PÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
consumption by P

�nðBÞ|fflfflffl{zfflfflffl}
natural mortality

; eqn 2

dP

dt
¼ gðA;B;PÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}

conversion of A

þhðA;B;PÞ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
conversion of B

�mðPÞ|fflfflffl{zfflfflffl}
natural mortality

; eqn 3

where V(A,B) and v(A,B) denote the biomass flow from

species A to B; G(A,B,P) and g(A,B,P) the biomass flow

from A to P; and H(A,B,P) and h(A,B,P) the biomass flow

from B to P. There are three more demographic processes.

First, there is an inflow r of biomass into the community,

corresponding to intrinsic growth of the basal prey A. We

assume that this growth may, in general, also depend on the

IG prey. For example, the IG prey might be lowering the

reproductive success of the basal prey through competition

for essential resources, a scenario that arises naturally in eco-

epidemiology. Amodel where this is the case will be discussed

in the next section. The two other processes not describing

direct interaction of two species are natural mortality of the

IG prey, n(B), and IG predator,m(P).

INDISCRIMINATE PREDATION

Having thus formalized the description of an IGP commu-

nity in very general terms, we now consider some scenarios

where there is little or no distinction between the IG prey and
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Fig. 1. Transfer diagram for IGP (left) and exploitative competition

(right). An IGP module is equivalent to exploitative competition

when the two prey speciesA and B are similar from the IG predator’s

(P) point of view; see themain text.
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basal prey from the IG predator’s point of view. Such sce-

narios, for example, arise naturally in eco-epidemiology,

when a predator P grazes upon a prey population that is

affected by an infectious disease. The disease splits the

otherwise homogeneous prey population into a susceptible

portion A and an infected portion B. Because both groups

are subject to predation by P, the susceptibles A may be

considered as a basal resource for the infecteds B and the

IG predator P. Another example concerns host–parasitoid

systems, where two different parasitoids depend on the

same host species A and a parasitoid is able to outcompete

the other one within the host (Holt & Hochberg 1998;

Raffel et al. 2008). The underlying assumption is that the

hyperparasitoid does not or is not able to distinguish

between healthy hosts A and already parasitized hosts B. A

similar scenario is related to hyperinfections, where one

pathogen is able to infect healthy and already diseased

hosts and becomes the solely transmitted pathogen. In the

latter two examples, P denotes the portion of hosts that are

infested by the hyperparasitoid or infected by the hyper-

infectious agent, respectively.

Last but not least, ‘classical’ IGP communities with little

or no distinction between basal prey and IG prey may also

arise in predator–prey ecology. For example, the wolf spider

species Pardosa milvina and Hogna helluo both ordinarily

prey on crickets and they also readily consume smaller indi-

viduals of the other species. While the relative strength of

these predatory interactions in natural situations is not fully

known, at least under laboratory conditions Pardosa

appeared to make no difference between its basal cricket prey

and small juvenile Hogna intraguild prey (Rypstra & Samu

2005).

Let us now put into more rigorous terms the assumption

that the IG predator does not or cannot distinguish between

IG prey and basal prey. This means, first, that the IG preda-

tor’s attack rate is the same for both prey species. That is, the

ratio of the consumption rates of B and A equals the ratio of

abundancesB andA:

HðA;B;PÞ
GðA;B;PÞ ¼

B

A
: eqn 4

Second, the total flow of biomass to the IG predator and

its conversion from the two prey species depend only on the

sum of the two prey species:

gðA;B;PÞ þ hðA;B;PÞ ¼ fðAþ B;PÞ;
GðA;B;PÞ þHðA;B;PÞ ¼ FðAþ B;PÞ: eqn 5

In other words, the numerical and functional responses

can be subsumed when we lump together the two prey species

A and B. Equations (4–5) express that the IG predator does

not distinguish between IG and basal prey, and that the latter

two are energetically equivalent. We will refer to these prop-

erties as indiscriminate predation. Obviously, they do not hold

in general. In particular, they are not fulfilled for predators

with a preference for certain prey, or for manipulative para-

sites that make their host easier to catch.

THE TRANSFORMED MODEL

For many communities such as those described earlier, we

may safely assume indiscriminate predation. In this case, we

can sum up both groupsA and B and deal with the total prey

biomass N = A + B. Because we still want to keep track of

the distinct groups that make up the total prey population N,

we introduce the prey ratio i = B ⁄A of IG prey B to basal

prey A, assuming A > 0. The IG predator variable is not

modified and the original prey quantities can be obtained as

A = N ⁄ (1 + i) andB = N i ⁄ (1 + i).

Now, how does the general model look like from this per-

spective? As the new variablesN and i essentially correspond

to a change of coordinates, eqns (1–3) can be transformed

accordingly. This leads to the following model (see Appen-

dix S1 for more details):

dN

dt
¼ rðN; iÞ � nðiÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

total prey growth

� VðN; iÞ � vðN; iÞ½ �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
transition to i

�FðN;PÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
consumption by P

;

eqn 6

di

dt
¼ vðN; iÞ þ i VðN; iÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

increase of portion i

�i rðN; iÞ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
emergent loss

�nðiÞ|fflffl{zfflffl}
natural mortality

2
64

3
75 1þ i

N
;

eqn 7

dP

dt
¼ fðN;PÞ|fflfflffl{zfflfflffl}

consumption of totalprey

�mðPÞ|fflfflffl{zfflfflffl}
natural mortality

; eqn 8

In this different but equivalent description of the general

IGP scenario (1–3), the IG predator P appears as a consumer

on the total prey population N. Note that eqn (8) does not

depend on i. The most important difference to model (1–3) is

that the prey ratio i interacts only with the total prey N, i.e.

Equation (7) is independent of P. The emergent loss term in

eqn (7) for the prey ratio is because of the differential growth

of basal prey and IG prey, and it reflects the lag with which

basal prey growth is propagated through the trophic link to

the IG prey. It will become clear in the next section that for

biologically meaningful growth functions r, the prey ratio i

can in fact be regarded as a consumer on N. This places the

total prey biomass N at the bottom of the resulting commu-

nity diagram, andwe end up with two consumersP and i on a

single resource N. This is the well-known structure of EC. A

corresponding transfer diagram is shown in Fig. 1.

AN EXAMPLE FROM ECO-EPIDEMIOLOGY

We now apply the transformation described in the previous

section for the general system to an example from eco-epide-

miology (Hilker &Malchow 2006). This model is of IGP type

and describes a predator–prey community with an infection

of the prey. The infectious disease splits the prey population

into a susceptible portion A and an infected portion B. The

predator is denoted by P and is assumed not to distinguish

416 M. Sieber & F.M.Hilker
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between sound and diseased prey, thereby fitting the above-

mentioned scenario of indiscriminate predation. The model

equations are given in Table 1 (‘IGPmodel’).

The susceptibles are assumed to grow logistically with

intrinsic growth rate r, while the infecteds do not reproduce

anymore. However, they still do contribute to the common

carrying capacity. The spread of the infection is assumed

to follow a frequency-dependent incidence rate with trans-

missibility k. Note, however, that the alternative assump-

tion of density-dependent disease transmission yields

qualitatively similar results. Predation is modelled by a

Holling type II functional response for both susceptibles

and infecteds, with equal predator attack rate a and half-

saturation constant h. The conversion efficiency is given by

e lying between 0 and 1. The parameter mP is the predator

mortality rate and the infecteds suffer a disease-induced

mortality l.
We now apply the coordinate transformation with

N = A + B denoting the total prey population and

i = B ⁄A the ratio of infecteds to susceptibles, to obtain the

‘transformed IGP model’ shown in Table 1. While the equa-

tion of the IG predator remains essentially unchanged, the

most interesting part is the interaction between prey ratio i

and total prey N. Focusing on eqn (T5), the prey ratio i can

be viewed as a linear predator of Lotka–Volterra type on N.

The associated functional response of the total prey N how-

ever is nonlinear, saturating for large prey ratios i. Neverthe-

less, it can be shown that this yields the same nullcline

structure as for a linear predator (Turchin 2003).

As a consequence, the prey ratio i and the IG predator

P are consumers of the shared resource N. Besides this

structural change, the growth rate of the total prey N has

an additional factor 1 ⁄ (1 + i) reflecting that only suscep-

tibles reproduce. In summary, the per-capita growth rates

of P and i are functions only of the total prey popula-

tion. The transformed IGP model thus describes two cou-

pled consumer-resource systems. As suggested in the

previous section, it thus corresponds to the community

module of EC.

In fact, the transformed IGP model is very similar to a

well-known model of EC proposed by Armstrong & McGe-

hee (1980). It describes a linear predator B and a nonlinear

predator P sharing a common prey species A. The equations

are given in Table 1 (‘EC model’), where a1 and a2 are attack

rates, e1 and e2 conversion efficiences andm1 andm2 per-cap-

ita mortalities. The remainder parameters are similar in their

meaning to the eco-epidemiological model. There are only

two structural differences between the two models, namely

the reduced growth rate of the preyN in eqn (T4) and the sat-

urating functional response associated with the prey ratio i.

The next section will show that, despite these differences, the

overall structural similarity is reflected in a similar dynamical

Table 1. Model equations of the intraguild predation (IGP) and exploitative competition (EC) modules; see main text for the meaning of

variables

Model Equations

IGP

Hilker &Malchow (2006)

dA

dt
¼ r ð1� ðAþ BÞÞ A|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

susceptible growth

� k A B

Aþ B|fflfflfflfflffl{zfflfflfflfflffl}
infection

� a A P

hþ Aþ B|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
predation

ðT1Þ

dB

dt
¼ k A B

Aþ B|fflffl{zfflffl}
infection

� a B P

hþ Aþ B|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
predation

�l B|fflffl{zfflffl}
virulence

ðT2Þ

dP

dt
¼ e

a ðAþ BÞ P
hþ Aþ B|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

predation of all prey

�mP P|fflfflffl{zfflfflffl}
natural mortality

ðT3Þ

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

Transformed IGP

dN

dt
¼ r

1þ i
ð1�NÞ N

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
total prey growth

� l i N

1þ i|fflfflfflffl{zfflfflfflffl}
infection within prey

� a N P

hþN|fflfflfflffl{zfflfflfflffl}
predation

ðT4Þ

di

dt
¼ r i N|ffl{zffl}

linear infection increase

�ðlþ r� kÞ i|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
constant loss

ðT5Þ

dP

dt
¼ e

a N P

hþN|fflfflfflffl{zfflfflfflffl}
predation of all prey

�mP P|fflfflffl{zfflfflffl}
natural mortality

ðT6Þ

8>>>>>>>>>>>><
>>>>>>>>>>>>:

EC

Armstrong&McGehee (1980)

dA

dt
¼ r ð1� AÞ A|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

prey growth

�a1 A B|fflfflfflfflffl{zfflfflfflfflffl}
linear predator

� a2 A P

hþ A|fflfflfflfflffl{zfflfflfflfflffl}
nonlinear predator

ðT7Þ

dB

dt
¼ e1 a1 A B|fflfflfflfflfflffl{zfflfflfflfflfflffl}

prey consumption

�m1 B|fflfflffl{zfflfflffl}
natural mortality

ðT8Þ

dP

dt
¼ e2

a2 A P

hþ A|fflfflfflfflffl{zfflfflfflfflffl}
prey consumption

�m2 P|fflfflffl{zfflfflffl}
natural mortality

ðT9Þ

8>>>>>>>>>>>><
>>>>>>>>>>>>:
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behaviour, revealing a deep connection between the original

eco-epidemiological IGP model and the ecological EC

model.

IGP AND EC MODELS: S IMILARITY IN STRUCTURE AND

BEHAVIOUR

The eco-epidemiological IGP model predicts a switch in

dominance from one consumer to another along an environ-

mental gradient. For example, if the basal prey productivity

(r) varies, the disease excludes the predators at low values of

r, whereas the predators exclude the disease at high values of

r. Coexistence of all three species is possible at intermediate

productivities. In a general IGPmodel, the IG prey should be

the better competitor for the shared basal prey, whereas the

IG predator should primarily exploit the IG prey (Holt &

Polis 1997). These conditions for coexistence, however, are

only necessary but not sufficient. Interestingly, coexistence in

our transformed IGP model is only possible in form of non-

equilibrium dynamics. This is also a very characteristic fea-

ture of EC models, cf. Koch (1974); Armstrong & McGehee

(1980); Abrams, Brassil & Holt (2003), where cyclic oscilla-

tions allow two consumers to persist on a single resource; the

heuristic principle of competitive exclusion (Hardin 1960)

does not hold in general for nonlinear ECmodels.

This similarity between the IGP and the ECmodel already

gives a hint of the usefulness of the simple coordinate trans-

formation. In the following, we will investigate the cyclic

coexistence in more detail. Throughout this investigation, we

will use a fruitful cross-fertilization between the EC and the

IGPmodel:Well-known results from the ECmodel also hold

for the IGP model, and new insights discovered in the IGP

model apply to the EC model as well. A summary is given in

Table 2.

One similarity in dynamical behaviour that is already

known for both models concerns extremely long transients

before the cycling populations phase-lock to a regular oscil-

lation. Abrams et al. (2003) illustrate this with an example

of transient asynchronous cycles, while Hilker & Malchow

(2006) refer to this phenomenon as ‘strange’ periodic

cycles.

It is also Abrams et al. (2003) who present the first numeri-

cal evidence for even more complicated dynamics, namely

chaos, in Armstrong and McGehee’s EC model. This raises

the question whether chaos may occur in the eco-epidemio-

logical IGP model as well. And indeed, the population cycles

undergo a cascade of period-doublings before eventually

becoming chaotic. This is shown in the bifurcation diagrams

for both the IGP and ECmodels in Fig. 2.

Moreover, numerical experiments show that there exist at

least two stable attractors in the IGP model for certain

parameter ranges. Abrams et al. (2003) also briefly report on

alternative attractors, which are periodic in all cases they

observed. Here, we show in Fig. 2 that one of the coexisting

attractors can be chaotic.

In both models (Fig. 2), one of the two attractors exists

over the whole parameter range investigated. By contrast, the

other attractor seems to exist only for a certain parameter

range. Both attractors undergo a period-doubling cascade to

chaos. At some point in the parameter space, this leads to the

coexistence of a periodic and a chaotic attractor.

Consequently, fundamentally different dynamics can be

observed depending on the initial conditions, or the ‘history’

of the ecological community. The alternative basins of attrac-

tion of the two attractors are arranged in an intricate way

(Appendix S2), which implies that the community dynamics

are extremely fragile to perturbations.

Returning to the bifurcation scenario itself, a closer look

reveals that there are some discontinuities in the attractors.

Such sudden qualitative changes in the shape of a chaotic

attractor as a parameter is varied are called attractor crises.

Figure 2 suggests that there are two types of crises, namely a

Table 2. Types of dynamical behaviour in the exploitative competition (EC) and intraguild predation (IGP)modules

Behaviour Biological meaning ECmodel IGPmodel

Cyclic coexistence Community persistence, regular

oscillations

Armstrong&McGehee (1980) Hilker &Malchow (2006)

Asynchronous transients Asynchronous oscillations which

may prevail depending on initial conditions

Abrams et al. (2003) Hilker &Malchow (2006)

Chaos Irregular fluctuations, long-term

unpredictability

Abrams et al. (2003) �! This paper

Coexistence of periodic

attractors

Cycle amplitudes and frequency

depend on initial conditions

Abrams et al. (2003) �! This paper

Coexistence with a chaotic

attractor

Oscillationsmay be regular or

irregular depending on initial

conditions

This paper  � This paper

Boundary crisis Sudden population crashes,

transient chaos

This paper  � This paper

Interior crisis Irregular spikes corresponding

to population outbreaks

This paper  � This paper

The arrows indicate the direction of cross-fertilization; i.e. the knowledge existing for one communitymodule can be transferred to another

communitymodule.
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boundary crisis and an interior crisis. The former is associ-

ated with the destruction, or creation, of a chaotic attractor.

The latter causes changes in the size of the attractor, for

example the blow-up of an attractor, so that it suddenly occu-

pies a larger region in phase space (Grebogi, Ott & Yorke

1983).

The consequences of attractor crises are illustrated in

Fig. 3. First, the sudden loss of a chaotic attractor because of

a boundary crises is associated with transient chaotic dynam-

ics. That is, time series starting from initial values formerly in

the basin of attraction of the chaotic attractor show a

chaotic transient before eventually approaching the remain-

ing periodic attractor (Fig. 3). Second, interior crises lead to

irregular spikes of significantly higher population sizes. This

can also be seen in the time series of population sizes (Fig. 3).

These spikes correspond to infrequent visits of the chaotic

trajectory to regions of the phase space, which did not belong

to the attractor before the crisis. These regions are sometimes

called the halo of the attractor, and for decreasing half-satu-

ration constant h, the trajectory spends more and more time

in the halo.

From intraguild predation to food chains

In the previous sections, we transformed a module of IGP

into EC. This rested on the assumption that both the basal

prey and IG prey are similar from the IG predator’s point of

view. In the case that the IG predator and the IG prey are

similar from the basal prey’s point of view, the IGP module

may be transformed into a food chain. An example is given in

Appendix S3, where we consider a special case of a model of

IGP suggested by Tanabe & Namba (2005). By transforming

variables to total predator population and the ratio of IG

predator to IG prey, we arrive at a module structure corre-

sponding to a food chain.

While this example originally stems from classical preda-

tor–prey ecology, it may also be interpreted as an eco-epide-

miological model describing the spread of a vertically as well

as horizontally transmitted disease in the predator popula-

tion. In this interpretation, the IG prey represents the suscep-

tible predator subpopulation and the IG predator the

infected subpopulation, with the attack rate of the IG preda-

tor corresponding to the transmissibility of the disease and
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Fig. 3. Sample time plots in the vicinity of the attractor crises of the

eco-epidemiological IGP model. Top: Transient chaos close to the

boundary crisis (h = 0Æ0284). The solution starts close to the for-

merly existing chaotic attractor but eventually settles on a periodic

cycle. Bottom: Irregular spikes of unusually high population densities

occur after the interior crisis of the chaotic attractor (h = 0Æ0222).
These correspond to a blow-up of the attractor in phase space. Other

parameter values as in Fig. 2.
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Fig. 2. Dynamical behaviour of the eco-epidemiological (trans-

formed IGP) model (top) and the Armstrong–McGehee (EC) model

(bottom). The bifurcation diagrams are qualitatively similar, suggest-

ing an equivalence between the two community modules. Parameter

values (top) r = 1, l = 0Æ15, mP = 0Æ8, k = 0Æ8, a = 1, e = 1;

(bottom) r = 0Æ5, a1 = 2Æ5, 1 and 0Æ85,m2 = 0Æ3, e1 = e2 = 1. The

half-saturation constant h is the control parameter, note the reversed

axis.
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assuming a perfect conversion efficiency. Underlying this

interpretation is the assumption that the disease does not sig-

nificantly alter the predation or consumption behaviour of

infected individuals, thus only manipulating the mortality

rate of the infected subpopulation.

Discussion

Food webs and their basic modules are fundamental in our

understanding of ecosystems and their stability (McCann

2000). The results presented here suggest a new perspective

on the structure and topology of food webs. Modules that

were previously thought of as IGP may be equivalent to

apparently simpler units. IGP could effectively be EC or a

tritrophic food chain ‘in disguise’.

The equivalence of these modules depends critically on

two assumptions that can be described shortly as indiscrimi-

nate predation. First, the consumer does not discriminate

between its two resources. Second, the two resources are

energetically equivalent for the consumer. In other words,

even though one resource species predates the other one, they

are quite similar – at least from the consumer’s point of view.

Note that this is not to be confused with a general similarity

that would suggest to lump the species together. We actually

need to keep track of their ratio because the two species func-

tion differently. Instead of the ratio, however, one can alter-

natively use the notion of prevalence, which is particularly

apt in epizootic contexts.

Eco-epidemiological systems constitute prominent exam-

ples, because infection with a disease does not always alter

predation preferences. For instance, this is believed to hold

for the grazing of virally infected phytoplankton by zoo-

plankton (Suttle 2005; Hilker &Malchow 2006). However, if

parasites manipulate their host to induce discriminate preda-

tion (e.g. Lefèvre et al. 2009), then the transformation of

food web modules presented here is not possible. Neverthe-

less, it should be noted that the results of this paper are not

limited to nonmanipulating parasites; the critical conditions

are rather general and likely to apply to other IGP structures

as well, which involve top-predators, parasitoids, hyper-

infections and size-structured cannibalism when large adult

predators do not discriminate between small conspecifics and

the shared basal prey.

When does an IGP module transform into EC and when

into a food chain? In simple words, infection of the prey

leads to EC, whereas infection of the predator leads to a tri-

trophic food chain. In the former case, we subsume the basal

and IG prey. In the latter case, we subsume the IG prey and

predator. There is one combination left, namely combining

the IG predator and the basal prey. Doing so leaves the

position of the IG prey in the food web essentially

unchanged; it still retains its distinct feature of being both a

resource (to the IG predator) and a consumer (of the basal

prey). In particular, such a coordinate transformation does

not lead to the module of apparent competition, the only

trophic module that does not appear within these transfor-

mations. This is noteworthy as many studies addressing par-

asites shared by multiple host species concern apparent

competition phenomena (Hatcher, Dick & Dunn 2006;

Lefèvre et al. 2009).

The equivalence of food web modules can be fruitfully uti-

lized to find analogies in community dynamics and stability.

We have transferred the knowledge stemming from a well-

known and long-investigated EC model (Armstrong &

McGehee 1980; Abrams et al. 2003) to a recent eco-epidemi-

ological model exhibiting IGP structure. Furthermore, we

found a whole suite of dynamical behaviour in the eco-epide-

miological model that has, to our knowledge, not been

reported before in any IGP structure (Table 2). We have also

shown that all these types of behaviour may arise in the clas-

sical EC model as well. The dynamics in both the IGP and

EC are remarkably similar (cf. Fig. 2).

For instance, both the IGP and EC model can be bistable

and have coexisting attractors, one of them possibly being

chaotic. The noise inherent in the environment and typical

for nature can repeatedly trigger a population to jump from a

low-abundance to a high-abundance state. Dwyer, Dushoff

& Yee (2004) find this mechanism to be instrumental in

explaining episodic outbreaks of forest-defoliating insects

such as the gypsy moth (Lymantria dispar) which occur at

long, but irregular intervals. Interestingly, both pathogens

and predators seem to be key in understanding these out-

breaks.

Coexisting attractors and associated boundary crises have

also been found in a stage-structured model of flour beetle

(Triboleum castaneum) population dynamics (Cushing et al.

2003). McCann & Yodzis (1994) point out how boundary

crises can be responsible for unexpected population crashes.

The equivalence of food web structure implies that IGP

models are prone to such sudden extinctions of species as well

– even though this may not be readily anticipated from the

model formulation.

Parasitism is the most common consumer strategy (Price

1980; de Meeûs & Renaud 2002) and increasingly recog-

nized to dominate food webs (Lafferty, Dobson & Kuris

2006; Lafferty et al. 2008). The presence of parasites typi-

cally renders predator–prey interactions into IGP modules

(Borer et al. 2007). In this paper, we have shown that these

seemingly more complicated modules can be equivalent to

EC or food chains. That is, the omnivory link typical for

IGP appears to be redundant when a pair of interacting

species is relatively similar to their consumer or their shared

resource.

This redundant link may well alter topological statistics of

food webs. Parasites remain difficult to be incorporated into

food web models, even though their importance is acknowl-

edged in recent findings. Food webs can contain more host–

parasite than predator–prey links (Lafferty et al. 2006) and

parasite biomass can exceed that of top-predators (Kuris

et al. 2008). This ubiquity of parasites underlines the need of

a holistic food web theory. The results presented in this paper

highlight the potential impact of parasites (and other con-

sumers) and open avenues to a better understanding of their

dynamical behaviour.
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tätsgesellschaft Osnabrück. The authors thank members of the University of

Alberta’s Centre for Mathematical Biology and Robert Holt as well as an

anonymous reviewer for fruitful discussions and helpful comments.

References

Abrams, P. A., Brassil, C. E. & Holt, R. D. (2003) Dynamics and responses to

mortality rates of competing predators undergoing predator-prey cycles.

Theoretical Population Biology, 64, 163–176.

Anderson, R.M. &May, R.M. (1986) The invasion, persistence and spread of

infectious diseases within animal and plant communities. Philosophical

Transactions of the Royal Society of London, Series B, 314, 533–570.

Arim, M. & Marquet, P. A. (2004) Intraguild predation: a widespread interac-

tion related to species biology.Ecology Letters, 7, 557–564.

Armstrong, R. A. &McGehee, R. (1980) Competitive exclusion. The American

Naturalist, 115, 151–170.

Borer, E. T., Briggs, C. J. & Holt, R. D. (2007) Predators, parasitoids, and

pathogens: a cross-cutting examination of intraguild predation theory. Ecol-

ogy, 88, 2681–2688.

Cushing, J. M., Costantino, R., Dennis, B., Desharnais, R. A. & Henson, S.

(2003) Chaos in Ecology. Experimental Nonlinear Dynamics. Theoretical

Ecology Series. Academic Press, Amsterdam.

Dwyer, G., Dushoff, J. & Yee, S. H. (2004) The combined effects of pathogens

and predators on insect outbreaks.Nature, 430, 341–345.

Grebogi, C., Ott, E. & Yorke, J. A. (1983) Crises, sudden changes in chaotic

attractors, and transient chaos. Physica D: Nonlinear Phenomena, 7, 181–

200.

Hardin, G. (1960) The competitive exclusion principle. Science, 131, 1292–

1298.

Hatcher, M. J., Dick, J. T. A. & Dunn, A. M. (2006) How parasites affect

interactions between competitors and predators. Ecology Letters, 9, 1253–

1271.

Hilker, F.M. &Malchow, H. (2006) Strange periodic attractors in a prey-pred-

ator system with infected prey. Mathematical Population Studies, 13, 119–

134.

Hochberg, M. E., Hassell, M. P. & May, R. M. (1990) The dynamics of host-

parasitoid-pathogen interactions.TheAmericanNaturalist, 135, 74–94.

Holt, R.D. (1997) Communitymodules.Multitrophic Interactions in Terrestrial

Ecosystems, 36th Symposium of the British Ecological Society (eds A. C.

Gange &V.K. Brown), pp. 333–349. Blackwell Science, London.

Holt, R. D. & Dobson, A. P. (2006) Extending the principals of community

ecology to address the epidemiology of host pathogen systems.Disease Ecol-

ogy: Community Structure and Pathogen Dynamics (eds S. K. Collinge & C.

Ray), pp. 6–27. OxfordUniversity Press, Oxford.

Holt, R. D. & Gomulkiewicz, R. (1997) How does immigration influence local

adaptation? A reexamination of a familiar paradigm The American Natural-

ist, 149, 563–572.

Holt, R. D. & Hochberg, M. E. (1998) The coexistence of competing parasites.

Part II-Hyperparasitism and food chain dynamics. Journal of Theoretical

Biology, 193, 485–495.

Holt, R. D. & Polis, G. A. (1997) A theoretical framework for intraguild preda-

tion.The AmericanNaturalist, 149, 745–764.

Holt, R. D. & Roy, M. (2007) Predation can increase the prevalence of infec-

tious disease.The AmericanNaturalist, 169, 690–699.

Koch, A. L. (1974) Competitive coexistence of two predators utilizing the same

prey under constant environmental conditions. Journal of Theoretical Biol-

ogy, 44, 387–395.

Kuris, A. M., Hechinger, R. F., Shaw, J. C., Whitney, K. L., Aguirre-Macedo,

L., Boch, C.A., Dobson, A. P., Dunham, E. J., Fredensborg, B. L., Huspeni,

T. C., Lorda, J., Mababa, L., Mancini, F. T., Mora, A. B., Pickering, M.,

Talhouk,N. L., Torchin,M. E.&Lafferty, K.D. (2008) Ecosystem energetic

implications of parasite and free-living biomass in three estuaries. Nature,

454, 515–518.

Lafferty, K. D., Dobson, A. P. & Kuris, A. M. (2006) Parasites dominate food

web links. Proceedings of the National Academy of Sciences, 103, 11211–

11216.

Lafferty, K. D., Allesina, S., Arim, M., Briggs, C. J., Leo, G. D., Dobson, A.

P., Dunne, J. A., Johnson, P. T. J., Kuris, A. M., Marcogliese, D. J., Marti-

nez, N. D., Memmott, J., Marquet, P. A., McLaughlin, J. P., Mordecai, E.

A., Pascual, M., Poulin, R. & Thieltges, D.W. (2008) Parasites in food webs:

the ultimatemissing links.Ecology Letters, 11, 533–546.
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