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bstract

The importance of omnivores in ecological systems is increasingly being recognized, not least due to their intensified
se as biocontrol agents in crop production. We model a simple plant–herbivore–omnivore (predator) system to explore the
ffects of plant suitability as food for omnivores on the outcome of omnivore–herbivore interactions. The model predicts
hat increasing plant suitability relative to herbivore suitability for the omnivore will catalyze the extinction of herbivores or
mnivores, depending on the relative growth rate of omnivores feeding solely on plants or herbivores. When omnivore growth is
igher on plants, either the omnivore or the herbivore goes extinct. When omnivore growth is higher on herbivores, the possible
onsequences are extinction, stable coexistence, and limit cycles, depending on the combination of species properties. Our results
uggest that plants in some situations may evolve towards becoming more suitable to omnivores to escape detrimental herbivores
nd that breeders could manipulate crop suitability to omnivore species to reach a desired outcome of omnivore–herbivore
nteractions.

usammenfassung

Die Bedeutung von Omnivoren in ökologischen Systemen findet zunehmende Beachtung, nicht zuletzt wegen der verstärkten
utzung als natürliche Feinde von Schädlingen in der Landwirtschaft. Wir formulierten ein einfaches Pflanze-Herbivor-
mnivor(Räuber)-System, um den Einfluss der Eignung der Pflanze als Nahrung für Omnivoren auf das Ergebnis von
mnivoren-Herbivoren-Interaktionen zu erkunden. Das Modell sagt voraus, dass zunehmende Eignung der Pflanze für den
mnivoren relativ zur Eignung des Herbivoren das Aussterben des Herbivoren oder des Omnivoren bewirken wird, abhängig
on der Wachstumsrate des Omnivoren, wenn er nur Pflanzen bzw. Herbivoren frisst. Wenn das Wachstum des Omnivoren
ei pflanzlicher Nahrung höher ist, sterben entweder der Omnivore oder der Herbivore aus. Wenn das Wachstum des Omni-
oren bei tierischer Kost größer ist, sind die möglichen Folgen Aussterben, stabile Koexistenz oder Grenzzyklen, jeweils in
bhängigkeit von der Kombination der Eigenschaften der Arten. Unsere Ergebnisse legen nahe, dass sich Pflanzen in bes-
immten Situationen so entwickeln könnten, dass sie für den Omnivoren geeigneter werden, um so schädliche Herbivoren zu
ermeiden. Züchter könnten die Eignung von Nutzpflanzen für omnivore Arten so beeinflussen, dass das gewünschte Ergebnis
er Omnivoren-Herbivoren-Interaktionen erreicht wird.
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ntroduction

Omnivores have double roles in ecosystems, being able to
onsume both plant food and animal food as their primary
ood source (Lundgren 2009; Wäckers, van Rijn, & Bruin
005). This duality implies that they can impose positive
ffects on host plants by consuming detrimental herbivores
van den Meiracker & Ramakers 1991), but also impose neg-
tive effects by consuming plant biomass (Trottin-Caudal,
ournier, Leyre, & Chabriere 2006). In this paper, we will
pecifically consider under what circumstances omnivores
an be used to control herbivores rather than act as plant
nemies.

Though arriving from partially different traditions, both
asic and applied researchers are now increasingly becom-
ng aware that plant quality as food for omnivores is critical
or the outcome of omnivore–herbivore interactions. From a
asic ecology perspective the role of omnivores has mainly
een explored with respect to their effect on food web sta-
ility. In a seminal paper, Holt and Polis (1997) identified
ome of these characteristic features of intra-guild predation
IGP): (i) coexistence requires that the herbivore is superior
ompetitor for the plant and the omnivore gains significantly
rom consuming the herbivore; (ii) coexistence should be
ost likely at intermediate resource levels; (iii) alternative

table states exist.
Studies specifically directed at plant–herbivore–omnivore

nteractions by Coll and Izraylevich (1997) and Namba,
anabe, and Maeda (2008) showed that increased plant
onsumption by the omnivore can decrease stability and
ring about chaos in the system, while Lalonde, McGregor,
illespie, and Roitberg (1999) showed that density-
ependent plant feeding by omnivores may increase stability.
n addition several studies have shown that plant food and
nimal food have different effects on omnivore performance
nd growth; in some cases these resources are nutritionally
omplementary, but in other cases substitutable (Berkvens
t al. 2008; De Clercq, Bonte, Van Speybroeck, Bolckmans,

Deforce 2005; Vantornhout, Minnaert, Tirry, & De Clercq
004), which may have implications for stability and coexis-
ence, and hence plant damage.

From a more applied ecology perspective, omnivores,
eing important enemies of many pest herbivores, have lately
eceived much interest as biocontrol agents (Lundgren 2009;
tenberg, Lehrman, & Björkman 2010). The advantage of
mnivorous predators, in comparison with pure carnivores,
s that they can utilize plant food during periods of herbivore
carcity, rarely leaving the stage to let herbivorous prey enjoy
nemy-free space. Because most omnivores only cause minor
uantitative damage when feeding on plant photosynthetic
issues in comparison to herbivore pests, they are engaged
n agriculture as so-called plant “bodyguards”. However,

lthough highly promising, the outcome of putting omnivores
nto action in agriculture has varied widely from successes
ith herbivore reduction to failures with plant-feeding omni-
ores only worsening crop damage. Consequently, the same
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mnivore species have in some papers been suggested as use-
ul biocontrol agents (e.g. van den Meiracker & Ramakers
991) and in others as pest insects (e.g. Trottin-Caudal et al.
006). Recently it has been suggested that differential host-
lant quality may be responsible for the different outcomes
Coll 2009; Eubanks & Denno 2000). As host-plant qual-
ty is known to vary much more within and among plant
pecies than animal food quality, the relative quality differ-
nce between plant food and animal food for omnivores is
ighly dependent on plant quality.

A growing body of empirical studies has recently pro-
ided evidence for the importance of plant quality for the
utcome of omnivore–herbivore interactions (Coll 1996;
undgren 2009; Lundgren, Hesler, Tilmon, Dashiell, & Scott
009; Magalhães, Janssen, Montserrat, & Sabelis 2005;
ahdian, Tirry, & De Clercq 2007; Stenberg, Lehrman, &
jörkman 2011). Although individual studies point in differ-
nt directions, some evidence suggests that in the short run
ncreased host plant quality may partly release herbivores
rom omnivore predation (Agrawal, Kobayashi, & Thaler
999; Stenberg et al. 2011), while in a longer perspective,
igh quality plants may support higher omnivore densities,
hich eventually cause stronger negative impacts on the her-
ivores (Eubanks & Denno 2000).
Given that omnivore feeding is less detrimental than

erbivore feeding on plants (see e.g. Björkman, Höglund,
klund, & Larsson 2000; Lauenstein 1979) one should
resume that plant genotypes that catalyze herbivore
emoval by predacious omnivores should be favored by
atural selection. Likewise, knowledge of which plant
ualities that mediates herbivore removal by less dam-
ging omnivorous herbivores would be very valuable for
rop breeders in order to develop less susceptible vari-
ties. Thus, progress in understanding how plant quality
ffects the outcome of omnivore–herbivore interactions will
elp us understand the evolution of plants in relation to
erbivore selection, and spur new advances in crop breed-
ng.

Experiments deliberately intended to investigate long-term
nteractions between omnivores and herbivores are almost
on-existent. Due to the current lack of good long-term
tudies it is presently not possible to generalize from obser-
ations. A useful alternative approach to better understand
actors underlying stable persistence and replacement in
mnivore–herbivore interactions is modeling. We consider
commonly found system, principally consisting of one host
lant, one herbivore feeding on the plant, and one true omni-
ore, which may consume the herbivores or the host plant
epending on their relative supply. Previous models (Coll &
zraylevich 1997; Lalonde et al. 1999; Namba et al. 2008)
f systems of this type have mostly focused on the condi-
ions under which such tri-trophic systems become chaotic.
e will here focus on the omnivore–herbivore interaction and
nvestigate under which circumstances plant quality will lead
o the exclusion of the herbivore, exclusion of the omnivore,
r coexistence.
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Fig. 1. Structure of the model for plant (R)–herbivore
(H)–omnivore (P) interactions. The absolute rates of mate-
rial transfers (arrows) depend on the sizes of the sink and source
compartments. Only the most important parameters (rHR, rPH, rPR,
μ; see Table 1) associated with the transfers are shown. A full
d
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one wants to introduce a new omnivore for pest control and
escription of the model is given in Eqs. (1) and (2).

model for an omnivore as plant bodyguard

We suggest the following model. There is a herbivore
H) feeding on a plant resource (R) and an omnivore (top
redator, P) that can feed on both the herbivore or the plant
Fig. 1).

When the top omnivore feeds on only the herbivore its spe-
ific growth rate is rPH and when it feeds on only the plant
ts specific growth rate is rPR. In the presence of both food
tems it uses them in proportion to their biomasses. However,
t values them differently, which we describe by the weigh-
ng factor β (0 < β < ∞) for the plant material; the larger β

s, the better food is the plant material for the omnivore. In
ddition there is a constant mortality rate μ for the omni-
ore. The development of the omnivore is then given by the
quation

dP

dt
= rPHPH + βrPRPR

H + βR
− μP (1)

n the absence of the omnivore, the herbivore grows accord-
ng to the logistic equation with intrinsic growth rate rHR

nd carrying capacity proportional to the plant biomass, γR.
or each unit of biomass added to the omnivore from growth
n the herbivore δ units of biomass are lost from the herbi-
ore. The development of the herbivore is then given by the
quation
dH

dt
= rHRH

(
1 − H

γR

)
− δrPHPH

H + βR
(2)

t
b
e
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s will be seen, the qualitative behavior of the model is inde-
endent of the absolute size of the plant biomass. We will,
herefore, consider it as constant. The system that we want
o investigate, namely one where the herbivore can become
pest, implies that the pest must be able to grow much faster

han the plant and this is also a reason why we can simplify to a
onstant plant biomass. The model is a two-dimensional, con-
inuous system, which precludes chaotic behavior (Strogatz
000).

There is one important, simplifying assumption in the
odel: the resource (R) is so large that it never is lim-

ting for neither the herbivore nor the omnivore which is
nother reason for treating it as constant. This assumption
lso implies that competition for the plant as food resource
an be neglected. While this will not generally be true it
hould be a reasonable assumption in several systems, e.g.
ast-growing short-rotation coppices, where resources locally
an be reduced but the insects easily can move to nearby
ndamaged parts of the coppice. The assumption also has
he advantage of reducing the dimensionality of the system
rom three to two and considerably simplifying the analysis;
t has also been used by other authors (van Baalen, Krivan,
an Rijn, & Sabelis 2001). The standard formulation of a type
I functional response would contain in the denominators in
qs. (1) and (2) an additional parameter that corresponds to

he half-saturation of the density of the food resource. How-
ver, we will assume that R is large, or more precisely that
R + H, compared to such a half-saturation value. Within this

imit our description of the omnivore is formally equivalent
o the predator model in the omnivore model by McCann and
astings (1997). Note that the assumption of a large R puts
o constraints on herbivore and omnivore biomasses.

The value of the plant relative to the herbivore as food for
he omnivore can be expressed in different, equivalent ways.
or example, McCann and Hastings (1997) use a parameter
(0 ≤ w ≤ 1) to describe the omnivore’s preference for the

erbivore relative to the plant. This parameter is related to
ur β through β = w/(1 − w). Since we want to focus on the
mportance of the quality of the plant as a food resource for the
mnivore it seems easier to use a formulation that emphasizes
he relative values of different food items.

In the model, the omnivore chooses food items in pro-
ortion to their relative availability although this might lead
o a lower growth rate than just feeding on one of them;
imilar features are also found in other omnivory models
ocusing on stability aspects rather than optimal feeding (e.g.
oll & Izraylevich 1997; Lalonde et al. 1999; McCann &
astings 1997; Namba et al. 2008). It should be a good

pproximation when the food items are of similar quality
ut also in other situations; for example, if the omnivore
pends little time on searching for alternative food items
nd eats what it first encounters. It should also apply when
his omnivore has not had time to evolve an optimal feeding
ehavior. This is, however, a point where the analysis could be
xpanded.
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Fig. 2. Regions in the parameter space for different qualitative out-
comes of the interactions between plants, herbivores and omnivores
as a function of omnivore mortality (μ) and the parameter combi-
nation β/γ . (A) The plant is a better food than the herbivore to the
omnivore (rPR > rPH). (B) The herbivore is a better food diet than
the plant to the omnivore (rPR < rPH). Other parameters than those
explicitly shown in the graph do not change the qualitative behavior
of the model. The letters refer to panels in Fig. 3 with phase space
diagrams showing the behavior of the model for these particular
parameter combinations. The dotted lines show where the omni-
vore isocline intersects the herbivore isocline at its maximum and
separates in the case r < r the regions of stable coexistence and
l

(
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Eqs. (1) and (2) lead to the following equations for the
soclines of constant herbivore and omnivore populations
denoted with *)

onstant omnivore : H∗ = μ − rPR

rPH − μ
βR (3)

onstant herbivore : P∗ = rHR

δrPH

(
1 − H∗

γR

)
(H∗ + βR)

(4)

ote that P* in Eq. (4) has a maximum at

∗
max = (γ − β)R

2
(5)

he parameter combinations where the omnivore isoclines
ntersects the herbivore isoclines at this maximum, i.e. where

∗ = H∗
max, is given by

/γ = rPH − μ

μ − 2rPR + rPH

(6)

he parameter combination where H* = K is another impor-
ant characteristic

/γ = rPH − μ

μ − rPR

(7)

here are also the solutions H* = 0 and P* = 0. In the absence
f the omnivore, the herbivore grows to its carrying capac-
ty γR, while in the absence of the herbivore the omnivore
ould either grow indefinitely or go extinct depending upon
hether or not the plant is a sufficiently good food resource.
or simplicity, we have not included any carrying capacity
or the omnivore. A summary of parameters and values used
or numerical illustrations is given in Table 1.

esults

The behavior of the system will depend upon how the iso-
lines of constant herbivore and omnivore populations are
ositioned relative to each other. The different possibilities
an be illustrated in diagrams with predator mortality (μ) on
ne axis and the ratio between plant as a resource for the
erbivore relative to that of the omnivore (β/γ). The growth
ate of the omnivore (predator) on the plant (rPR), respec-
ively, on the herbivore (rPH) identifies critical points along
he μ-axes. This leads to seven qualitatively different regions
n the parameter space (Fig. 2) and Fig. 3 illustrates the corre-
ponding isoclines and phase plots of the development of the
mnivore–herbivore system. When there is no intersection
f the isoclines in the region of positive omnivore and her-
ivore biomasses, either the omnivore or the herbivore must
o extinct. This parameter region is delimited by on the one

and rPR = μ (the growth rate of the predator on the plant
elative to its mortality) and on the other hand by Eq. (7)
see Fig. 3A–D and G). Within this region, the competitive
utcome depends on the relative magnitudes of rPH and rPR

s
b
h
o

PR PH

imit cycles.

the growth rate of the predator on the herbivore relative to
ts growth rate on the plant).

When rPR > rPH (Fig. 2A) and μ (predator mortality) is
maller than the condition set by Eq. (7), the omnivore will

e a sufficiently strong competitor to always outcompete the
erbivore for the plant resource (Fig. 3A). If μ > rPR, the
mnivore cannot survive at all (Fig. 3C). In the intermediate
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Table 1. Parameters used in numerical simulations.

Parameter Definition Value Unit

K Carrying capacity of herbivore 200 –
rHR Intrinsic growth rate of herbivore 0.05 d−1

rPH Intrinsic growth rate of omnivore on herbivore 0.01/0.04a,b d−1

rPR Intrinsic growth rate of omnivore on plant 0.04/0.01a,b d−1

β Food value of one unit of plant relative to one unit of herbivore 2/1b –
γ Scales plant biomass to herbivore carrying capacity 2 –
δ Herbivores consumed per omnivore produced 2 –
μ Mortality rate of omnivore 0.045–0.005 d−1
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aThe first value is used in Fig. 2A and the second in Fig. 2B.
bThe first value is used in Fig. 3A–C and the second in Fig. 3D–G.

arameter space, for which the isoclines intersect at positive
* and P*, it turns out that no coexistence is possible but

he competitive outcome will depend upon initial conditions
Fig. 3B); this region is also independent of the condition
et by Eq. (6). The possibility for the omnivore to survive

ncreases as the value of the plant as a food resource (β)
ncreases.

When rPR < rPH (Fig. 2B), μ may not be larger than per-
itted by Eq. (7) or the omnivore goes extinct (Fig. 3D). At

r
(
a
t

ig. 3. Isoclines (broken lines) and phase plots (solid lines) of herbivor
tability possibilities. The curved isoclines represent the herbivore zero gr
he letters refer to the combinations of μ and β shown in Fig. 2. The
evelopment of the omnivore–herbivore system. The dotted line in (B) sep
f the herbivore or the omnivore.
he opposite end, μ must be larger than rPR or the herbivore
ill be outcompeted (Fig. 3G). For parameter combinations

alling in between these two extremes the isoclines of con-
tant omnivore and herbivore intersect at positive values. In
his case it matters whether this intersection occurs to the

ight or to the left of the maximum in the omnivore isoclines
Eq. (6)). When the intersection is to the right, there will be
stable coexistence (Fig. 3E) and when the intersection is to

he left there will be a limit cycle (Fig. 3F). It should be noted

e (x-axis) and omnivore (y-axis) densities for the seven different
owth rate and the vertical isoclines the omnivore zero growth rate.
points and the arrows indicate the starting point and direction of
arates the regions where the initial conditions lead to the extinction
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hat in the region of coexistence, the omnivore cannot survive
n the plant alone but also requires the higher-quality herbi-
ore prey. In contrast to the case where rPR > rPH, the region
here the omnivore can survive decreases with increasing
/γ .
These qualitative results depend only on two properties:

i) the relative quality of the plant as food for herbivore (γ)
nd the omnivore (β) (see Eq. (5)), and (ii) how rapidly the
mnivore can grow on plant only (rPR) or herbivore only
rPH) diets in relation to its death rate (μ) (see Eq. (3)).

iscussion

In spite of its simplicity this model has as diverse a behav-
or as the Holt and Polis (1997) model. The possibility that
he omnivore can protect the plant by keeping the herbi-
ore population in check turns out to depend intricately and
on-trivially on the relationship between food qualities and
references for plant or herbivore diets by the omnivore. For
xample, when the omnivore can grow faster on the herbi-
ore than on the plant (rPR > rPH), increasing the omnivore’s
ood preference for the plant (β) increases the parameter
egion where the herbivore is eliminated. The reason is that
y switching to more plant as food the omnivore can grow
aster and with a larger population it will also, as a side
ffect, consume more herbivores. Increasing the attractive-
ess of the plant to the omnivore could, therefore, be a means
f combating herbivores. This is in line with Eubanks and
enno (2000) who found omnivores to develop larger popu-

ations and remove more herbivores from high-quality plants
han low quality plants. However, in the end this might lead
o the omnivore becoming the pest on the plant. The sever-
ty of omnivore damage, relative to damage caused by pure
erbivores, should ultimately determine whether the replace-
ent is beneficial for the host plant. Normally, plant breeders

ssume that herbivore replacement by omnivores is highly
esired compared to omnivore replacement by herbivores,
ut this presumption has to be evaluated on a case to case
asis.

When the omnivore can grow faster on the plant than on
he herbivore (rPR > rPH) there is a region in the parameter
pace (μ − β/γ plane) where outcomes depend on initial con-
itions: invasion by the absent species can therefore require
large number of invading individuals and, in particular,

lready small biomasses of herbivores may impede omni-
ore establishment. This is shown by the dotted line in the
erbivore–omnivore phase plane in Fig. 3B. The details of
his graph will depend upon all parameters describing the sys-
em. Increasing the initial omnivore population always leads
owards conditions where the herbivore is outcompeted, but
t may seem counterintuitive that increasing the initial food

vailability (H) for the omnivore will make it go extinct. The
xplanation is that as herbivore biomass increases, the omni-
ore will switch to eating more and more of the herbivore
lthough this food is of too low quality to sustain it (rPH < μ).

o
t
w
m
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his suggests that the omnivore needs to be able to sense
ot only the amounts of different food sources but also their
uality. Also, the herbivore could evolve a defense by mak-
ng itself more attractive using, e.g. olfactory cues, but less
aluable, as a food source.

Coexistence, stable or as limit cycle, only occurs when
mnivore growth on the plant is slower than on the herbivore
rPR < rPH), because if the omnivore depresses the herbivore
o low densities, it has to switch to the lower quality plant
ubstrate and will decline in abundance, which allows the
erbivore to reestablish. This explains also why increasing
he omnivore’s preference for plant as diet (β) decreases the
arameter space where the omnivore survives. It should also
e noted that under these conditions the omnivore cannot
stablish itself on plants free of herbivores. The use of an
mnivore to reduce herbivore damage requires, therefore, that
ome presence of the herbivore is allowed.

The possibility for the herbivore to maintain itself in the
ystem and to grow to a large biomass depends on the relation
etween the plant as a resource for the omnivore (βR) and the
lant as a resource for the herbivore (γR). When the plant is
he better resource for the omnivore (rPR > rPH) the herbivore
ares better the larger it can grow and β/γ should be small. In
ontrast, when the herbivore is the better food for the omni-
ore (rPR < rPH), the herbivore can even make the omnivore
o extinct if it cannot reach large enough a biomass. In the
atter case, it may then be a question if such herbivores can
evelop into pests.

Most of our results are based on the long-term behavior
f the system. However, the short-term dynamics may be
uite different from the long-term dynamics. Compare, for
xample, Fig. 3F and G that start similarly but in one case
Fig. 3F) leads to a cycle while in the other case (Fig. 3G)
eads to herbivore extinction. Short-term observations can,
herefore, be misleading (see also Eubanks & Denno 2000).
ne should also consider the possibility that the long-term
ehavior never develops because seasonal climatic variabil-
ty differentially affects the mortality of the herbivore and
mnivore, resetting the system regularly to new initial states.
n agricultural systems, harvesting and other drastic distur-
ances may have similar effects (cf. Björkman, Bommarco,
klund, & Höglund 2004).
Although our focus has been on plant quality, quantity is

lso important. First of all we note that our results are both in
ine with and contrast with the results of Holt and Polis (1997)
ith respect to coexistence as a function of resource availabil-

ty (βR). When the omnivore can survive on the plant alone,
ncreasing the plant resource favors the omnivore (Fig. 2A)
s predicted by the Holt and Polis model. In contrast, when
he plant is of lower food value than the herbivore (rPR < rPH,
ig. 2B), increasing the plant resource favors the herbivore.
consequence could be that early in the growing season the
mnivore may be able to keep the herbivore in check, but as
he plant biomass increases the system may pass into a region
here the omnivore will decline and even go extinct. Our
odel does not allow us to decide which of the herbivore and
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he omnivore is the superior competitor for the plant. There-
ore, we cannot compare our results with those of Holt and
olis (1997) in that respect. However, in the region of coex-

stence the omnivore gains from consuming the herbivore
rPR < rPH) as predicted by Holt and Polis (1997).

As omnivores are increasingly used as biocontrol agents
o combat herbivores in agriculture, it is intriguing to dis-
uss our results from a plant breeder perspective. From a
lant protection point of view, growers would ultimately
ant detrimental herbivores to be displaced by less harmful
mnivores. As plant breeders often have a range of breed-
ng material with different suitability for herbivorous and
mnivorous insects (Peacock, Harris, & Powers 2004) our
esults open up the possibility to plan the breeding to equip the
nal plant product with a qualitative status corresponding to

ong-term replacement of herbivores by omnivores. Although
dditional research has to be carried out before implement-
ng these insights on focal agroecosystems we have clearly
hown the potential of plant quality as food for omnivorous
nsects to greatly alter the outcome of omnivore–herbivore
nteractions in a predictable way.

From a more basic perspective, our results also imply a
otential role of omnivores as selective agents driving the
volution of plant quality in nature. If herbivore damage to
lants represents a real cost and if omnivore damage is less
ostly one may be inclined to hypothesize that plant geno-
ypes which catalyze the replacement of herbivores should be
avored. This unexplored possibility may comprise a fruitful
esearch area for future studies of plant–insect interactions.

Lastly, it is very re-assuring that a model as the one pre-
ented here has the potential to bridge the gaps between such
raditionally separated areas as evolutionary biology, pop-
lation ecology, and crop protection. An ultimate goal in
griculture and forestry is improved cropping security, i.e.
inimizing losses due to pests and other factors. Our model
ay serve as a tool to actively select plant genotypes to

mprove cropping security by minimizing the risk for pest
utbreaks. At the same time the model may be used to better
nderstand the evolution of plant quality investments and to
redict the population dynamics of herbivores. The increased
wareness, that omnivores play a more important role in
cological systems than previously thought, implies that the
odel may be applicable to many systems.
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