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Series Preface

Biological control of pests, weeds, and plant and animal diseases utilising their
natural antagonists is a well-established and rapidly evolving field of science.
Despite its stunning successes world-wide and a steadily growing number of appli-
cations, biological control has remained grossly underexploited. Its untapped
potential, however, represents the best hope to providing lasting, environmentally
sound, and socially acceptable pest management. Such techniques are urgently
needed for the control of an increasing number of problem pests affecting agricul-
ture and forestry, and to suppress invasive organisms which threaten natural habi-
tats and global biodiversity.

Based on the positive features of biological control, such as its target specificity
and the lack of negative impacts on humans, it is the prime candidate in the search
for reducing dependency on chemical pesticides. Replacement of chemical control
by biological control — even partially as in many IPM programs — has important
positive but so far neglected socio-economic, humanitarian, environmental and
ethical implications. Change from chemical to biological control substantially con-
tributes to the conservation of natural resources, and results in a considerable reduc-
tion of environmental pollution. It eliminates human exposure to toxic pesticides,
improves sustainability of production systems, and enhances biodiversity. Public
demand for finding solutions based on biological control is the main driving force
in the increasing utilisation of natural enemies for controlling noxious organisms.

This book series is intended to accelerate these developments through exploring
the progress made within the various aspects of biological control, and via docu-
menting these advances to the benefit of fellow scientists, students, public officials,
policymakers, and the public at large. Each of the books in this series is expected
to provide a comprehensive, authoritative synthesis of the topic, likely to stand the
test of time.

Heikki M.T. Hokkanen, Series Editor
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Foreword

Feeding on Non-Prey Resources
by Natural Enemies

Moshe Coll

Reports on the consumption of non-prey food sources, particularly plant materials,
by predators and parasitoids are common throughout the literature (reviewed
recently by Naranjo and Gibson 1996, Coll 1998a, Coll and Guershon, 2002).
Predators belonging to a variety of orders and families are known to feed on pollen
and nectar, and adult parasitoids acquire nutrients from honeydew and floral and
extrafloral nectar. A recent publication by Wickers et al. (2005) discusses the pro-
visioning of plant resources to natural enemies from the perspective of the plant,
exploring the evolutionary possibility that plants enhance their defenses by recruit-
ing enemies to food sources. The present volume, in contrast, presents primarily the
enemies’ perspective, and as such is the first comprehensive review of the nutri-
tional importance of non-prey foods for insect predators and parasitoids.

Although the ecological significance of feeding on non-prey foods has long been
underappreciated, attempts have been made to manipulate nectar and pollen avail-
ability in crop fields in order to enhance levels of biological pest control by natural
enemies (van Emden, 1965; Hagen, 1986; Coll, 1998a). The importance of non-
prey foods for the management of pest populations is also discussed in the book.
To place our view of interactions between prey, predators and supplemental foods
in a historical context, I will briefly review developments in our understanding of
trophic interactions in ecological systems, from consumer-resource relationships,
through interactions in linear food chains with three species, to more complex
direct and indirect effects in community modules with closed loops of omnivorous
interactions. Finally, I will touch upon more recent research on trophic interactions
of greater complexity, and discuss the need to place omnivorous feeding habits in
spatial, evolutionary and conservation biology contexts.

Moshe Coll

Department of Entomology, The Hebrew University of Jerusalem,
P.O. Box 12, Rehovot 76100, Israel

email: coll@agri.huji.ac.il
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1 From Simple Interactions in Linear Food-Chains
to Omnivorous Trophic Loops

Ecologists have traditionally focused on feeding by organisms on food items at the
trophic level immediately below their own. This perspective is not indicative of a
belief that interactions between two trophic levels occur in isolation, but rather
expresses the hope that a simplistic view of ecological systems would yield in-
depth understanding of underlying processes (Begon et al. 1996a). This approach
led trophic research in two general directions, one dealing with animal—plant inter-
actions, and the other focusing on interactions between predators and their prey.

Studies of animal-plant relationships allowed for detailed investigation of the
effects of plant chemistry, morphology, and structure on herbivores, and resulted in
the development of numerous testable hypotheses. Although many major advances
in our understanding of insect—plant interactions date back some 50 years, with
notable contributions by Fraenkel (1959), Ehrlich and Raven (1964), Feeny (1975,
1976) and Rhoades (1979), ecological investigations of predator—prey and host—
parasitoid interactions were initiated even earlier (Lotka, 1924; Volterra, 1926;
Nicholson, 1933; Nicholson and Bailey, 1935). It should be noted that the effect of
predators and parasitoids on herbivore populations was in fact appreciated more
than 2,300 years ago, when natural enemies were used for biological pest control
(DeBach and Rosen, 1991). It therefore seems that agricultural use of natural ene-
mies both preceded and stimulated the ecological investigations of predator—prey
interactions that gained momentum during the 20th century. Much effort over the
last 50 years was therefore aimed at identifying regulators of insect populations and
was focused on inter-trophic level interactions, be they herbivore-plant or predator-
prey associations (Hairston et al., 1960; Hassell, 1978, 1985; Strong et al., 1984).

After the late 1970’s, trophic interactions between consumers and their food
sources were placed in a three-trophic level context (Fig 1a) (Campbell and Duffey,
1979; Lawton and McNeill, 1979; Price et al., 1980; Schultz, 1983). These early
studies were focused on direct adverse effects of plant defenses on natural enemies,
and on positive indirect influences of plants that acted to increase enemy-induced
mortality by slowing herbivore development (Campbell and Duffey, 1979; Lawton
and McNeill, 1979). While the traditional view, in which ecological communities
are composed of distinct trophic levels, is in evidence in both early and more recent
entomological studies (Pierce et al., 1912; Pearson and Dyer, 2006), later studies
also focus on other trophic configurations in modules with three species. These
modules include an enemy that attacks two herbivores (Fig. 1b), and a single prey
which is attacked by two enemies (Fig. 1c).

More recently, ecologists have addressed interactions of greater complexity in
three-species community modules (e.g., Polis, 1991; Polis and Holt, 1992; Coll and
Guershon, 2002; Finke and Denno, 2004). The widely accepted view of communities
as consisting of species occupying three functionally discrete trophic levels, as pro-
posed by Hairston et al. (1960), has been replaced by a recognition of the importance
of modules containing omnivorous species, defined as consumers that feed at more
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Fig. 1 Diagrammatic representation of possible direct trophic relations in community modules
composed of three species. Feeding also on the plant by the predator in module (a) will result in
true omnivory (d); two prey species with a shared predator (b) may exhibit apparent competition;
and a predator feeding on the second predator in module (c) will lead to intraguild predation (e)
of the intraguild (IG) prey by the IG predator. Both true omnivory (d) and intraguild predation (e)
are cases of trophic omnivory, whereby the omnivore and IG predator feed at more than one
trophic level

than one trophic level (Pimm and Strong 1978). These modules, which act to blur
trophic organization, include closed loops wherein one species, be it the herbivore in
true omnivory (Fig. 1d) or the intraguild (IG) prey in the case of 1G predation (Fig.
le), is not only consumed by top predators (the omnivore and IG predator), but also
competes with them for shared food sources (plant and herbivore).

Indeed, examination of ecology textbooks' reveals an exponential increase in the
attention devoted to omnivory over the last 40 years (Fig. 2); yet, data show that until
the early 1990’s, the term omnivory appeared in these books only to describe the
nature of animal feeding habits, much like herbivory and carnivory. This use of the
term omnivory dates back to ancient Greece. Aristotle, who is regarded as the founder
of the biological sciences, recognized that terrestrial animals differ in their diets: they
can be carnivorous, graminivorous, omnivorous, or ‘“special” (e.g., nectivorous)

'The indexes of 27 authored, general ecology and insect ecology textbooks were examined for the
number of pages that include the words ‘omnivory’, ‘omnivore’ or ‘omnivorous’ in the volume.
The number of pages with the terms was divided by the total number of text pages in the volume
to obtain the “attention level”. Then, the context in which the terms appear in the text was classi-
fied as “feeding habit” (much like herbivory and carnivory) or “trophic organization”.
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Fig. 2 Change over time in the attention devoted to omnivory in ecological textbooks. Shown is
the proportion of pages in authored general ecology (n = 22) and insect ecology (n = 5) textbooks?
in which the terms ‘omnivory’, ‘omnivore’ or ‘omnivorous’ appear, as indicated by the books’
subject indexes. Each mention of the terms in the text was then classified as based on ‘feeding
habits’ or ‘trophic organization” according context

(outlined by Allee et al., 1949: 15). Discussion of trophic omnivory and its signifi-
cance for community structure and function has appeared in textbooks only very
recently, with a four-fold increase in attention between the 1990s and 2000s
(Fig. 2). A similar situation came to light when the glossary definitions of
‘omnivory’ or ‘omnivore’ found in these books were compared (n = 14). Six of the
glossaries did not define ‘omnivory’ at all; the trophic definition of omnivory
appeared only after 1990; and only one glossary (Ricklefs, 1990) lists both defini-
tions. I argue that the changes appearing in the definitions of these terms act to
confuse trophic and true omnivory, thus obscuring peculiarities of the latter. A case
in point is the definition used by Begon et al. (2006b) of omnivory as ‘feeding on
prey from more than one trophic level’ that excludes true omnivory altogether.
The present volume deals primarily with true omnivory; it is a timely compilation
of our understanding of the nutritional, ecological, and agricultural significance of
feeding on non-prey foods, be they fungi, or plant- or herbivore-produced materials.

2Begon et al. (1986, 1990, 1996b, 2006); Chapin et al. (2002); Chapman and Reiss (1992);
Colinvaux (1993); Dodson et al. (1998); Krebs (1972, 1978, 1994, 2001); McIntosh (1985);
McNaughton and Wolf (1979); Odum (1971, 1983); Price (1975, 1984, 1997); Ricklefs (1973,
1990, 1997); Ricklefs and Miller (2000); Schowalter (2006); Smith (1974); Speight et al. (1999);
and Townsend et al. (2003).
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This comprehensive contribution, together with other publications which have
appeared over the last 12 years (Alomar and Wiedenmann, 1996; Jervis and Kidd,
1996; Schaefer, 1997; Coll, 1998b; Coll and Guershon, 2002; Wickers et al., 2005),
encompasses many aspects of plant-feeding by natural enemies which need not be
repeated in this foreword. I will instead focus in the remainder of this chapter on
several little-studied implications of true omnivory.

2 Some Ecological Implications of True Omnivory

The dramatic change in our view of the structure of animal communities, from
discrete to more diffused trophic organization, presents ecologists with new
research challenges. I briefly discuss some of these challenges in this section.

2.1 Synergistic Nutritional Effects on True Omnivores

Omnivorous predators are assumed to switch between prey and plant feeding
(Cohen, 1996; Naranjo and Gibson, 1996; Coll, 1998b; Agrawal et al., 1999; Coll
and Guershon, 2002), but little is known about the nutritional relations between
these vastly different food sources. If prey and plant-based foods are in principle
nutritionally equivalent, more herbivores should be consumed by omnivores when
plant quality decreases (Agrawal et al., 1999; Eubanks and Denno, 2000, Janssen
et al., 2003). Plant materials, on the other hand, may provide some essential nutri-
ents that facilitate prey consumption. It has recently been reported that consump-
tion of plant-derived water facilitates prey feeding in Dicyphus hesperus (Gillespie
and McGregor, 2000; Sinia et al., 2004). Plant tissue may also provide nutrients that
are not available in prey; in this case, omnivores can be expected to switch between
plant- and prey-feeding to supplement their dietary needs. Exploring the nutritional
interactions between plant and prey foods would help us predict short and long term
effects of omnivores on herbivore populations.

2.2 Foraging Behavior by True Omnivores

Foraging strategy often affects the diet of consumers; sit-and-wait predators, for
example, may be able to consume mobile but not sessile prey (see discussion in
Rosenheim and Corbett (2003) ). If this is the case, then we may expect true omni-
vores to be less mobile than pure carnivores, as they may feed on plants when plant
and prey foods are nutritionally equivalent. This proposition has not been tested for
true omnivores, although resolving the issue may help both to predict the ability of
omnivores to suppress various prey species that differ in their mobility, and to
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inform us about the susceptibility of omnivores to their own predators: it has been
proposed, for example, that true omnivores are more likely to serve as IG predators
than as IG prey (see discussion below).

Another important, yet little explored topic is the effect of prey and plant foods
on patch dynamics of true omnivores. It is often assumed that omnivores, because
they may sustain themselves on plant materials, are less likely than pure carnivores
to leave the habitat when prey becomes scarce. Yet few studies have actually
addressed this issue in depth (but see Eubanks and Denno, 1999). Van Laerhoven
et al. (2006) showed that both plant and prey foods influence the length of time
individual bugs remain on a given host plant. Investigating specific contributions of
prey and plant resources to omnivore behavior in habitat patches is particularly
challenging because plant resources, unlike prey, are not usually depleted by the
omnivore, and the plant defines the prey’s habitat. Foraging omnivores may there-
fore encounter both food types simultaneously; finding one type is likely to be
dependant on finding the other. This dependence is likely to be asymmetrical:
although finding the plant may not always result in encountering prey, the reverse
is more likely to be true. Finally, nutritional constraints are often assumed to be the
primary, if not the only, cause for food mixing by omnivores. Singer and Bernays
(2003) pointed out that other considerations, such as toxin dilution and predator
avoidance, may also lead to omnivorous feeding habits.

2.3 Competition and Cannibalism by True Omnivores

In food webs with omnivorous trophic loops, the omnivore also competes with its
prey for shared food sources. It has been predicted that these competitive interac-
tions will destabilize such three-species modules and make omnivory rare in nature
(Pimm and Lawton, 1978). Theoretical studies indicate that IGP systems will per-
sist only if the IG prey is superior to the IG predator as an exploiter of the herbivore
(see discussion in Rosenheim and Harmon, 2006 and Janssen et al., 2006). This
prediction is also plausible for three-species modules which include true omni-
vores. With a few exceptions, the nature of competitive interactions between true
omnivores and their prey nonetheless remains in the realm of theory.

Contrary to predictions for IGP systems, Coll and Izraylevich (1997) showed
that the true omnivorous bug Orius insidiosus displaces its thrips prey from pre-
ferred feeding sites on plants. The study, however, did not compare host plant uti-
lization by the omnivore and by its prey. Instead, a heuristic mathematical model
showed that a decrease in plant palatability for the omnivore tends to stabilize the
system (Coll and Izraylevich, 1997). Taken together, these results support predic-
tions formulated for IGP systems and suggest that three-species modules with true
omnivores may persist on well-defended plants that adversely affect the omnivore
but not the herbivore. This may result in a higher prevalence of true omnivores in
systems with more monophagous than polyphagous herbivore prey, and in natural
rather than managed ecosystems. These predictions await testing.
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True omnivory may also reduce cannibalism because of the availability of
plant-based foods (Coll and Guershon 2002). Recent studies indicate that the
presence of plant materials, much like prey, does indeed reduce the intensity of
cannibalism by an omnivorous bug (Leon-Beck and Coll, 2007), and that plant
characteristics have an important effect on cannibalism in another true omnivore
(Laycock et al., 2006). The presence of pollen also reduced cannibalism in field
populations of a true omnivorous coccinellid (Cottrell and Yeargan, 1998). Yet,
true omnivores may exhibit intraspecific competition for plant resources.
Groenteman et al. (2006) showed, for example, that Orius albidipennis females
guard preferred oviposition sites on cotton leaves against conspecific females,
and that this behavior is more pronounced on nitrogen-rich than on nitrogen-poor
plants. Likewise, proportionately fewer eggs were deposited by O. albidipennis
at preferred sites in the presence of two intraguild predator species than in their
absence (Groenteman, 2004).

2.4 True Omnivory and Population Dynamics

Much progress has been made in recent years in our understanding of dynamic
properties of omnivore populations. Most of this progress, however, involves omni-
vores that feed on herbivorous and carnivorous prey (discussed recently by Janssen
et al., 2006; Rosenheim and Harmon, 2006; Denno and Finke, 2006) . Relatively
little is known about the population dynamics of true omnivores (Coll and
Izraylevich, 1997; Lalonde et al., 1999; Gillespie and Roitberg, 2006). Three
unique features of these modules call for more theoretical explorations. First, works
to date have treated plant-based foods as non-depletable resources. This is hardly
the case in natural systems, where availability of these foods often varies over time
and space and therefore is likely to change the intensity of omnivore—prey interac-
tions. The ways in which these changes in resource availability affect the dynamics
of the system remain to be studied.

The second unique feature of these systems involves the nature of the competi-
tive interactions between true omnivores and their prey, whether characterized by
exploitation (scramble) or by interference (contest) competition. Exploitation com-
petition may occur when availability of resources such as nectar is inversely related
to omnivore density, whereas interference competition has been reported when the
omnivore displaces its prey from preferred feeding sites (Coll and Izraylevich,
1997). These two types of competition may have different effects on the behavior
of community modules with true omnivory.

The third important feature is the differential suitability of various foods for the
omnivore. The multifaceted difference in nutritional properties of plant and prey
food sources often leads to differential contributions to the survival, development
and fecundity of the omnivore (Coll, 1998b). For this reason, modeling of
age-structured populations is expected to yield different predictions because of the
diverse effects diet mixing has on various fitness traits of the omnivore.
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2.5 True Omnivory and Intraguild Predation

It has been hypothesized that true omnivores will sustain themselves on plant
resources when prey density is low, rather than being forced to leave the habitat or
starve, as is the case for pure carnivores (Coll, 1998b; Coll and Guershon, 2002;
Sabelis and van Rijn, 2006). Therefore, plant-feeding omnivores are expected to
remain in the habitat and prevent subsequent rapid build-ups of herbivore popula-
tions (Coll, 1998b; Eubanks and Denno, 2000; van Rijn et al., 2002). This unique
characteristic of omnivorous natural enemies is particularly desirable for biological
control early in the growing season, when true omnivores can colonize fields before
pests become abundant, and for regulation of pest populations exhibiting transient
declines during the season. Yet when pests are scarce and true omnivores are
expected to express their special advantage, the intensity of intraguild predation
(IGP) also increases (Polis et al., 1989; Gillespie and Quiring, 1992; Lucas et al.,
1998; Rosenheim, 2001). It is important to realize, however, that the two phenomena
— true omnivory and IGP — are in many cases expressions of the single underlying
fact that predators have broad diets. Many, though not all, predators whose diets are
wide enough to include both prey and plant-based foods, will consume both herbivo-
rous and carnivorous prey (Arim and Marquet, 2004). Thus, many omnivores are
also IG predators, and communities that are rich in true omnivores will contain many
IG predators as well. It therefore may be inappropriate to treat true omnivory and
IGP as separate ecological phenomena, as has been done in the past.

In systems that include true omnivores engaged in IGP, supplementation by pol-
len and other plant foods is expected to have two counteracting short term effects
on prey populations. First, pollen-feeding by the two predators will release prey
populations from predation because factors such as gut fullness are important deter-
minants of predator attack rate (Sabelis, 1990). This would result in greater abun-
dance of prey in the presence of pollen. In contrast, supplementation by pollen will
lessen the disruptive effect of IGP on prey suppression, i.e., it will reduce predation
on the IG prey by the IG predator, which should lead to lower prey densities. A
recent study on a system containing two true omnivores that are engaged in IGP
confirmed these predictions by showing that both the IG prey and IG predator
consumed significantly more prey in the absence of pollen than in its presence.
Likewise, fewer IG prey were consumed by the IG predator in the presence of
pollen than in its absence. Thus, results show that trophic interactions are weakened
in the short term by supplementation with plant-based foods.

It is much harder to predict how such short term effects influence the behavior
of these systems in the long run. The various ways in which plant quality affects
IGP by true omnivores have been explored recently by Gillespie and Roitberg
(2006). They conclude that understanding the influence of plants on IGP is
important because they are likely to mediate IGP by true omnivores. Assessment of
IGP occurrence in 113 food webs suggests that true omnivorous species are less
likely than expected to be IG prey in nature, and more likely than expected to be IG
predators (Arim and Marquet, 2004). These results suggest that the ability of IG
predators to feed on non-prey foods may relax predation on and competition with
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IG prey, thus allowing such IGP systems to persist. Also, true omnivorous IG prey
are likely to be excluded by IG predators and thus be under-represented in food
webs, if true omnivores are inferior predators relative to pure carnivores, as sug-
gested by Coll and Guershon (2002). This issue is being explored recently also in
theoretically and empirically studies of the effect of food supplements on the
dynamics of community modules with IGP (Daugherty et al., 2007).

2.6 Spatial Dynamics of True Omnivore Populations

The consumption of prey and plant-derived foods by true omnivores may be sepa-
rated not only in time (e.g., life-history omnivory; Polis and Strong, 1996), but also
in space. If true omnivores and their prey respond differently to spatial variation in
the availability of plant and prey food, the intensity of trophic interactions is
expected to vary spatially, which may allow the system to persist over a larger
spatial scale. This may be the case for the omnivorous bug Anthocoris nemoralis,
which moves between tree species in Mediterranean woods to feed on pollen and
different psylla species (Shaltiel and Coll, 2004). Similar disjunct distributions of
omnivores and their foods can occur on a smaller scale. Recently showed that the
spatial dynamics generated when true omnivores and their prey track food sources
differently on the plant, and possibly when prey alter their distribution to escape
predation, lead to site-specific configurations of interacting populations. Specifically,
omnivorous bugs and mites congregated on pollen-bearing flowers, whereas their
thrips prey colonized the fruits. The intensity of resulting trophic interactions was
weakened by the heterogeneous distribution of plant and prey foods. Similar ideas
were put forth by Tilman (1982), who argued that competing species may persist in
a region if the supplies of different resources vary in space. Asynchronous spatial
dynamics in the availability of plant and prey foods thus may enable true omnivores
and their prey to coexist in heterogeneous areas. Further empirical and theoretical
exploration of spatial aspects of omnivory is likely to enhance our understanding of
the stability properties of these systems.

2.7 Evolutionary Transition to True Omnivory

Little is known about the adaptive advantages and disadvantages of omnivory and
about constraints to the evolution of true omnivory (but see Diehl (2003) and
Roitberg et al. (2005)). Studies of morphological, physiological, and behavioral
traits associated with true omnivory are scant (see discussions by Coll and
Guershon, 2002 and Eubanks et al., 2003), and the evolutionary path to omnivory
has been the subject of extensive debate. This debate is well documented for the
Heteroptera, an order encompassing diverse feeding habits and many true omnivo-
rous species (Cobben, 1978; Sweet, 1979; Schuh, 1986; Wheeler, 2001; Eubanks
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et al., 2003). Investigating the evolutionary consequences of the ability to feed on
both plants and prey provides a unique opportunity to gain valuable insight into the
speciation processes driven by food diversification.

2.8 True Omnivory, Conservation Biology
and Global Climate Changes

Our new view of the structure and function of ecological communities as possess-
ing diffused trophic organization, should also change our decisions concerning both
conservation and the impacts of global climate changes on ecological systems.
I bring three examples for such considerations. The first, which deals with invasion
biology, suggests that true omnivores may pose the highest risk of invading new
areas (Berkvens et al., 2008). This can be expected if polyphagous consumers are
more successful invaders than specialist ones (Vazquez, 2005). If this prediction
holds true, our efforts in curbing biological invasions should be directed accord-
ingly. The second example addresses the difficulty of identifying species that war-
rant protection in communities with complex food webs (i.e., with many omnivores).
The concept of ‘keystone interaction’ may be useful in such cases, as it refers to
those pair-wise interactions whose disturbance may alter the function of the whole
community (Eubanks and Styrsky, 2006). The last example applies to the implica-
tions of true omnivory for predicting the impact of global changes on ecological
systems. Until recently, the effect of atmosphere enrichment with CO, has been
assessed mostly for plants and, to a lesser degree, for herbivorous arthropods. Much
less is known about the flow-on effects of elevated CO, on the performance of
natural enemies, and nothing was known until recently about its direct and indirect
effects on true omnivores (Coll and Hughes, 2008). A recent study showed that
elevated CO, may (1) benefit the omnivore indirectly by slowing prey development
and thus increasing its vulnerability to predation, but (2) hamper omnivore develop-
ment because of reduced nitrogen content of plant foliage on which it feeds (Coll
and Hughes, 2008). These examples illustrate some of the dramatic ways in which
our ability to make predictions and take effective action may be altered by consider-
ing the omnivorous feeding habits of consumers in ecological communities.

3 Closing Remarks

This single-authored book provides a comprehensive review of the basic ecological
and applied significance of feeding by predators and parasitoids on non-prey foods,
a topic that was largely ignored until recently. The author brings to the volume valu-
able experience in the field. It is my hope that the present volume as a whole, and
my thoughts in the second part of the foreword, will encourage further exploration
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of the poorly understood implications of omnivorous feeding habits for the function
of ecological communities and the management of pest populations.

Acknowledgements [ thank Ruth-Ann Yonah for valuable help with manuscript prepara-
tion. My recent work on omnivory has been supported by funding from the Israel Science
Foundation, funded by the Academy of Science and Humanities (ISF grant 574/07), and by
the US-Israel Binational Agricultural Research & Development Fund (BARD grant
TB-8027-04)

References

Agrawal, A.A., Kobayashi, C. & Thaler, J.S. (1999) Influence of prey availability and induced
host-plant resistance on omnivory by western flower thrips. Ecology, 80, 518-523.

Allee, W.C., Emerson, A.E., Park, O., Park, T., & Schmidt, K.P. (1949) Principles of Animal
Ecology. W.B. Saunders, Philadelphia, PA, 837 pp.

Alomar, O. & Wiedenmann, R.N. (eds.) (1996) Zoophytophagous Heteroptera: Implications for
Life History and Integrated Pest Management. Entomological Society of America, Lanham,
MA.

Arim, M. & Marquet, P.A. (2004) Intraguild predation: a widespread interaction related to species
biology. Ecology Letters, 7, 557-564.

Begon, M., Harper, M.J. & Townsend, C.R. (1986) Ecology: Individuals, Populations, and
Communities. Sinaure Associates, Sunderland, MA.

Begon, M., Harper, M.J. & Townsend, C.R. (1990) Ecology: Individuals, Populations, and
Communities (4th edition). Blackwell, Oxford.

Begon, M., Browers, R.G., Sait, S.M., & Thompson, D.J. (1996a) Population Dynamics Beyond
Two Species: Hosts, Parasitoids and Pathogens, pp. 115-126, In Frontiers of Population
Ecology (eds. Floyd RB, Sheppard AW & De Barro PJ) CSIRO, Melbourne.

Begon, M., Harper, J.L. & Townsend, C.R. (1996b) Ecology: Individuals, Populations and
Communities. (3rd edition) Blackwell, Oxford.

Begon, M., Harper, J.L. & Townsend, C.R. (2006) Ecology: From Ecosystems to Individuals (4th
edition). Blackwell, Oxford.

Berkvens, N., Bonte, J., Berkvens, D., Deforce, K., Tirry, L. & De Clercq, P. (2008) Pollen as an
alternative food for Harmonia axyridis. BioControl, 53, 201-210.

Campbell, B.C. & Duffey, S.S. (1979) Tomatime and parasitic wasps: potential incompatibility of
plant abiosis with biological control. Science, 205, 700-702.

Chapman, J.L. & Reiss, M.J. (1992) Ecology: Principles and Applications. Cambridge University
Press, Cambridge, 294 pp.

Chapin, E.S., Matson, P.A. & Mooney, H.A. (2002) Principles of Terrestrial Ecosystems. Springer,
New York.

Cobben, R.H. (1978) Evolutionary trends in Heteroptera. Part II. Mouthpart-structures and feed-
ing strategies. Mededelingen Landbouwhogeschool, Wageningen, 407 p.

Cohen, A.C. (1996) Plant feeding by predatory Heteroptera: evolutionary and adaptational aspects
of trophic switching. In Zoophytophagous Heteroptera: Implications for Life History and
Integrated Pest Management (eds. O. Alomar & R.N. Wiedenmann), pp. 1-17. Entomological
Society of America, Lanham, MA.

Colinvaux, P. (1993) Ecology 2. Wiley, New York, 688 pp.

Coll, M. (1998a) Parasitoids in diversified intercropped systems. In Enhancing Biological Control:
Habitat Management to Promote Natural Enemies of Agricultural Pests. (eds. C.H. Pickett &
R. Bugg), pp. 85-120. University of California Press, Berkeley, CA.



XX Foreword

Coll, M. (1998b) Living and feeding on plants in predatory Heteroptera. In Predatory Heteroptera:
Their Ecology and Use in Biological Control. (eds. M. Coll & J.R. Ruberson), pp. 89—130.
Entomological Society of America, Lanham, MA.

Coll, M. & Guershon, M. (2002) Omnivory in terrestrial arthropods: Mixing plant and prey diets.
Annual Review of Entomology, 47, 267-297.

Coll, M. & Hughes, L. (2008) Effects of elevated CO2 on an insect omnivore: A test for nutritional
effects mediated by host plants and prey. Agriculture, Ecosystems and Environment, 123,
271-279.

Coll, M. & Izraylevich, S. (1997) When predators also feed on plants: effects of competition and
plant quality on omnivore-prey population dynamics. Annals of the Entomological Society of
America, 90, 155-161.

Cottrell, TE. & Yeargan, K.V. (1998) Effect of pollen on Coleomegilla maculata (Coleoptera:
Coccinellidae) population density, predation, and cannibalism in sweet corn. Environmental
Entomology, 27, 1402-1410.

Daugherty, M.P., Harmon, J.P. & Briggs, C.J. (2007) Trophic supplements to intraguild predation.
Oikos, 116, 662-677.

DeBach, P. & Rosen, D. (1991) Biological Control by Natural Enemies. 2nd ed. Cambridge
Univiversity Press, Cambridge.

Denno, R.F. & Finke, D.L. (2006) Multiple predator interactions and food web connectance:
Implications for biological control. In Trophic and Guild Interactions in Biological Control
(eds. J. Brodeur & G. Boivin), pp. 45-70. Springer, Dordrecht.

Diehl, S. (2003) The evolution and maintenance of omnivory: Dynamic constraints and the role
of food quality. Ecology, 84, 2557-2567

Dodson, S., Allen, T.F.H., Carpenter, S.R., Ives, A.R., Jeanne, R.L., Kitchell, J.F., Langston, N.E.
& Turner, M.G. (1998) Ecology. Oxford University Press, Oxford, UK, 434 pp.

Ehrlich, PR. & Raven, P.H. (1964) Butterflies and plants: a study in coevolution. Evolution, 18,
586-608.

Eubanks, M. D. & Denno, R. F. (1999) The ecological consequences of variation in plants and
prey for an omnivorous insect. Ecology, 80, 1253-1266.

Eubanks, M.D. & Denno, R.F. (2000) Host plants mediate omnivore—herbivore interactions and
influence prey suppression. Ecology, 81, 936-947.

Eubanks, M.D., & Styrsky, J.D. (2006) Ant-Hemipteran mutualisms: keystone interactions that
alter food web dynamics and influence plant fitness, In Trophic and Guild Interactions in
Biological Control (eds. J. Brodeur & G. Boivin), pp.1-20. Springer, Dordrecht.

Eubanks, M.D., Styrsky, J.D. and Denno, R.F. (2003) The evolution of omnivory in heteropteran
insects. Ecology, 84, 2549-2556.

Feeny, P.P. (1975) Biochemical coevolution between plants and their insect herbivores. In
Coevolution of Animals and Plants (eds. L.E. Gilbert & P.H. Raven), pp. 3—19. University of
Texas Press, Austin.

Feeny, P.P. (1976) Plant apparency and chemical defense. Recent Advances in Phytochemistry, 10,
1-40.

Finke, D.L. & Denno, R.E. (2004) Predator diversity dampens trophic cascades. Nature, 429, 407—-410.

Fraenkel, G.S. (1959) The raison d’étre of secondary plant substances. Science, 129, 1466-1470.

Gillespie, D.R. & McGregor, R.R. (2000) The functions of plant feeding in the omnivorous preda-
tor Dicyphus hesperus: water places limits on predation. Ecological Entomology, 25,
380-386.

Gillespie, D.R. & Quiring, D.J.M. (1992) Competition between Orius tristicolor (White)
(Hemiptera: Anthocoridae) and Amblyseius cucumeris (Oudemans) (Acari: Phytoseiidae)
feeding on Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae). Canadian
Entomologist, 124, 1123-1128.

Gillespie, D.R. & Roitberg, B.D. (2006) Inter-guild influences on intra-guild predation in plant-
feeding omnivores. In Trophic and Guild Interactions in Biological Control (eds. J. Brodeur &
G. Boivin), pp. 71-100. Springer, Dordrecht.



Foreword XXi

Groenteman R. (2004) Intraspecific and intraguild effects on egg deposition by Orius albidipennis
Reuter. M.Sc. thesis, Hebrew University of Jerusalem, Rehovot.

Groenteman, R., Guershon, M. & Coll, M. (2006) Effects of leaf nitrogen content on oviposition
site selection, offspring performance, and intraspecific interactions in an omnivorous bug.
Ecological Entomology, 31, 155-161.

Hagen, K.S. (1986) Ecosystem analysis: plant cultivars (HPR), entomophagous species and food
supplements. In Interactions of Plant Resistance and Parasitoids and Predators of Insects (eds.
D.J. Boethel & R.D. Eikenbary), pp. 151-97. Halsted, New York.

Hairston, N.G., Smith, FE. & Slobodkin, L.B. (1960) Community structure, population control,
and competition. American Naturalist, 94, 421-425.

Hassell, M.P. (1978) The Dynamics of Arthropod Predator-Prey Systems. Princeton University
Press, Princeton, NJ.

Hassell, M.P. (1985) Insect natural enemies as regulating factors. Journal of Animal Ecology, 54,
323-334.

Janssen, A., Willemse, E. & van der Hammen, T. (2003) Poor host plant quality causes omnivore
to consume predator eggs. Journal of Animal Ecology, 72, 478-483.

Janssen, A., Monserrat, M., HilleRisLambers, R., de Roos, A.M., Pallini, A. & Sabelis, M.W.
(2006) Intraguild predation usually does not disrupt biological control. In Trophic and Guild
Interactions in Biological Control (eds. J. Brodeur & G. Boivin), pp. 21-44. Springer,
Dordrecht.

Jervis, M.A. & Kidd, N.A.C. (1996) Phytophagy. In Insect Natural Enemies: Practical Approach
to Their Study and Evaluation (eds. M.A. Jervis & N.A.C. Kidd), pp. 375-394. Chapman &
Hall, London.

Krebs, C.J. (1972) Ecology: The Experimental Analysis of Distribution and Abundance. Harper
and Row, New York, 694 pp.

Krebs C.J. (1978) Ecology: The Experimental Analysis of Distribution and Abundance. (2nd edi-
tion). Harper and Row, New York, 677 pp.

Krebs C.J. (1994) Ecology: The Experimental Analysis of Distribution and Abundance. (4th
Edition). Harper Collins, New York, 801 pp.

Krebs, C.J. (2001) Ecology: The Experimental Analysis of Distribution and Abundance. (5th
Edition). Benjamin Cummings, New York, 695 pp.

Lalonde, R.G., McGregor, R.R., Gillespie, D.R., Roitberg, B.D. (1999) Plant-feeding by arthropod
predators contributes to the stability of predator-prey population dynamics. Oikos, 87,
603-608.

Lawton, J.H. & McNeill, S. (1979) Between the devil and the deep blue sea: on the problems of
being an herbivore. In Population Dynamics. Symposium of the British Ecological Society
(eds. R.M. Anderson, B.D. Turner & L.R. Taylor), pp. 223-244. Blackwell, Oxford.

Laycock, A., Camm, E., & van Laerhoven, S. (2006) Cannibalism in a zoophytophagous omni-
vore is mediated by prey availability and plant substrate. Journal of Insect Behavior, 19,
219-229.

Leon-Beck, M. & Coll, M. (2007) Plant and prey consumption cause a similar reduction in cam-
mibalism by an omnivorous bug. Journal of Insect Behavior, 20, 67-76.

Lotka, A.J. (1924) Elements of Physical Biology. Williams & Wilkins, Baltimore, MD.

Lucas, E., Coderre, D. & Brodeur, J. (1998) Intraguild predation among aphid predators: charac-
terization and influence of extraguild prey density. Ecology, 79, 1094-1092.

Mclntosh, R.P. (1985) The Background of Ecology: Concept and Theory. Cambridge University
Press, Cambridge, 377 pp.

McNaughton, S.J. & Wolf, L.L. (1979) General Ecology (2nd Edition). Holt, Rinehart & Winston,
New York.

Naranjo, S. E., & Gibson, R. L. (1996) Phytophagy in predaceous Heteroptera: Effects on life-
history and population dynamics. In Zoophytophagous Heteroptera: Implications for Life
History and Integrated Pest Management (eds. O. Alomar & R.N. Wiedenmann), pp. 57-93.
Thomas Say Symposium Proceedings, Entomological Society of America, Lanham, MA.



XXii Foreword

Nicholson, A.J. (1933) The balance of animal populations. Journal of Animal Ecology, 2,
132-178.

Nicholson, A.J. & Bailey, V.A. (1935) The balance of animal populations. Part I. Proceedings of
the Zoological Society of London, 3, 551-598.

Odum, E.P. (1971) Fundamentals of Ecology (3rd Edition). W.B. Saunders, Philadelphia, PA, 574

pp-

Odum, E.P. (1983) Basic Ecology. Saunders College, Philadelphia, PA, 613 pp.

Pearson, C.V. & Dyer, L.A. (2006) Trophic diversity in two grassland ecosystems, 11 pp. Journal
of Insect Science, 6, 25, available online: insectscience.org/6.25 Journal of Insect Science.
Pierce, W.D., Cushman, R.A., Hood, C.E. & Hunter W.D. (1912) The insect enemies of the cot-

ton-boll-weevil. USDA Bureau of Entomology Bulletin, 100, 1-99.

Pimm, S.L. & Lawton, J.H. (1978) On feeding on more than one trophic level. Nature, 275,
542-544.

Polis, G.A. (1991) Complex trophic interactions in deserts: an empirical critique of food-web
theory. American Naturalist, 138, 123-155.

Polis, G.A. & Holt, R.D. (1992) Intraguild predation: the dynamics of complex trophic interac-
tions. TREE, 7, 151-154.

Polis, G.A. & Strong, D.R. (1996) Food web complexity and community dynamics. American
Naturalist, 147, 813-846.

Polis, G.A., Myers, C.A. & Holt, R.D. (1989) The ecology and evolution of intraguild predation:
potential competitors that eat each other. Annual Review of Ecology and Systematics, 20,
297-330.

Price, P.W. (1975) Insect Ecology. Wiley, New York, 514 pp.

Price, P.W. (1984) Insect Ecology (2nd Edition). Wiley, New York.

Price, P.W. (1997) Insect Ecology (3rd Edition). Wiley, New York, 874 pp.

Price, PW., Bouton, C.E., Gross, P., McPheron, B.A., Thompson, J.N. & Weis, A.E. (1980)
Interactions among three trophic levels: Influence of plants on interactions between insect
herbivores and natural enemies. Annual Review of Ecology and Systematics, 11, 41-65.

Rhoades, D.F. (1979) Evolution of plant chemical defense against herbivores. In Herbivores: Their
Interaction with Secondary Plant Metabolites (eds. G.A. Rosenthal & D.H. Janzen). Academic,
New York, pp. 3-54.

Ricklefs, R.E. (1973) Ecology (1st Edition). Chiron Press, Newton, MA.

Ricklefs, R.E. (1990) Ecology (3rd Edition) W.H. Freeman, New York.

Ricklefs, R.E. (1997) The Economy of Nature (4th Edition). W.H. Freeman, New York.

Ricklefs, R.E. & Miller, G.L. (2000) Ecology (4th Edition). W.H. Freeman, New York, 822 pp.

Roitberg, B.D., Gillespie, D.R., Quiring, D.M.J., Alma, C.R., Jenner, W.H., Perry, J., Peterson,
J.H., Salomon, M., and VanLaerhoven, S. (2005) The cost of being an omnivore: mandible
wear from plant feeding in a true bug. Naturwissenschaften, 92, 431-434.

Rosenheim, J.A. (2001) Source-sink dynamics for a generalist insect predator in a habitat with
strong higher-order predation. Ecological Monographs, 71, 93-116.

Rosenheim, J.A. & Corbett, A. (2003) Omnivory and the indeterminacy of predator function: Can
a knowledge of foraging behavior help? Ecology, 84, 2538-25438.

Rosenheim, J.A. & Harmon, J.P. (2006) The influence of intraguild predation on the suppression
of a shared prey population: an empirical reassessment. In Trophic and Guild Interactions in
Biological Control (eds. J. Brodeur & G. Boivin), pp.1-20. Springer, Dordrecht.

Sabelis, M.W. (1990) How to analyze prey preference when prey density varies? A new method
to discriminate between effects of gut fullness and prey type composition. Oecologia, 82,
289-298.

Sabelis, M.W. & van Rijn, P.C.J. (2006) When does alternative food promote biological pest con-
trol? IOBC/wprs Bulletin, 29, 195-200.

Schaefer, C.W. (1997) The origin of secondary carnivory from herbivory in Heteroptera
(Hemiptera). In Ecology and Evolution of Plant-Feeding Insects in Natural and Man-Made
environments (ed. A. Raman), pp. 229-239. International Science Publications, New Delhi.



Foreword XXiii

Schowalter, T.D. (2006) Insect Ecology: An Ecosystem Approach (2nd Edition). Elsevier,
Amsterdam.

Schuh, R.T. (1986) The influence of cladistics on Heteropteran classification. Annual Review of
Entomology, 31, 67-93.

Schultz, J.C. (1983) Impact of variable plant chemical defenses on insect susceptibility to para-
sites, predators and diseases. In Plant Resistance to Insects (ed. P.A. Hedin), pp. 37-55,
American Chemical Society, Washington, DC.

Shaltiel, L. & Coll, M. (2004) Reduction of pear psylla damage by the predatory bug Anthocoris
nemoralis (Heteroptera: Anthocoridae): the importance of orchard colonization time and
neighboring vegetation. Biocontrol Science and Technology, 14, 811-821.

Singer, M.S. & Bernays, E.A. (2003) Understanding omnivory needs a behavioral perspective.
Ecology, 84, 2532-2537.

Sinia, A., Roitberg, B., McGregor, R.R., & Gillespie, D.R. (2004) Prey feeding increases water
stress in the omnivorous predator Dicyphus hesperus. Entomologia Experimentalis et
Applicata, 110, 243-248.

Smith, R.L. (1974) Ecology and Field Biology (2nd Edition). Harper & Row, New York, 850
pp-

Speight, M.R., Hunter, M.D., Watt, A.D. & Southwood, R. (1999) Ecology of Insects: Concepts
and Applications. Wiley-Blackwell, New York, 360 pp.

Strong, D.R., Lawton, J.H. & Southwood, R. (1984) Insects on Plants: Community Patterns and
Mechanisms. Harvard University Press, Cambridge, 313 pp.

Sweet, M.H. (1979) On the original feeding habits of the Hemiptera (Insecta). Annals of the
Entomological Society of America, 72, 575-579.

Tilman, D. (1982) Resource Competition and Community Structure. Princeton University Press,
Princeton, NJ.

Townsend, C.R., Harper, M. & Harper, J.L. (2003) Essentials of Ecology (2nd edition). Blackwell,
Oxford, 554 pp.

van Emden, H.F. (1965) The role of uncultivated land in the biology of crop pests and beneficial
insects. Scientific Horticulture, 17, 121-136.

Van Laerhoven, S.L., Gillespie, D.R. & Roitberg, B.D. (2006) Patch retention time in an omni-
vore, Dicyphus hesperus is dependent on both host plant and prey type. Journal of Insect
Behavior, 19, 613-621.

van Rijn, P.C.J., van Houten, Y.M. & Sabelis, M.A. (2002) How plants benefit from providing
food to predators even when it is also edible to herbivores. Ecology, 83, 2664-2679.

Vazquez, D.P. (2005) Exploring the relationship between niche breadth and invasion success. In
Conceptual Ecology and Invasions Biology, (eds. M.W. Cadotte, S.M. McMahon and T.
Fukami), pp. 317-332. Springer. Dordrecht, The Netherlands, 505 p.

Volterra, V. (1926) Variazioni e fluttuazioni del numero d’individui in specie animali conviventi.
Mem. Acad. Lincei Roma, 2, 31-113.

Wickers, F.L., van Rijn, P.C.J. & Bruin, J. (eds.) (2005) Plant-Provided Food for Carnivorous
Insects: A Protective Mutualism and its Applications. Cambridge University Press, Cambridge,
356 pp.

Wheeler, A.G. (2001) Biology of the Plant Bugs (Heteroptera: Miridae). Cornell University Press,
Ithaca, New York.



Preface

A growing proportion of the research devoted to top-down regulation of herbivore
communities has been devoted to the complexity that is present in nearly all food
webs. Much attention has been given to intraguild interactions among predators and
parasitoids, and the importance of omnivory by these same organisms to both intra-
and interguild interactions is too often ignored or trivialized. The current state of
knowledge regarding the use of non-prey foods by natural enemies is diffuse. An
extensive body of literature exists for glucophagy by parasitoids, and granivory by
omnivorous epigeal predators (ants and carabids) is also well developed although
less well synthesized. Pollinivory and mycophagy, although occasionally discussed
within the context of natural enemy nutritional ecology, is relatively poorly under-
stood. This book represents the first attempt to congeal these disparate sources of
the literature to illustrate just how pervasive omnivory is within higher trophic lev-
els, and to highlight the evolutionary interactions that have helped to shape both
entomophagous arthropods and the non-prey foods themselves.

The book arose from a series of rejections. Initially, an extensive (perhaps too
extensive) review of pollinivory by natural enemies was prepared (what essentially
became Section II), and I tried shopping it around to several journals. Both my
youth and the page limitations of the journals contributed to several rejections.
I contacted Heikki Hokannen (then editor-in-chief of BioControl), who again
explained that the article was simply too long. But rather than leaving it there, he
presented that if I wanted to expand the idea, he would consider it as a title for the
Progress in Biological Control series that Springer had entrusted him with editing.
After some negotiations, I committed to a 250 page expansion of the review article,
but in completing the first 250 pages, I realized that the book was only half finished.
Although a bit later than hoped, the current volume is what eventually materialized,
thanks to the patience of all those involved.

The goal of the book was to summarize much of the literature pertaining to the
fascinating relationships that natural enemies have with non-prey foods. In initial
preparations, it became very clear that to include omnivory on vegetative plant tis-
sues would become grossly unmanageable, and so I decided to focus on fungi and
microorganisms, sugar sources, pollen, and seeds as the major food categories
addressed by the book. At every opportunity, I have attempted to give credit to my
forebears that have provided synthesis to particular topics dealt with in this book as

XXV
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I attempted to provide broader synthesis of the topic of omnivory and the influences
of non-prey foods on the dynamics and ecological functions of higher trophic lev-
els. It is my hope that this book will inspire additional research on this topic, and
will help to elevate the level of attention that is given to omnivory by naturalists and
applied scientists alike.

Brookings, South Dakota Jonathan G. Lundgren
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