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Preface

In the last decade there has been a dramatic increase in our understanding of
the role of plant diversity and plant community composition in determining
local ecosystem processes. In contrast, our understanding of the role of
insects in ecosystem processes is relatively primitive. Because insects are a
dominant component of biodiversity in terrestrial ecosystems, this state of
knowledge is unsatisfactory. Insects perform a number of activities that influ-
ence ecosystem processes such as nutrient cycling, and insects are likely to
play a key role in mediating the relationship between plants and ecosystem
processes by influencing the physiology, population dynamics and competi-
tive relationships of plants. For herbivorous insects, the scarcity of manipula-
tive studies on the role of insects in ecosystem processes contrasts sharply
with the existing knowledge of insect effects on individual plants and popula-
tions. A primary reason for the under-representation of insects in biodiver-
sity-ecosystem function studies is the practical problems associated with con-
trolled experiments. Insects do not lend themselves easily to diversity or
composition manipulations. Because insects are small, mobile, and often
capable of flight, maintaining a gradient of insect diversity is more difficult
than maintaining a gradient in plant diversity. However, researchers in the
field of insect herbivory have developed a number of methods to reduce,
enhance or simulate insect herbivory that could be used to explore the rela-
tionship between ecosystem function and local insect diversity and composi-
tion. All of these methods have their advantages and disadvantages which
have to be kept in mind when an experiment is designed. It is our firm belief
that functional biodiversity research can benefit greatly, both conceptually
and methodically, from the insights gained in the many years of research on
insect—plant interactions.

The need for a such a synthetic vision of the future of research on the rela-
tionship between insect biodiversity and ecosystem function became clear in
an ESF LINKECOL-funded workshop on “Manipulating insect herbivory in
biodiversity-ecosystem function experiments” held in Jena, Germany, in Sep-
tember 2001. The purpose of the workshop was to highlight current research
on insect herbivores in community and ecosystem ecology and to explore the



strengths and weaknesses of different methods of manipulating insect her-
bivory. The talks and interactions that took place at this workshop were the
inspiration for this book. In particular, it became clear to us that there was a
wealth of information that could be brought together to provide an overview
of the current status of the field and help guide future research in this area.
Thus, the aim of the book is to both review the known effects of insects on
ecosystem functioning and to provide a detailed discussion of the strengths
and weaknesses of various techniques of manipulating insect herbivory. We
hope that this book is a useful tool for both students and researchers.

This volume is divided into five sections. The first section gives an intro-
duction to the roles that insects play in ecosystem processes and discusses the
progress that has been made to date in understanding the importance of
insects in a variety ecosystem processes. The second section reviews some of
the recent experimental work on the interactions between above-ground
insect herbivory, the below-ground community and ecosystem processes. The
third section provides a number of examples of the complex interactions
between plants and insects that have both direct and indirect effects on
ecosystem functioning. The fourth section reviews established and novel
methods to manipulate the interactions between plants and insect herbivores.
Particular emphasis is given to the advantages and disadvantages of the vari-
ous methods to reduce, enhance or simulate the effects herbivory on plant
communities. The fifth and final section is a synthesis of the other areas of the
book and includes our thoughts on future directions of this area of research.

A number of people have been instrumental in the creation of this book.
We would like to thank Andrea Schlitzberger at Springer for her editorial
assistance, Maria Hartley for contributing illustrations for the cover, Lutz
Merbold for help with the cover, Rachel Tardif for help in the assembly of the
manuscripts, Ian Baldwin for his guidance and support as coordinating edi-
tor, and Detlef Schulze for his encouragement, especially in the early stages of
development. We would like to extend our thanks to all who provided reviews
of chapters. Our great appreciation goes out to the chapter authors for their
hard work and contributions without which the book could never have hap-
pened. Finally, we would like to thank friends and family for their support, in
particular Anne, Bea, Dylan, Megan and Sarah for their patience and under-
standing during many trans-Atlantic meetings.

June 2004
Jena, Germany Wolfgang Weisser
Houston, Texas, USA Evan Siemann
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1 The Various Effects of Insects 
on Ecosystem Functioning

W.W. Weisser and E. Siemann

1.1 Summary

Insects represent a dominant component of biodiversity in most terrestrial
ecosystems yet they have largely been neglected in studies on the role of bio-
diversity in nutrient cycling, or, more generally, the functioning of ecosys-
tems. The scarcity of manipulative studies on the role of insects in ecosystem
processes contrasts with the expert knowledge and large body of research
already available, in particular in the field of insect herbivory. Insects are
likely to play a key role in mediating the relationship between plants and
ecosystem processes by influencing the physiology, activity and population
dynamics of plants. The aim of this book is two-fold: (1) to summarize the
effects that insects have on ecosystem functioning, focusing mainly, but not
exclusively, on herbivorous insects. Authors with extensive experience in the
field of plant–insect interactions will discuss the importance of insects in
ecosystem functioning; and (2) to provide a detailed discussion of the advan-
tages and disadvantages of various techniques of manipulating insect her-
bivory. Thus, the book aims to provide both a theoretical basis and practical
advice for future manipulative studies on biodiversity–ecosystem function-
ing. This introductory chapter briefly summarizes the various effects of
insects on ecosystem functioning and introduces the chapters in the various
sections of this book.

1.2 Introduction

It appears to be obvious that the way matter flows through an ecosystem is
influenced by the organisms within the system. Without autotrophic,
chemotrophic or heterotrophic activity, matter fluxes through ecosystems
would be very different. Nevertheless, research on the role of organisms in
nutrient cycling or, more generally, the ‘functioning’ of ecosystems has had a
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mixed history. The reason is the traditional division of ecology into com-
munity ecology and ecosystem ecology (Odum 1953; Likens 1992; Jones and
Lawton 1995). While community ecologists generally consider organisms to
be the main drivers of ecosystem processes, they rarely measure nutrient
cycling as a function of the constituent community. Conversely, systems
ecologists quantify energy and element flux rates through ecosystems, but
typically do so over large spatial scales (e.g. a watershed), and often with lit-
tle reference to the role of organisms within the ecosystem. Classic ecosys-
tem studies such as those performed within the framework of the Interna-
tional Biological Programme (IBP) in the 1960s and 1970s were very
important in determining the contribution of various groups of organisms
(plants, animals, etc.) to ecosystem productivity or energy flux (e.g. Bor-
mann and Likens 1967; Golley et al. 1975; Likens et al. 1977). However,
because of the different focus and because experimental community manip-
ulations are difficult at the scale of hundreds of hectares, these ecosystem
studies have generally not addressed the question of whether a particular
change in the biotic community would lead to measurable changes in mat-
ter fluxes through the ecosystem. As a consequence of the division into sys-
tems and community ecology, we know a considerable amount about the
structure and dynamics of natural communities, and about input/output
relations of mineral nutrients for a variety of ecosystems, but we still know
relatively little about the interaction between community dynamics and
nutrient cycling (Mooney 1991; Loreau et al. 2001).

In the last decade, however, interest in the question of how important a
diverse biotic community is for processes at the ecosystem level has greatly
increased. Much of this work has been inspired by the realization that whilst
global biodiversity is undergoing dramatic changes (Ehrlich and Ehrlich
1981; Wilson 1988), science has been unable to predict the effects of these
changes on the ecosystems concerned (Schulze and Mooney 1993). Recent
years have seen a dramatic increase in the number of manipulative experi-
mental studies that have investigated the effects of particular components of
diversity or of diversity per se for various aspects of ecosystem functioning
(see reviews in Kinzig et al. 1991; Loreau et al. 2001, 2002; Wardle 2002). These
studies have shown convincingly that changes in the diversity and composi-
tion of a community can have consequences at the ecosystem level that are
sometimes drastic. A common result is that a decrease in diversity causes a
loss in ecosystem function such as productivity or nutrient retention in the
soil (e.g. Loreau et al. 2001, 2002).While in the first studies the term ‘ecosystem
functioning’ was restricted to processes at the ecosystem level, some confu-
sion has recently arisen from a rather loose use of this term. In the more
recent literature, ecosystem functioning has been used to describe a variety of
ecological processes not only at the level of the ecosystem, but also at the level
of the community, populations or even individuals. As the focus of biodiver-
sity–ecosystem functioning research is on ecosystem-level consequences of a
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loss of biodiversity, it is useful to define an ecosystem function or ecosystem
process as any ecosystem-level attribute that can be measured in and com-
pared between ecosystems. Thus, the state of a particular species or popula-
tion cannot be an ecosystem function as this particular species or population
will only occur in certain ecosystems and can hence only be measured in
these ecosystems. In contrast, community-level attributes such as the stability
of the community present in the ecosystem or the presence of a functional
group of organisms such as pollinators can be measured in any ecosystem and
therefore fall under this definition of ecosystem function. In a more narrow
sense, the term ecosystem function is used for processes related to nutrient
cycling at the ecosystem level (Schulze and Mooney 1993). This restricted def-
inition is the one we would like to adopt for this book.

While the pioneering biodiversity–ecosystem functioning experiment
was conducted using model communities composed of a variety of organ-
isms (Naeem et al. 1994), most subsequent studies have focused on the
manipulation of plant communities. This is true in particular for some of the
most influential studies, which were carried out in grasslands (Tilman and
Downing 1994; Tilman et al. 1996, 1997; Hooper and Vitousek 1997; Hector
et al. 1999). In these studies as well as in later ones, plant species richness
and/or plant functional group richness and composition were the main vari-
ables manipulated. Because producers are ultimately determining the
amounts of carbon that enter an ecosystem in each food web, the mani-
pulation at the plant level provided an obvious starting point in the analysis
of the relationship between biodiversity and ecosystem functioning. How-
ever, an additional reason why plant communities have been the main object
of a manipulative approach is that plant communities can be easily manip-
ulated in climate chambers, greenhouses and field experiments. In other
groups of organisms, manipulating organismic diversity is much more diffi-
cult, for example when the organisms are mobile, as is the case for most ani-
mals. Practical advantages may also have been responsible, at least in part,
for the bias in more recent biodiversity–ecosystem function studies towards
microcosm experiments with microbial communities (e.g. McGrady-Steed et
al. 1997; Naeem and Li 1997). Only recently have organisms of other trophic
levels been incorporated into experiments at spatial scales larger than a Petri
dish. Pioneering mesocosm studies involving mycorrhizal fungi (van der
Heijden et al. 1998), fresh-water insects (Wallace and Webster 1996; Cardi-
nale et al. 2002), terrestrial insects (Cardinale et al. 2003; Schmitz 2003) and
soil fauna (Wardle 2002) have brought a new impetus to biodiversity–
ecosystem functioning research. However, because the diversity of inverte-
brates, vertebrates and microorganisms exceeds that of plant diversity by far,
the existing manipulative studies of the heterotrophic component of ecosys-
tems represent only a first step towards a more comprehensive understand-
ing of the relationship between organismic diversity and ecosystem func-
tioning.
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With about 1 million described species, insect diversity is higher than that
of any other animal or plant taxon (Stork 1988). In terrestrial ecosystems
insects function as herbivores, pollinators, seed dispersers, predators, para-
sites, detritivores or ecosystem engineers. In the past decades, there have been
several reviews of how insects, in particular herbivores, can affect ecosystem
function (Mattson and Addy 1975; Gosz et al. 1978; Lee 1979; Hutchinson and
King 1982; Seastedt and Crossley 1984; Lamb 1985; Detling 1988; Urbanek
1988; Hutson 1989; Whelan 1989; Huntly 1991; Curry 1994; Lerdau 1996;
Lewinsohn and Price 1996; Wallace and Webster 1996; Price 1997; Coleman
and Hendrix 2000; Schowalter 2000a; Feller 2002). Nevertheless, despite the
many roles that insects fulfil in terrestrial ecosystems, their importance in
nutrient cycling is not universally recognized. One reason for the skepticism
is that the total biomass of insects (the standing crop) appears to be small
compared to plant biomass or the biomass of other animals. For example, in
an IBP study of a meadow-steppe in the V.V. Alkhin Central Chernozem
Reserve in the Central Russian Upland, above- and belowground invertebrate
biomass was equivalent to about 10 % of the yearly plant productivity of
11–14 tons dry weight ha–1 (Zlotin and Khodashova 1980). More than 90 % of
the animal biomass was found below ground, and earthworms accounted for
94 % of soil animal biomass or 80–90 % of total animal biomass. The biomass
of above- and belowground insects constituted less than 2 % of animal bio-
mass, or 0.2 % of plant productivity. For some ecosystems these percentages
may be higher, but in terms of contribution to total standing crop, biomass
does not generally suggest a prominent role for insects in nutrient cycling 
(cf. Petrusewicz 1967; Schowalter 2000a). A second reason why insects are
often not considered to be very important for nutrient cycling is that the
average proportion of net primary productivity (NPP) consumed by herbivo-
rous insects is 10 % or less, except in outbreak situations (e.g. Wiegert and
Evans 1967; Detling 1988; Curry 1994; but see Coupe and Cahill 2003). In con-
trast, large mammalian herbivores such as the North American bison or
African mammals are known to consume up to 90 % of prairie or savannah
NPP (Detling 1988). The observation that insects generally affect an insignif-
icant fraction of NPP was one of the reasons why Hairston et al. (1960) pro-
posed their hypothesis that herbivores are regulated top-down rather than
bottom-up.

The only instances where insects are unequivocally recognized to have a
large effect on ecosystem functions are outbreaks of particular species such as
the gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lymantriidae) or Epir-
rata autumnata (Bkh.) (Lep., Geometridae). During outbreaks, the proportion
of leaf area removed by the extremely high population densities of the out-
breaking herbivore species can reach 100 %, which has immediate and large
effects on nutrient fluxes (e.g. Lovett and Ruesink 1995; Kosola et al. 2001;
Christenson et al. 2002). Because of their regular outbreaks, Schowalter pro-
posed that herbivorous insects act as cybernetic regulators for ecosystem
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processes (Schowalter 2000a, b). In his interpretation, insect outbreaks are
‘feedbacks that maintain ecosystem production within sustainable ranges’
(Schowalter 2000b). While this hypothesis is based on the somewhat contro-
versial view that there is a tendency for homeostasis at supraorganismal lev-
els, it is true that outbreaks not only cause an immediate release of nutrients
previously fixed in plants, but also have longer-lasting effects by changing a
number of parameters that affect matter fluxes such as soil nutrient availabil-
ity, the physiology of long-living plants such as trees, or plant species compo-
sition (e.g. Carson and Root 2000; Kosola et al. 2001; Christenson et al. 2002).
Outbreaks are therefore one example of large insect effects on ecosystem
processes.

The view that insects have only minute effects at the ecosystem level also
contrasts with the results of studies on individual plant–insect interactions,
which document large effects of insects on plant traits such as investment into
secondary metabolites, plant architecture and seed number (e.g. Crawley
1983, 1986; Karban and Baldwin 1997). Why do insects, in particular herbivo-
rous insects, have large effects on individual plants but apparently small
effects at the ecosystem level? In our view, one important reason for this
apparent discrepancy is the way in which insect effects on nutrient cycling
have been measured in most ecosystem studies. The main variable quantified
in studies at the ecosystem level has been the reduction of plant standing
crop, but this is only one of the many ways in which herbivorous insects
impact ecosystem functioning. First, insects modify the way in which nutri-
ents are distributed within the ecosystem, but these effects have rarely been
quantified (Stadler et al. 2001). There is a shortage of studies that quantify not
only herbivory but also rates of mineralization, respiration, or the forms and
availability of nitrogen or phosphorus. Second, many of the insect effects on
plants such as shifts in phenology or changes in plant resource allocation do
not result in immediate and obvious changes in matter fluxes, and their
ecosystem-level effects can only be quantified in longer-term studies. For
example, studies that employed insecticides over a longer time span have
shown that above- and belowground insect herbivores affect plant commu-
nity composition over a time-scale of several years (Brown 1990). Such a
change in plant community composition will have consequences for nutrient
cycling in the ecosystem, but this can only be assessed when nutrient fluxes
are measured over an extended time period. Longer-term consequences for
nutrient cycling can also be expected from the role of insects as pollinators,
seed dispersers, predators, parasites, detritivores or ecosystem engineers, and
these consequences need to be explored in more detail. Finally, the full extent
to which insects influence nutrient cycling can only be unravelled through
manipulative studies where the number of insects in the ecosystem is either
augmented or reduced, yet such studies are still very rare (e.g. Mulder et al.
1999; Belovsky and Slade 2000; Cardinale et al. 2002; 2003; Mitchell 2003;
Montoya et al. 2003; Schmitz 2003). This lamentable lack of studies is one of
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the main reasons why we started this book project. Before we outline the
structure of this book, we briefly summarize the various effects of insects on
ecosystem functioning. These effects are discussed in greater depths in the
different chapters of the book.

1.3 A Brief Overview of Insect Effects on Ecosystem
Function

Insects affect nutrient cycling both directly and indirectly. Direct effects
include the reduction of NPP by herbivores and the breakdown of litter by
detritivores, but there are other direct effects of insects on nutrient cycling,
for example through their role as ecosystem engineers (Jones and Lawton
1995). Indirect effects of insects on ecosystem functioning include, for exam-
ple, changes in matter fluxes due to changes in plant species composition that
are mediated by insect herbivory. Insects affect ecosystem functions mainly
through their interaction with plants. However, interactions of insects with
other organisms also have bearings on matter flux in ecosystems. Table 1.1
provides a list of insect effects on ecosystem function.

1.3.1 Insect Effects on Ecosystem Function Via Interactions with Plants

Insects interact with plants in a number of ways. The main interactions that
have consequences for ecosystem functioning are herbivory (i.e. antagonistic
phytophagy, in contrast to mutualistic phytophagy, in the terminology of
Lewinsohn and Price 1996) and mutualism, in particular pollination, seed dis-
persal and plant protection. Both of these interactions between plants and
insects have direct and indirect effects on ecosystem function. Direct effects
on carbon storage and element cycling, in particular NPP, are well docu-
mented for herbivory, but only to a lesser extent for mutualistic interactions.
Indirect effects on ecosystem function involve effects on plant species compo-
sition including succession, on plant resource allocation and on food web
interactions.While direct effects have received most attention, indirect effects
may also greatly influence nutrient cycling, but quantification of these effects
is still rudimentary.

1.3.1.1 Herbivory

Insect herbivores consume living material and therefore have a direct effect
on NPP. This direct effect has been measured in a large number of studies (e.g.
Petrusewicz 1967; Wiegert and Evans 1967; Golley et al. 1975; Mattson and
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Addy 1975; Gosz et al. 1978; Lee 1979; Hutchinson and King 1982; Seastedt and
Crossley 1984; Detling 1988; Curry 1994; Price 1997; Coleman and Hendrix
2000; Schowalter 2000a). Direct effects of flower and nectar feeders, and of
seed predators, on NPP are relatively small, because reproductive organs
make up only a small proportion of total plant biomass. Herbivory also
increases nutrient leaching from foliage and the rate of fall of leaves (Mattson
and Addy 1975), and insect faeces make nutrients available for mineralization
that were previously fixed in plants (Seastedt and Crossley 1984). As with the
consumption of biomass, these direct effects of insects on nutrient cycling are
small for nominal herbivory but may be large in outbreak situations (Mattson
and Addy 1975; Schowalter et al. 1986; Christenson et al. 2002). Outbreaks may
result in leaching of nutrients out of the ecosystem, although some studies
show that nutrients are redistributed within the ecosystem rather than lost
(Lerdau 1996; Christenson et al. 2002; Lovett et al. 2002).As discussed above, it
is in outbreak situations that direct effects of herbivorous insects on nutrient
cycling become most visible. While outbreak situations clearly show the
potential of herbivorous insects to directly affect nutrient cycling, the effects
of continuous low-level herbivory do need to be investigated in more detail
(Stadler et al. 2001).

An important indirect effect of herbivory on nutrient cycling is due to the
role of herbivores in plant–plant competition. A large number of studies
have shown that insect herbivores influence competitive interactions within
the plant community and therefore affect plant species composition (Craw-
ley 1983; Whelan 1989; Brown 1990; Louda et al. 1990; Brown and Gange
1992; Davidson 1993; Bach 2001; Blatt et al. 2001; Dyer and Shugart 2002).
This holds not only for foliovores but also for seed predators and other root,
shoot, flower or nectar feeders (Sallabanks and Courtney 1992; Davidson
1993; Brown 1997; Irwin et al. 2001). A number of studies employing insec-
ticides have shown that the direction of succession depends on the presence
of insect herbivores, both above- and below ground (Brown et al. 1987, 1988;
Brown 1990). In the extreme case, herbivory causes plant death, for example
in seedlings, with clear consequences for plant species composition (Craw-
ley 1986; Khan and Tripathi 1991). Changes in plant species composition
caused by insect herbivores may only be visible in long-term studies (Brown
1990; Cain et al. 1991; McCullough and Werner 1998; Bach 2001). Outbreaks
of herbivores occur only infrequently, but they may play an important role
in structuring plant communities (Danell and Ericson 1990; Carson and
Root 2000), as they usually reduce the growth and resource acquisition of
dominant plants and therefore delay or redirect succession (Davidson 1993;
Carson and Root 2000; Blatt et al. 2001). One fascinating example in this
respect are the interactions between insects and fire in northern and boreal
forests in North America (McCullough and Werner 1998). Accumulation of
fuels following insect outbreaks may determine extent and intensity of sub-
sequent fires, or fire may predispose trees to subsequent attack by insects.
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Both processes greatly affect forest species. Changes in plant species compo-
sition will result in changes in community productivity and nutrient cycling,
but these indirect effects of insect herbivores in forests have not been quan-
tified.

Another important effect of insects on plants which indirectly affects
ecosystem function is a change in plant resource allocation. Allocation to
root, shoot or to flowers and seeds changes after herbivore attack and these
alterations may be long-lasting (e.g. Abrahamson and McCrea 1986; Dyer et
al. 1991; Trumble et al. 1993; Marquis 1996; Honkanen and Haukioja 1998;
Strauss et al. 1999; Stowe et al. 2000; Kosola et al. 2001). Plants often increase
root exudation in response to herbivory and this has effects on soil fauna
(Wardle 2002). Inducible plant defences also require changes in plant resource
allocation (Karban and Baldwin 1997; Baldwin and Preston 1999). Inducible
defences and other herbivore-induced changes in plant resource allocation
are costly and affect plant competitive ability (Karban and Baldwin 1997;
Baldwin 1998). Thus, an adjustment of plant resource allocation affects plant
productivity and, in the longer term, plant species composition. In addition, it
may affect nutrient cycling by changing the uptake and release of chemical
compounds, and by changing litter quality. An example is the release of
volatile organic compounds (VOCs) which play a role in attracting natural
enemies of herbivores (Kessler and Baldwin 2001). The consequences of her-
bivore-induced changes in plant resource allocation for nutrient cycling have
yet to be quantified for the ecosystem level. Most present studies focus on
individual plants or, more rarely, plant populations.

Finally, insect herbivory can affect nutrient cycling by affecting food web
interactions (Wardle 2002). For example, root herbivory impacts soil micro-
bial communities with consequences for decomposition and nutrient release
(Grayston et al. 2001). Other examples include a modification of plant–myc-
orrhiza interactions (Gehring and Whitham 2002) and the modification of
interactions between plants and pollinators (Hambäck 2001).As in the case of
herbivore impact on plant resource allocation, the consequences of herbivore-
induced modifications of species interactions for nutrient cycling at the
ecosystem level need to be investigated in more detail.

Two well-known and related hypotheses about the effects of herbivorous
insects on nutrient cycling are the nutrient acceleration hypothesis and the
grazing optimization hypothesis. The nutrient acceleration hypothesis states
that herbivorous insects increase nutrient cycling by returning nutrients fixed
in plants back to producers at a rate faster than the nutrients would otherwise
flow through the processes of senescence, litter fall and decomposition (e.g.
Chew 1974; Mattson and Addy 1975). Such increases in nutrient cycling have
been documented, mostly in short-term studies (e.g. Lightfoot and Whitford
1990; Belovsky and Slade 2000). The controversial grazing optimization
hypothesis states that low levels of herbivory actually increase plant produc-
tivity such that the relationship between productivity and herbivory intensity
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is hump-shaped (McNaughton 1993). Mathematical modelling shows that
several mechanisms could account for a positive effect of herbivores on plant
production, such as a stimulation of plant growth, an increase in cycling of a
limiting nutrient or changes in plant species composition (De Mazancourt
and Loreau 2000).

1.3.1.2 Plant–Insect Mutualisms

Pollination and seed dispersal are two services that insects provide for plants
within the context of mutualistic interactions. In addition, there are a number
of protective mutualisms between insects and plants, such as those between
ants and ant–plant mutualisms (Fonseca 1994). Pollination and seed dispersal
probably have little direct effects on nutrient cycling, even though energy
expenditure on nectar rewards may be high, and the quantities of seeds
moved by insect dispersers, in particular ants, can be large (Harder and Bar-
rett 2002). The lack of pollinators or seed dispersers, and their choosiness,
may, however, affect plant species composition (Howe and Smallwood 1982;
Willson 1992; Corbet 1997), which will have consequences for nutrient cycling
(see previous section).

Plants also employ insects to defend themselves against herbivores, for
example by providing them with domatia or by attracting them with volatile
emissions (Turlings et al. 1990; Grostal and O’Dowd 1994; Agrawal and Kar-
ban 1997; Kessler and Baldwin 2001). In the absence of the mutualists, plants
suffer higher damage and may be displaced by stronger competitors. Thus, the
different types of mutualisms between insects and plants are likely to affect
nutrient cycling mainly via their effect on plant species composition.

1.3.2 Other Direct and Indirect Effects of Insects on Ecosystem Function

Insects also affect ecosystem functions directly without the involvement of
living plant tissues. Insect detritivores such as cockroaches or springtails are
an important component of soil macro- and mesofauna and hence the soil
food web, and their presence is essential for litter breakdown and a fast return
of nutrients to the primary producers (Wardle 2002). Soil insects also acts as
ecosystem engineers by affecting soil conditions and creating physical struc-
tures which provide a modified habitat for soil microflora and other soil
fauna. This affects nutrient cycling both directly and indirectly. Because the
interactions in the belowground food web are complex, disentangling the
effects of insects from those other soil fauna requires detailed studies (Wardle
2002). The most important insect ecosystem engineers globally are probably
termites which move large amounts of soil and affect the soil’s structure and
fertility (Lee and Wood 1971). All insects, whether herbivore, detritivores or
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predators, affect nutrient cycling through processing of food and making
organic matter available for mineralization.

In addition to the effects listed above, insects have a number of indirect
effects on nutrient cycling. Predators and parasitoids affect interactions
between plants and herbivores, pollinators or seed dispersers and can there-
fore modulate the effects of their prey on nutrient cycling. In tritrophic inter-
actions between plants, herbivores, and predators and parasitoids, changes in
carnivore abundance often affect plant biomass through trophic cascades
(Schmitz et al. 2000; Cardinale et al. 2003; Schmitz 2003), although it has been
argued that such food web dynamics are more important in water than on
land (Polis 1999; Halaj and Wise 2001). Insect predators are an important part
of the soil food web and have been shown to affect rates of decomposition
although the exact mechanisms are far from clear (Wardle 2002). Because
insects are an integral part of any terrestrial food web, they affect a great
number of food web interactions which, at least in theory, could have conse-
quences for nutrient cycling (Montoya et al. 2003). Insect ecosystem engineers
among insects also affect food web interactions with possible consequences
for ecosystem functioning (Johnson et al. 2002). So far, these interactions have
rarely been studied with respect to their role in nutrient cycling.

1.4 The Aim and Structure of this Book

As illustrated in the previous sections, insects have a large number of effects
on ecosystem functioning, yet little is known about the magnitude and rela-
tive importance of the various ways insects impact the matter fluxes in an
ecosystem. What is underrepresented in the literature are manipulative stud-
ies that establish causal relationships between insects and ecosystem func-
tioning, and that unravel the mechanisms underlying these relationships.
Thus, studies are needed in which appropriate techniques are employed
through which the action of insects in ecosystems can be reduced, augmented
or simulated. Such techniques have been developed in the field of plant–insect
interactions, and have been successfully employed to study the effects of
insects at the level of individual plants, plant populations and plant commu-
nities. It is our view that research on the functional aspects of biodiversity can
benefit from employing some of these approaches used in the studies of
plant–insect interactions. The aim of this book is therefore two-fold. First, it
aims to provide a summary of what is known about insect effects on ecosys-
tem function, in particular on nutrient cycling. Particular attention is given to
the role of herbivorous insects in terrestrial ecosystems, but effects of preda-
tors, parasitoids and detritivores are also touched upon. The second aim of
this book is to provide a methodological guide to manipulative ecosystem
studies of insect herbivory in the field. The techniques used to manipulate or
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simulate herbivory are critically reviewed, and their advantages and disad-
vantages are discussed in detail. We hope that by reviewing the known and
suspected ecosystem-level effects of insects, and by providing methodological
advice, this book will stimulate further research into the relationship between
insects and ecosystem function.

Sections 2 and 3 of this book review what we know about the effects of her-
bivorous insects on ecosystem function. As belowground organisms have
finally been recognized as being the main drivers of ecosystem processes
(Wardle 2002), Section 2 focuses on the interactions between insects, the
belowground community and ecosystem functioning. The belowground com-
munity represents a complex food web that consists of a large number of taxa
including bacteria, protozoa, invertebrates and vertebrates. Insects involved
in the belowground food web act as herbivores (e.g. the larvae of tipulids and
a number of beetle families), detritivores (e.g. collembola) and predators (e.g.
predatory beetle larvae). Because of the complexity of this food web, it is not
always possible to isolate the effects of insects from those of other organisms.
While emphasizing the particular role of insects, the chapters in the first sec-
tion therefore also discuss the involvement of other belowground organisms
in ecosystem functioning, if this is necessary for the understanding of the
mechanisms underlying the cycling of nutrients. In the first chapter of this
section, Hartley and Jones (Chap. 2) provide quantifications of direct and
indirect effects of herbivorous insects on nutrient cycling, focusing on
decomposition, mineralization and plant productivity. The chapter describes
how stable isotope techniques and inventive uses of controlled environment
studies have led to new insights into the role of soil biota in both below- and
aboveground processes. In Chapter 3,Wardle and Bardgett review the indirect
effects of aboveground herbivory on the decomposer community and identify
four types of mechanisms through which herbivory affects the quantity and
quality of plant-derived resources entering the soil. The authors argue that
because decomposers affect plant-available nutrient supply, and therefore the
quality and quantity of foliage available for invertebrate herbivores, herbi-
vores function as important participants in feedbacks between the above- and
belowground subsystems. In Chapter 4, Bonkowski and Scheu look at above-
and belowground interactions from the opposite side and review the effects of
interactions in the rhizosphere for aboveground processes. Bonkowski and
Scheu discuss how aboveground herbivore–plant interactions and plant pro-
ductivity are affected by the processes in a number of distinct belowground
subsystems such as the bacterial loop and the fungal food chain. In Chapter 5,
the final chapter of Section 2, Masters focuses on the role of belowground
insect herbivores for nutrient cycling. In his chapter, Masters reviews the dif-
ferent effects of low, medium and high level of belowground herbivory for
plant growth and nutrient cycling. The chapter also shows how belowground
insect herbivory affects higher trophic levels such as seed predators and par-
asitoids with subsequent effects on nutrient cycling. Together, the chapters of
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the first sections provide a comprehensive review of the importance of above-
and belowground interactions for ecosystem functioning, and they point out
the approaches needed for a deeper understanding of the role of insects in
influencing these interactions.

The chapters in Section 3 discuss aboveground interactions between
plants, herbivorous insects and higher trophic levels, and the consequences of
these interactions for nutrient cycling. In Chapter 6, Joshi and coauthors
review results from the European BIODEPTH project and investigate the rela-
tionships between plant diversity, community productivity, and the diversity
and abundance of insects in artificially assembled grassland plant communi-
ties. Joshi et al. show that a reasonable starting point in unravelling the com-
plex relationship between producer diversity and whole-ecosystem conse-
quences is to measure the effects of changing plant-species diversity on
primary productivity, the basis of each food web, and to explore the potential
consequences of these effects on higher trophic levels. The next two chapters
use examples from biological control to illustrate the sometimes dramatic
effects of insects on ecological processes. In Chapter 7, Zwölfer and Zimmer-
mann use three case studies to show how insect–plant interactions may
strongly affect plant community composition and all its dependent ecosystem
properties. From successful biological weed control examples Zwölfer and
Zimmermann deduce insect and plant properties that make a drastic insect-
mediated change in vegetation cover more likely. Kruess and coauthors, in
Chapter 8, show how the interactions between insects and plants and between
insects and pathogens may be modified by the spatial context of the land-
scape in which these interactions take place. Such modifications affect matter
fluxes both directly and indirectly, but these effects are far from being
explored. In Chapter 9, the theme of food web interactions is taken a step fur-
ther. Janssen and Sabelis review the effects of higher trophic levels on plant
biomass, plant diversity and ecosystem processes. Navigating this virtually
unexplored territory, one of the authors’ sobering conclusions is that while
food web interactions such as apparent competition, omnivory, intraguild
predation or plant–plant interactions are important for ecosystem processes,
generalizing rules relating food web interactions to ecosystem processes
probably do not exist. In contrast to this view that it is very difficult to deduce
generalizing mechanisms from the patterns observed, Carson et al., in Chap-
ter 10, propose a general rule that predicts when insect herbivores will have
very strong top-down effects on plant communities with subsequent effects
on ecosystem functioning. The authors argue that outbreaks of specialist
insects, traditionally seen as being of little importance for the long-term reg-
ulation of plant communities, are in fact both widespread and frequent
enough to exert strong top-down effects on ecosystem functioning across
multiple spatial scales. In Chapter 11, the final chapter of Section 3, Stadler et
al. discuss the role of insects in forests and examine in detail the way in which
the ecology of the insect herbivore influences nutrient cycling under chronic
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herbivory. The authors argue that in order to understand nutrient cycling in
forests, it is important to appreciate the role of small herbivores such as
aphids or adelgids as these excrete enormous amounts of honeydew and can
change the flow of water and nutrients in the canopy.

The fourth section of this book concerns methodology. The chapters in
this section review established and novel methods to manipulate the interac-
tion between plants and insect herbivores. Particular emphasis is given to the
advantages and disadvantages of the various methods to reduce, enhance or
simulate the effects of herbivory on plant communities. The first two chapters
by Hjältén and by Lehtilä and Boalt discuss the chances and pitfalls of simu-
lated herbivory. In Chapter 12, Hjältén identifies the most obvious advantages
and disadvantages of using simulated insect herbivory and suggests ways in
which some of the problems can be avoided. He argues that except for some
limited circumstances, the drawbacks of using artificial herbivory outweigh
the main benefit of this method, which is the relative ease with which the
degree, timing and distribution of damage can be controlled. In Chapter 13,
Lehtilä and Boalt present the results of a literature survey in which authors
have documented differences in effects when the same plant trait was
analysed both using artificial herbivory and employing real herbivores. This
literature survey reveals which traits are most sensitive to the way in which
damage is applied in herbivory manipulations. Taken together, Chapters 12
and 13 should present a guide for the use of artificial herbivory in future stud-
ies on the effects of herbivorous insects on ecosystem function. In Chapter 14,
another technique commonly used to elucidate the role of insects for ecologi-
cal processes, the use of cages to exclude insect herbivores, or to assemble par-
ticular communities of insect herbivores and natural enemies, is reviewed
critically. Using examples from his own work on a food web in a New England
meadow ecosystem, Schmitz shows how enclosure cage experiments can be
an effective tool in an endeavour to predict effects of perturbations on whole
ecosystem function. In addition to discussing the requirements of cage
design, Schmitz provides guidelines to show how predictive insights can be
gained into complex trophic interactions by performing a series of cage
experiments that examine successively how different ecosystem components
fit together to determine function. Another method to exclude insects com-
monly employed in insect–plant studies is the use of insecticides, which
allows experiments to be carried out in the field on a larger scale than cage
experiments. Insecticide use too has a number of side effects that may con-
found the results of the experiment. In Chapter 15, Siemann and coauthors
investigate the general principles that apply to the interpretation of insecti-
cide experiments, and review the artefacts of the method that may masquer-
ade as release from herbivory.

While the use of insecticides, cages or simulated herbivory all have their
benefits, for many studies on the effects of insects on ecosystem function it
may not be sufficient to concentrate on one of the established techniques only.

W. W. Weisser and E. Siemann18



Chapter 16, by Rogers and coauthors, illustrates how a combination of cage,
insecticide and simulated herbivory experiments can be used to unravel the
role insects play in a particular ecosystem. Finally, in the last chapter of this
section, Chapter 17, Voelckel and Baldwin go beyond a discussion of tech-
niques that are already well established in the plant–insect literature, and
develop a perspective for future manipulative studies employing the rapidly
developing knowledge of molecular ecology. The authors describe the state of
the art in research on herbivore-specific transcriptional responses and dis-
cuss their research potential for future ecosystem studies.

During the compilation of the literature review for this book, it became
apparent to the editors that in addition to the lack of experimental studies lit-
tle theory has been developed to investigate theoretically the effects of insect
herbivory on ecosystem functioning (Bachelet et al. 1989; De Mazancourt and
Loreau 2000; Blatt et al. 2001; Dyer and Shugart 2002). As a consequence, the
last chapter of this book develops some simple theory to predict how the
interaction between plant and insect herbivore diversity impacts plant pro-
ductivity. This theory is intended to act as a starting point for further theoret-
ical research into the effects of insect biodiversity on ecosystem functioning.
In addition to this theoretical work, the last chapter uses the conclusions
derived by the authors of the book chapters to attempt an outline of the areas
where further research into insect effects on ecosystem functioning is needed.
The editors hope that this outline along with the insights provided by the
chapters of this book will stimulate entomologists, biogeochemists and other
researchers to more closely investigate the role of the most speciose compo-
nent of terrestrial biodiversity for ecosystem nutrient cycling.
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2 Insect Herbivores, Nutrient Cycling and Plant
Productivity

S.E. Hartley and T.H. Jones

2.1 Summary

We review the various ways in which insect herbivores affect ecosystem func-
tion, focusing particularly on their impacts on decomposition, nutrient
cycling and plant productivity. Many of the most profound effects of insects
on these processes occur below ground and until recently have been consid-
ered relatively inaccessible to study. However, new approaches, particularly
the development of stable isotope techniques and more inventive uses of con-
trolled environment studies, have allowed significant advances in our under-
standing of the role of soil biota in both below- and aboveground processes.
Undoubtedly, one of their most important roles is to physically break up
organic matter within the soil and make it accessible to the microbial compo-
nent, but these new techniques mean we now know far more about the more
indirect effects of soil biota as well, such as the impact of root-feeding herbi-
vores on the rhizosphere. In addition, the development of more quantitative
techniques for assessing canopy herbivory and the impacts of defoliation on
nitrogen cycling in forests has provided new evidence for the impact of
aboveground foliovores on soil processes. We draw on the literature and on
our own work to summarize the ‘state of play’. We highlight some of the
progress that has been made in the study of the role of insect herbivores in
ecosystem function, examine some intriguing interactions between insect
herbivores and other organisms, and draw attention to some neglected
impacts on ecosystem processes. Thus we highlight gaps in our current
understanding and hence areas that future research might profitably exam-
ine.
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2.2 Introduction

In this chapter, we review the various ways insects affect ecosystem function,
particularly in relation to processes important in carbon and nitrogen
cycling, namely decomposition, mineralization and plant productivity. It has
been 20 years since the last major review of this subject (Seastedt and Cross-
ley 1984). Since then, developments in experimental approach and the avail-
ability of new techniques have advanced the field considerably. For example,
we are now in a much better position to understand the links between above-
and belowground processes (Van der Putten et al. 2001) because of new con-
ceptual models explaining the impact of foliar feeders on root feeders and
vice versa (Seastedt et al. 1988; Masters et al. 1993; Bardgett et al. 1998a) and
the use of 15N and 13C stable isotope labelling to follow the fate of nutrients
through ecosystems (Eggers and Jones 2000; Scheu and Falca 2000). These
new approaches have revealed novel insights into the importance of insect
herbivores in ecosystem function.

Insects play as important a role below ground as they do above ground:
Collembola, termites and ants are major modifiers of soil processes, thus
affecting plant nutrient availability, and in food webs dominated by inverte-
brates most plant productivity goes to soil biota rather than to herbivores
(Oksanen et al. 1997; ; Wardle and Bardgett, Chap. 3, this Vol.; Bonkowski and
Scheu, Chap. 4, this Vol.; Masters, Chap. 5, this Vol.). The effects of below-
ground insects on ecosystem processes could thus exceed those of above-
ground ones, particularly in low productivity systems, although this is dis-
puted by some authors who argue that herbivores have considerably more
influence on the ecosystem than do detritivores (Mattson and Addy 1975).
Hence we begin our assessment of the impact of insects on nutrient cycling
and ecosystem function below ground, before moving on to consider the
influence herbivores have above ground on plant productivity and plant com-
munity dynamics. Throughout, by attempting to summarize what is known
from existing studies, we hope to highlight gaps in our current understanding
of the impact insects have on ecosystem processes and hence signpost new
research directions.

2.3 Decomposition

2.3.1 The Resources Available

The quantity and quality of dead and decaying plant tissue entering soils to be
utilized by decomposers clearly depend on which plant species are present in
the community. In addition, aboveground consumers of plant material can
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exert important effects on decomposer communities and processes, and ulti-
mately plant-available nutrient supply, through a variety of mechanisms.
These mechanisms operate over a range of spatial scales, from individual
plant level to that of the plant community, and can involve either positive or
negative effects on both the quantity and quality of resources that enter the
decomposer subsystem (Fig. 2.1; see also reviews by Bardgett et al. 1998a;
Wardle 2002; Wardle and Bardgett, Chap. 3, this Vol.).

Data from diverse ecosystems indicate that more than 50 % of net primary
production is commonly allocated to belowground plant parts (Coleman
1976), whilst values for particular plant species may approach 90 % (Andersen
1987). There is calculated to be between 330 and 4,000 g of root biomass to
each square meter of soil, which, although of lower nutritional value than
foliar tissue, would seem to be an important resource for insect herbivores.
Although roots are the principal energy source for the majority of below-
ground consumers, a significant proportion of carbon allocated below ground
may be directed to mycorrhizal fungi (Read 1991). Indeed, some workers have
suggested that as much as 40–50 % of total plant photosynthate may be
directed to ectomycorrhizal fungi (Fogel and Hunt 1979). Potentially more
realistic figures of 10–20 % have been recorded for arbuscular mycorrhizal
(AM) fungi (Jakobsen and Rosendahl 1990), and although some of this feeds
the higher respiration rate in infected roots, it represents a significant energy
source for subterranean mycophagous insects.

Dead plant material poses special problems to decomposers because it
contains high proportions of cellulose and lignin, neither of which is readily
digested by animals. In fact, amongst the insects, some cockroaches and
higher termites in the subfamily Nasutitermitinae (Isoptera) are the only taxa
known to synthesize enzymes capable of degrading cellulose (Martin 1991).
Termites are perhaps the most impressive decomposers in the insect world
(Whitford et al. 1988; Moorhead and Reynolds 1991) due to their symbioses
with micro-organisms that live in their guts and produce celluloytic (cellu-
lose-digesting) enzymes (Basaglia et al. 1992; Yoshimura et al. 1993). These
enzymes mean they are highly efficient digesters of litter and wood in desert
(Whitford et al. 1988), savannah (Wood and Sands 1978) and forest ecosys-
tems (Bignell et al. 1997), and they may consume 55 % of the surface litter
(Wood and Sands 1978). This makes them the major regulators of the dynam-
ics of litter and soil organic matter in many ecosystems (Lavelle 1997).

Collembola are extremely abundant in soil and leaf litter, and are one of
the principal fungal feeders in many soil ecosystems (Klironomos and
Kendrick 1995; Thimm and Larink 1995). In most terrestrial ecosystems they
occur at densities of 104–105 m–2 (Petersen and Luxton 1982) and are
extremely important in influencing the structure of some soils (Rusek 1998).
For example, most soils contain millions of Collembola faecal pellets per
square meter and these must be beneficial in slowly releasing essential nutri-
ents to plant roots as the pellets are broken down by microbes. One of the
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Fig. 2.1. Mechanisms by which foliar herbivores may influence soil decomposer organ-
isms, both positively and negatively. (Loreau et al. 2002)



main effects of Collembola on decomposition and ‘soil respiration’ is via their
feeding on fungal hyphae. Some studies have shown that Collembola grazing
of mycorrhizae on roots can simulate growth of the symbiont and improve
plant growth (Lussenhop 1996). However, at higher densities Collembola
grazing may also reduce the functioning of mycorrhizae, with serious conse-
quences for the host plant. For example, Warnock et al. (1982) grew seedlings
of leek (Allium porrum) with or without mycorrhiza (Glomus fasciculatum),
with or without soil leachings (an aqueous suspension of the soil micro-flora,
without AM fungi), and with or without the collembolan Folsomia candida, in
a factorial design. Both mycorrhizal infection and leachate increased plant
growth, but the addition of F. candida to infected plants meant that these grew
little better than uninfected individuals because grazing on the external
hyphae rendered the infection ineffective.Whether Collembola will choose to
graze on mycorrhiza when provided with a choice of resources is a question
that has been raised (Klironomos and Ursic 1998); studies such as those of
Warnock et al. (1982) must therefore be considered in that context.

There are also numerous insects associated with the breakdown of organic
material from animals, such as blow flies and flesh flies (Diptera: Calliphori-
dae and Sarcophagidae, respectively), carrion beetles (Coleoptera: Silphidae)
and dung beetles (Coleoptera: Scarabaeinae). Dung beetles have actually been
used as ‘decomposition control agents’ in Australia (Waterhouse 1977). With
30 million cattle, dung pads could put about 2.5 million ha of pasture land out
of service each year, so in 1967, African dung beetles were introduced for the
control of cattle dung. Thus we have compelling evidence of the importance of
certain insects to decomposition processes in ecosystems!

2.3.2 Effects of Insect Herbivory on Decomposition

2.3.2.1 Herbivory and Litter Quality

Secondary compounds in leaves are a major influence on rates of litter
decomposition (Wardle and Bardgett, Chap. 3, this Vol.). Thus, although lignin
and fibre content are two of the most important determinants of decomposi-
tion rate, concentrations of phenolic compounds and condensed tannins are
also significantly correlated with decomposition rates in litter from a range of
plant species (Wardle et al. 2002). Complexes of tannins bound to protein are
some of the most difficult compounds for soil decomposers to digest (Lavelle
1997). This explains why leaf litter decomposition rate may be correlated with
palatability to generalist herbivores (Cornelissen 1996; Wardle et al. 1998),
because the tannins and phenolic compounds, which slow decomposition, are
also important deterrents to insect feeding (Hartley and Jones 1997). Further-
more, insect herbivory may cause increases in the level of phenolics and tan-
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nins, so-called induced defences (Hartley and Firn 1989; Karban and Baldwin
1997), and this decline in plant quality could persist in the litter, with poten-
tial consequences for decomposition rates. For example, it has been demon-
strated that the tannin content of Pinus muricata litter controls the propor-
tion of nitrogen released in dissolved organic forms relative to mineral forms
(Northrup et al. 1995).

Litter decomposition rates are related to plant life-form and leaf life-time
(i.e. evergreen vs deciduous habit), in part reflecting between-species differ-
ences in lignin, and secondary compound content (Cornelissen 1996). Thus
woody shrubs contain more lignin and more tannins than herbaceous plants,
and hence their litter takes longer to decay. The selective feeding of insect her-
bivores could affect decomposition rates if it changes the dominant species in
a community from one with recalcitrant litter which decomposes slowly, such
as a woody species with high tannin content, to one with litter which decom-
poses more easily, such as a herbaceous species with lower levels of secondary
compounds. One well-known example of insect herbivory causing just such
an effect is outbreaks of heather beetle (Lochmaea sutralis) (Bredowski and
Zeilinga 1987) where Calluna vulgaris, a woody shrub with high levels of tan-
nins and phenolics (Hartley and Gardner 1995), is replaced by grasses, which
have much lower secondary compound content (Hartley et al. 2003).

2.3.2.2 Herbivory, Root Exudation and Root Biomass

As well as its direct effects on decomposition and on litter quality, insect her-
bivory, both above and below ground, can affect decomposition processes
because of its impacts on root biomass and root exudation (Bonkowski and
Scheu, Chap. 4, this Vol.). For example, Bokhari and Singh (1974) found that
artificially defoliated plants of Agropyron smithii grown in hydroponic solu-
tion released nearly 10 % more carbon into the growth medium than did
intact plants, and also had a greater rate of respiration associated with the
rooting zone. Further, 14C pulse labelling studies of monocotyledonous herba-
ceous plants provide evidence that herbivory by grasshoppers causes an allo-
cation shift of carbon from shoots to roots (Dyer et al. 1991) and that this
leads to both greater exudation of 14C into the rhizosphere and enhanced
rooting zone respiration (Holland et al. 1996). This enhanced exudation of
carbon in the rhizosphere stimulates soil organisms. For example, Holland
(1995) found that microbial biomass associated with Zea mays roots was
maximized when plants were subjected to intermediate levels of herbivory by
grasshoppers in a no-tillage cropping system, and proposed that increased
root exudation due to defoliation was responsible.

Any reduction in root biomass in response to defoliation may, in turn, lead
to more dead roots for the soil microbial community to decompose (Seastedt
et al. 1988). However, experimental evidence for the impacts of foliar insect
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herbivory on belowground processes remains relatively scarce; most studies
have involved either artificial defoliation or mammalian grazers. For example,
in pot trials based on individual plants, experimental defoliation usually
reduces root biomass (Ruess 1998; Mikola et al. 2001). However, evidence from
field studies is more mixed. McNaughton et al. (1998) found no evidence for
greater root productivity in plots in the Serengeti where grazers had been
excluded. In contrast, Ruess et al. (1998) found, through the use of mini-rhi-
zotrons, that mammalian browsing in central Alaskan forest caused a reduc-
tion of fine root productivity, an increase in root mortality and an increase in
root turnover rate. The most convincing evidence that damage by insect her-
bivores can also affect root biomass comes from studies of aphids. Phloem-
feeding insects can create an additional aboveground sink for plant carbon,
and hence a reduction in root biomass is a common consequence of heavy
aphid infestations (Choudhury 1984; Inbar et al. 1995).

Clearly root-feeding herbivores will affect root biomass, but there is also
evidence that they alter root exudation in a similar way to foliar-feeding her-
bivores (Masters, Chap. 5, this Vol.). For example, Yeates et al. (1998) used
14CO2 pulse-labelling techniques to show that infection of white clover (Tri-
folium repens) roots by low numbers of clover cyst nematodes (Heterodera
trifolii) increased ‘leakage’ of carbon from roots, resulting in an enhanced
microbial biomass in the rhizosphere. The highest carbon flux (measured as
microbial biomass) occurred at low levels of herbivory; above a certain
threshold any positive effects were lost (Denton et al. 1999). The difficulties of
manipulating and observing root herbivores mean that studies are technically
more difficult than those on foliar feeders. Their impacts are also more diffi-
cult to measure because root-feeding insects are often slow-growing and have
a long life cycle. Despite these methodological difficulties, there is increasing
evidence that belowground grazers do influence nutrient cycling. In particu-
lar, there is increasing appreciation that the responses of belowground feeders
to increases in carbon supply from root exudation have ‘knock-on’ effects for
the aboveground plant community. We deal with both these issues in the next
section.

2.4 Nutrient Cycling and Plant Productivity

Given their ability to decompose various organic materials (see previous sec-
tion), it is not surprising that insects play a major role in nutrient cycling.
Although the impact of insect herbivores is most associated with nitrogen
cycling (e.g. Lovett et al. 2002), it is increasingly recognized that they are able
to influence the dynamics of other nutrients too. They also affect soil struc-
ture, breaking up plant residues and vastly increasing the surface area acces-
sible to microbial attack, with obvious consequences for nutrient cycling
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(Boddy et al. 1999). The advent of new methods for tracking the movement of
assimilation of nutrients has led to better information on the constraints on
nutrient cycling by insects (e.g. their ability to conserve nitrogen in their guts)
and has also illustrated the fate of insect-derived nitrogen inputs (e.g. from
frass) in ecosystems. Interestingly, labelling techniques are now sufficiently
sophisticated to show that nutrients traditionally moving from plant to insect
can move back to the plant. For example, in plant–ant mutualisms, nitrogen
has now been shown to move in both directions between partners (Fischer et
al. 2002, 2003).

2.4.1 Effects on Carbon and Nitrogen Cycling

2.4.1.1 Methane and Carbon Dioxide

Insects play their major role in the carbon cycle during the decomposition
process. Perhaps the most important insects, at least in terms of potential
impact on the global carbon cycle, are termites. Termite guts contain anaero-
bic microsites, hence their decomposition of plant material produces
methane (CH4) as well as carbon dioxide (CO2). They therefore have the
potential to recycle significant amounts of carbon to the atmosphere in two
gaseous forms. CH4 is one of the principal greenhouse gases, contributing
about 18 % to the effects of such gases on climatic variation (Intergovern-
mental Panel on Climate Change 2001). With CH4 a far more efficient
absorber of energy than CO2, the relative importance of termites to global
fluxes of greenhouse gases is a subject of considerable current debate
(Houghton et al. 1990; Lawton 2000). Forests contain more organic carbon
than all other terrestrial systems and, at present, account for about 90 % of the
annual carbon flux between the atmosphere and the Earth’s land surface
(Groombridge 1992). The huge abundance of termites, particularly in forest
systems, makes them a key player in the terrestrial carbon cycle. In fact, ter-
mites may be an order of magnitude more abundant that the next most abun-
dant arthropod group, the ants. The highest biomass reported for termites,
50–100 g m–2 in southern Cameroon forest (Eggleton et al. 1996), is greater
than any other component of the invertebrate (or vertebrate) biota, and may
constitute as much as 95 % of all soil insect biomass (Bignell et al. 1997). If
direct carbon fluxes by insects are significant components of ecosystem
processes, termites will make by far the greatest contribution. Some estimates
consider they may be responsible for 2 % of global CO2 production and 20 %
of global CH4 production (Speight et al. 1999)!
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2.4.1.2 Nitrogen and Phosphorus

In contrast to their role as major players in CH4 and CO2 fluxes, termites
appear to be far less important in the nitrogen cycle. Although in some
ecosystems, such as the semi-arid grasslands of Africa, they remove similar
amounts of herbage as grazing mammals and consume up to 49 % of annual
plant production (Lavelle 1997), they do not appear to release important
amounts of assimilable nutrients in their faeces. This reflects the fact that they
have developed highly efficient mechanisms for nitrogen conservation during
digestion. For example, nitrogen-fixing organisms have been found in their
guts (Breznak 1982). However, they do have significant effects on the release
of mineral nitrogen in the structures they create, particularly those made by
macro-termitine termites, which cultivate fungi on leaf or wood material. In
addition, some experiments have demonstrated that soil from termite nests is
much better for plant growth than the surrounding soil – an effect long rec-
ognized by indigenous populations (Lavelle 1997), although quantitative data
are lacking.

Generally, however, it is recognized that insects have a vital role to play in
nitrogen cycling. Most plant communities occur on soils that have low levels
of available nutrients, and nutrient mineralization is often the main limit on
primary production. In most ecosystems, particularly where there are no
macro-herbivores (e.g. in the Arctic or sub-Arctic where plant productivity is
too low to support them; Oksanen et al. 1997), most nutrients pass through
the detritivore cycle. Insects are a significant part of the detritivore commu-
nity, and their ability to digest litter means they can have a major influence on
the availability of nitrogen and phosphorus to higher plants. One excellent
example is Marion Island in the oceanic sub-Antarctic, a species-poor plant
community that has high primary production. Larvae of a flightless moth
(Pringleophaga marioni), as a result of digestion of plant litter, stimulate
nitrogen mineralization ten-fold and phosphorus mineralization three-fold.
Marion Island supports a large population of introduced house mice (Mus
musculus) which eat 0.7 % of the standing crop of these arthropods every day
(Burger 1978). The recent increase in mouse population has reduced the
annual turnover of litter by moth larvae from 2,500 to 1,500 kg ha–1, and Smith
and Steenkamp (1990) argue that the predation pressure on soil invertebrates
has decreased rates of nutrient cycling, causing further imbalances between
primary production and decomposition.

Collembola grazers are also reported to have potentially marked effects on
nutrient concentrations in the soil (Bonkowski and Scheu, Chap. 4, this Vol.).
For example, Collembola in the soil play a major role as comminutors (cf.
earthworms) breaking up plant residues and vastly increasing the surface
area accessible to microbial attack (Hopkin 1998). This increases nitrogen
flux. Verhoef and de Goede (1985) show that the presence of Collembola in a
soil can affect its nutrient concentration. In a field experiment, removal of
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Collembola by non-chemical means resulted in a decrease in the nitrogen
concentration: plots with Collembola had 2.3 times the concentration of
nitrogen compared with those without. A subsequent laboratory experiment
showed a non-linear response, with plant nitrogen concentration peaking at
intermediate densities of Collembola. One interpretation of these results is
that at low densities, the positive effects of Collembola on mineralization rates
of both nitrogen and phosphorus outweigh any negative impacts they have on
plant nutrient availability due to their feeding on mycorrhizae, while at high
densities, the increase in mineralization is insufficient to offset the mycor-
rhizal loss. Jones and colleagues (Scheu et al. 1999; Wurst and Jones 2003) have
found that while the presence of Collembola caused a reduction in plant bio-
mass, particularly that of Poa annua roots, plant tissue nitrogen was increased
(Fig. 2.2). This in turn increased aphid (Myzus persicae) populations on P.
annua three-fold (Bonkowski and Scheu, Chap. 4, this Vol.).

Belowground insect herbivores can also remove nitrogen from the soil sys-
tem: in tallgrass prairie, the emergence of annual cicadas can represent a sig-
nificant flux of non-gaseous nitrogen from below to above-ground. In this
system, total nitrogen inputs were estimated at 11–25 kg N ha–1 year–1, but the
emergence of cicadas represented a redistribution of 4 kg N ha–1 year–1, i.e.
16–36 % of the total annual input (Callaham et al. 2000)!

2.4.1.3 Inputs from Aboveground Herbivores

Large-scale defoliation by outbreaking forest insects can lead to a larger input
of foliar litter and insect frass to the forest floor, potentially increasing nutri-
ent cycling rates (Seastedt and Crossley 1980, 1984). Studies measuring the
impact of oak forest defoliation by gypsy moth (Lymantria dispar) on litter
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concentration of nitrogen in shoots and roots (mean ± SD) in Poa annua. Shaded bars
are values in the absence of Collembola. (Adapted from Scheu et al. 1999)



fall have found that while the total quantity remained unaltered, the composi-
tion and seasonal distribution of litter fall was affected (Grace 1986). The
nitrogen, phosphorus and potassium in the litter increased, whilst calcium
levels decreased in response to defoliation. The most marked change was that
on defoliated plots 56 % of the litter fell during the growing season, whereas
on control plots 90 % of the litter was deposited in the autumn. Only 30 % of
the nutrients on defoliated plots were derived from tree litter (compared to
more than 85 % on control plots). Effects on litter quality might also be
expected and indeed insect herbivory has been reported to increase the nitro-
gen in litter fall from 31–52 kg N ha–1 (Grace 1986).

Early studies (Mattson and Addy 1975; Schowalter 1981) assumed that
defoliation of forests by insects would increase available nitrogen due to the
deposition, and subsequent decomposition, of nitrogen-rich frass pellets. For
example, outbreaks of the California oak moth (Pytygandia californica) were
thought to lead to increased inputs of nitrogen and phosphorus into soils
because short-term leaching experiments showed nitrogen was more rapidly
lost from frass than from leaf litter (Hollinger 1986). However, when Lovett
and Ruesink (1995) measured the rates of carbon and nitrogen mineralization
from the frass of gypsy moth caterpillars in laboratory incubations they
found that the frass contained much labile carbon as well as nitrogen, and that
it stimulated microbial growth. This in turn increased microbial immobiliza-
tion of nitrogen. Hence there was not the expected pulse of nitrate and ammo-
nium; instead microbial immobilization appeared to be an efficient mecha-
nism for conserving nitrogen within the forest ecosystem after a defoliation
event.

While laboratory studies seemed clear cut, in the field the effects of defo-
liation on the nitrogen cycle in forest ecosystems remained uncertain for
rather longer: some studies (Swank et al. 1981; Webb et al. 1995; Eshleman et
al. 1998) did demonstrate increased export of nitrate in streams after large-
scale defoliation events, whilst others, particularly those studies in ecosys-
tems where baseline concentrations of nitrate were relatively high, did not
(Bormann and Likens 1979). The advent of better labelling techniques has
now enabled resolution of this issue, at least in forest ecosystems in the
northern USA. Christenson et al. (2002) followed the fate of 15N in gypsy
moth frass deposited on an oak forest floor and compared it to that of 15N
in leaf litter. They found that the nitrogen in frass had a different fate to that
in leaf litter, but in neither case did much of the nitrogen get taken up by oak
seedlings: 40 % of the 15N in the frass became incorporated in the soils and
only 1 % was found in seedlings, whilst 80 % of the 15N in leaves remained as
undecomposed leaf material after 2 years. The data indicate that although
the nitrogen in frass was mobilized more quickly than that in leaf litter, it
remained largely unavailable to plants and micro-organisms because little of
it was found in the extractable, microbial or readily mineralizable pools.
Thus it seems that although insect defoliation represents a major perturba-
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tion to the internal nitrogen cycle of the forest (Fig. 2.3), this perturbation
primarily causes a redistribution of nitrogen within the ecosystem rather
than a large loss of nitrogen (Lovett et al. 2002).

As well as frass, the activity of canopy herbivores includes other inputs,
notably throughfall (precipitation which has fallen through the canopy and
been modified by the activity of canopy herbivores) and greenfall (portions of
green leaves that fall due to insect herbivores being messy eaters!). Most stud-
ies to date have focused on frass, but one recent study (Reynolds and Hunter
2001) has attempted to examine all three factors separately, namely frass,
throughfall and greenfall, and to determine their relative contributions to soil
respiration, soil nutrients and litter decomposition. Frass did not affect soil
respiration, possibly because the amount added was typical of field densities,
whereas Lovett and Ruesink’s (1995) study (which did find increased carbon
mineralization rates) was a laboratory microcosm study with an added
amount of frass equivalent to that during outbreak conditions. Throughfall
reduced soil respiration, possibly because soil microbes were outcompeted for
the added mineral nitrogen by mycorrhizal fungi. Greenfall also decreased
soil respiration. Surprisingly, none of the treatments affected litter decompo-
sition, despite the effects of all three treatments on soil respiration and soil
micro-arthropods (Reynolds and Hunter 2001; Reynolds et al. 2003).
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Fig. 2.3. Fate of nitrogen in
foliage in years of high and low
defoliation in an oak forest in the
eastern United States (from
Lovett et al. 2002). Pie charts
show the relative proportion of
nitrogen in oak leaves which is
resorbed, lost through leaching,
lost through early or autumn leaf
drop, or converted into insect
biomass or frass, in a forest sub-
ject to low defoliation by insect
herbivores (upland mixed-oak
forest in Millbrook, New York)
and those subject to high levels
of defoliation (oak forests in
Pennsylvania; Grace 1986)



2.4.1.4 The Importance of Belowground Biota: Evidence from Controlled
Environment Studies

Lovett and Ruesink’s (1995) study above provides an excellent example of how
laboratory microcosm studies, and controlled environment studies in gen-
eral, provide us with a means of obtaining detailed understanding of the
ecosystem consequences of environmental change. Many such studies have
recently been used to highlight salient features of ecosystem interactions (see
Beyers and Odum 1993; Lawton 2000); here we consider some recent findings
from the Ecotron controlled environment facility based at Imperial College
London, UK.

14C-labelling techniques have demonstrated that foliar herbivory stimu-
lates the translocation of materials to the roots and hence increases root exu-
dation (Dyer et al. 1991; Holland et al. 1996; Bardgett et al. 1998b) . However,
the impact of these root exudates on decomposition and nutrient cycling
depends on the response of soil organisms such as Collembola and soil fungi
to this increase in carbon supply. The responsiveness of soil decomposers to
carbon inputs can be seen from experiments on the impacts of rising atmos-
pheric CO2 on model terrestrial ecosystems maintained in the Ecotron facility
(Jones et al. 1998). In this study, elevated CO2 led to increased photosynthesis,
and to increased belowground transport of carbon, where the increased level
of dissolved organic carbon (DOC) changes soil fungal assemblages with
knock-on effects on Collembola abundance and species composition. Studies
on fungal enzymatic activities in Swiss grasslands show very similar changes
in fungal community composition under conditions of elevated CO2 (Jones et
al. 2000). These belowground changes lead to increased rates of decomposi-
tion [in Jones et al. (1998) cotton decomposition almost doubled under con-
ditions of elevated CO2] and hence have the potential to alter nutrient avail-
ability to plants. More recently, again in the Ecotron facility, Bradford et al.
(2002), in a study that explored the effects of changing soil biota composition
on a model grassland community, have found that decomposition rate was
significantly enhanced in the most complex faunal treatment (containing
Collembola, Diptera and Coleoptera grazers).As decomposition rate is gener-
ally positively correlated, within a system, to nutrient availability (Swift et al.
1979), it was surprising that Bradford et al. did not also find a net primary pro-
duction increase in these communities. Both mycorrhizal colonization and
root biomass were lower in the more complex communities and it is possible
that these decreases may explain why plants in these communities were
unable to capitalize on the potentially higher nutrient availability. What is
obvious from this limited number of studies is that these sort of complex
feedback effects, linking above- and belowground processes, are increasingly
being identified – insect herbivores have a key role to play in these links
whether they are feeding above or below the soil surface.
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Aboveground herbivores often remove the most nutrient-rich species as
these are usually the most palatable (Ritchie et al. 1998; Wardle and Bardgett,
Chap. 3, this Vol.), but below ground, the opposite effect can be observed. For
example, the Bradford et al. (2002) study (see above) also found that plant
functional group (grass, forb, legume) and species composition were
markedly affected by soil biota treatments. Foliar biomass of both forbs and
legumes decreased in the most complex communities (containing highest
numbers and variety of soil grazers), whereas in the other two treatment com-
munities [microbiota only, and microbiota and mesofauna (that did contain
Collembola)] their biomass increased over time. This shift towards the more
nitrogen-rich plant functional groups was reflected in shifts in grass species
composition – Holcus mollis, the most nitrogen-rich graminoid species,
increased in biomass in both the community containing only microbiota and
in the community with both microbiota and mesofauna added. In all these
studies, the important issue that remains unanswered is whether such con-
trolled environment findings are representative of what actually happens in
the field.

2.4.1.5 Insect Herbivory and Spatial Variation in Nutrient Availability

Insect herbivores are important contributors to spatial heterogeneity in nutri-
ent availability for plants. These effects can be very obvious visually, as when
termite and ant mounds support different vegetation types to those in the sur-
rounding landscape (Blomqvist et al. 2000). Trees growing in mounds made
by wood-ants have been shown to have 20 % more foliar nitrogen than sur-
rounding trees more distant from any mounds (Karhu and Neuvonen 1998).
This had beneficial effects on insect herbivores, which grew 30 % more rapidly
on foliage from trees on ant mounds than on other foliage. Ant nests are rich
in organic matter, nitrogen and phosphorus (Folgarait 1998) and they may
contain six times the amount of ammonium and nitrate than off-mound soil
(McGinley et al. 1994).

These effects on nutrient movement are at their most dramatic in the
Neotropics, where leaf-cutter ants from the tribe Attini harvest leaves to feed
their underground fungus gardens. Their nests may be 6 m deep, contain sev-
eral million ants and require the same daily plant biomass as a cow! A typical
colony moves 40 tons (23 m3) of soil to the surface, with consequences for a
range of soil processes; globally, ants may move more soil than earthworms.
They are also the primary consumers within New World terrestrial ecosys-
tems, where they remove up to 20 % of total leaf production (Beattie and
Hughes 2002). Carrying this material to their nests, they effectively redistrib-
ute nutrients from the canopy to the forest floor, as do other canopy-dwelling
insects which drop leaf fragments and frass, so returning nutrients from the
tops of trees to the litter and soil.
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It is not just in terms of their nest-building, soil-moving and fungal gar-
dens that ants have the potential to influence plant nutrient supply. It is now
known that ant–plant mutualisms can involve direct nutrient exchange
between ants and plants. Several species of Piper (Piperaceae) live in symbio-
sis with Pheidole bicornis (Formicidae: Myrmicinae) on the southern Pacific
slope of Costa Rica. These plants produce small single-celled food bodies in
leaf domatia, formed by the petiole bases and rolling leaf sheaths, which are
the main food source for P. bicornis ants, as shown by labelling studies com-
paring the natural abundance of 13C and 15N in the ants and the food bodies
(Fischer et al. 2002). The flux from plants to ants is directly evident if plants
provide food for ants, such as extra-floral nectar or food bodies. However,
nutrient fluxes from ants to plants are less obvious, but by using 15N-labelled
glycine Fischer et al. (2003) discovered the presence of a nitrogen flux from
ants to plants in the symbiosis of P. bicornis and Piper fimbtiulatum and P.
obliquum. Nutrient transfer from ants to plants occurred remarkably quickly.
Within 6 days up to 25 % of the nitrogen ingested by the ants was incorpo-
rated by the plants and accounted for a minimum daily input rate of 0.8 % of
the plants’ above-ground nitrogen uptake.

Spatial transport of resources by insect herbivores can also, at least hypo-
thetically, be important when habitats of high and low productivity are in
close proximity to one another. Empirical evidence for this is limited, but
examples include a variety of insects that are important vectors of resource
transport into caves, maintaining a diverse assemblage of microbial and fau-
nal decomposers in the absence of autotrophs (Howarth 1983).

2.4.2 Herbivory and Plant Biomass

Insects have an obvious impact on plant biomass – they remove it! In some
systems, insect herbivores may remove more biomass than any other type of
herbivore. For example, in the Neotropics leaf-cutter ants remove 17 % of leaf
biomass, more than any other taxon (Cherret 1986), whilst in savannahs ter-
mites can remove up to 16 % of annual primary production (Lavelle 1997).
One area of current debate is the relative impact of insect vs vertebrate her-
bivory on plant productivity. This has been calculated for the Serengeti sys-
tem: on average, insect herbivores consume about 6 % of the annual plant pro-
duction, vertebrate herbivores about 7 % and decomposers a massive 87 %
(Scholes and Walker 1993). A controversial recent meta-analysis by Bigger
and Marvier (1998) reviewed 246 experiments where herbivores had been
excluded and looked at the effects on plants. They concluded that protected
plants were significantly larger than those exposed to herbivores, and that
insect herbivores were found, on average, to have a larger impact on plant
growth than vertebrate ones. Some doubt the validity of this latter result
because of the confounding effects of most of the insect studies being on one
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plant species and the vertebrate studies being on many species, some of which
were positively affected and others negatively, hence effectively ‘cancelling
out’ the vertebrate impacts. Many authors consider that the impact of verte-
brate herbivores is greater, particularly in terms of their impact on plant pop-
ulation dynamics and community structure (Crawley 1989).

We may speculate whether the positive effects of insect herbivores on plant
productivity, mediated by changes in nutrient cycling, outweigh their negative
effects on plant productivity due to biomass removal. This debate was
addressed by Dyer et al. (1993) who concluded that herbivores induce non-
linear growth and development in plants, which means that defoliation can
cause a biphasic community response, such that at low levels of herbivory
plant communities show an increase in productivity, but extreme herbivory
causes a reduction in productivity. They further argued that the transition
between these two states depends on temporal and spatial variation within
the particular system, as well as on the relative impacts of herbivory on car-
bon and nitrogen availability (Holland and Detling 1990).

On average, in terrestrial systems, only 18 % of plant biomass is consumed
by herbivores, whether insect or vertebrate (Cyr and Pace 1993). However, all
attempts to measure the impacts of herbivory on plant productivity are likely
to be an underestimate because some of the effects of insect herbivores are
relatively neglected (Weisser and Siemann, Chap. 1, this Vol.). For example, the
impacts of root-feeding herbivores are easy to underestimate (Hunter 2001),
but they are still able to reduce nutrient uptake and hence plant productivity,
particularly in plants with nitrogen-fixing root nodules (Murray et al. 1996;
Teixeira et al. 1996; Masters, Chap. 5, this Vol.). In fact, there is at least one case
where removal of root tissue has been shown to have a greater effect on plant
performance than the removal of shoot tissue, although this was a study using
simulated herbivory (Reichman and Smith 1991). In grassland systems, the
plant production consumed by herbivores below ground may be between 3
and 7 times the amount consumed above ground (Scott et al. 1979).

There is still a relative lack of quantitative data on the comparative impact
of root and shoot herbivory, but there have been rather more studies compar-
ing the relative impacts of different types of aboveground herbivores on plant
productivity. For example, in a comparison of the impact of three species of
insect herbivores on goldenrod Solidago altissima, Meyer (1993) found, per-
haps surprisingly, that the xylem-sucking spittlebug Philaenus spumarius was
the most damaging, the leaf-chewing beetle Trirhabda sp. was intermediate in
impact and the phloem-sucking aphid Uroleucon caligatum was least damag-
ing in terms of effects on reducing plant biomass. It is possible that the
impacts of the less obvious and easy to study insect guilds, such as xylem
feeders, have been relatively overlooked compared to leaf chewers (Stadler et
al., Chap. 11, this Vol.).

Another relatively neglected aspect of herbivory that can impact on plant
productivity is early leaf abscission. In tropical systems, where 75 % of leaf
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damage occurs on leaves before full expansion (Coley and Aide 1991; Coley
and Barrone 1996) and competition for light is intense, plants often abscise
young leaves that have become damaged. Early leaf abscission allows the plant
to shed damaged leaves, which are less efficient at light capture and can often
be the site of pathogen attack and water loss, and divert resources to undam-
aged leaves (Blundell and Peart 2000). A recent test of this using Dipterocarp
seedlings in Malaysian Borneo (F.P. Massey, unpublished) demonstrated that
approximately 75 % of unexpanded leaves that were damaged by insect herbi-
vores were abscised. Thus the photosynthetic leaf area lost to herbivores may
greatly exceed the biomass eaten. Another good example is that of leaf-min-
ers: the mine itself removes very little green leaf area but the effect on plant
productivity may be much greater because many mined leaves are abscised
(Faeth et al. 1981; Simberloff and Stiling 1989). To detect these effects requires
studies involving careful, frequent measurements on large samples of individ-
ually marked leaves, but these have been rare. One study on birch (Betula pen-
dula) measured each leaf on six trees every day and found that 17 % of leaves
produced between April and mid-August fell prematurely or were consumed
entirely. All these leaves, and hence their contribution to any measure of bio-
mass lost to herbivores, would have been missed in a single survey of ‘damage’
by herbivores (Zakaria 1989). Studies of the effects of herbivory on plant bio-
mass are usually restricted to a single season, or at most a few seasons, so
longer-term impacts of herbivory on plant productivity may be missed. A
recent study using tree-ring analysis demonstrated that the growth rate of
juvenile Pinyon pines determined their vulnerability to a stem-boring moth
(Dioryctria albovitella) when mature. Faster growing juveniles had 11 times
more shoots killed by this moth when they matured than more slowly grow-
ing trees (Ruel and Whitham 2002).

As well as their impact on total plant biomass, there are more subtle effects
of insect herbivores on plant productivity. For example, many types of her-
bivory, particularly sap-sucking, alter root:shoot ratios (Crawley 1997; Voel-
ckel and Baldwin, Chap. 17, this Vol.). Many other examples of effects on plant
allocation patterns exist. Herbivory can alter the balance between sources and
sinks within a plant that in turn affects photosynthetic rates. Again sap-suck-
ing insects often produce marked changes in source-sink ratios (e.g. Meyer
and Whitlow 1992), but one of the most striking impacts in this regard is the
effect of gall-formers. These herbivores cause the plant to produce what are
often very large structures. The galls are effective sinks that attract and con-
sume a large proportion of the plant’s resources (Abrahamson and Weis
1986); one of the benefits suggested for the galling habit is that gall tissue is
higher in nutrients than the surrounding plant tissue (Price et al. 1987; but see
Hartley and Lawton 1992). Gall-insects appear to be able to manipulate the
levels of nutrients within the gall. For example, galls that form on the vascular
system of leaves can alter the flow of resources within the leaf, although their
ability to do this appears to depend on their precise location with respect to
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the midrib (Hartley 1998). Leaf-miners can also alter the vascular flow within
leaves because they frequently cut the midrib – this can have severe conse-
quences for sap-feeding insects sharing the same leaf (Johnson et al. 2002).
Although insect herbivores, even gall-formers and leaf-miners, have less
impact on plant morphology and allocation patterns than vertebrate herbi-
vores, they can alter plant structure quite markedly if they damage the apical
bud. Gall-formers often attack buds and can have striking effects on plant
morphology (Shorthouse and Rofritsch 1992). Aphids which damage apical
meristems cause increased branching in their host plants, which in turn leads
to an increase in shoots which can be attacked by the aphids (Pilson 1992).
Shoot borers can also have a major impact on plant morphology, and indeed
mortality, by causing damage to the leading shoot and/or an increase in sec-
ondary branching (Sullivan 2003).

Mattson and Addy (1975) tried to take a ‘forest-wide’ perspective and
reviewed the role of phytophagous insects as regulators of primary produc-
tivity in forests. They concluded that the impact of insect herbivores on pri-
mary productivity depended on the intensity of defoliation, the quantity and
distribution of photosynthetic biomass and variations in net photosynthetic
rate under different levels of damage and under different environmental con-
ditions. Most attempts to quantify the impact of insect herbivores on above-
ground plant productivity do not come close to measuring all these parame-
ters, and effects on belowground productivity are usually ignored altogether.
Despite the lack of appropriate data, Mattson and Addy (1975) felt that, on
average, insect herbivores consumed around 10 % of the total net primary
production in forests. However, they also noted that there were periodic out-
breaks of certain forest Lepidoptera which removed 100 % of leaf biomass.
Even this substantial loss of plant productivity did not usually cause mass
mortality of trees unless outbreaks persisted over 3–5 years. More usually, the
insect population crashed during the second or third year of an outbreak and
the trees recovered without suffering any substantial mortality (Stalter and
Serrao 1983). In a similar system, outbreaks of Douglas-fir tussock moths
(Orgyia pseudotsugata) in California white-fir (Abies concolor) stands did at
first lead to a decrease in tree growth, but in the longer term (over several
decades) the outbreaks led to an 80 % increase in growth (Wickman and Starr
1990). The authors attributed this to tree thinning and increased nutrient
availability. Thus in these forest systems at least, even severe defoliation by
insect herbivores may have no long-term adverse effects on plant growth or
mortality.
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2.5 Conclusions

In this chapter, we have highlighted the numerous ways that insect herbivores
can affect ecosystem process, namely decomposition, nutrient cycling and
plant productivity. Insect herbivores have both direct and indirect effects on
these processes. Perhaps one of their most important roles is to physically
break up organic matter within the soil and make it accessible to fungi/bacte-
ria. This means that Collembola, termites and ants have a major impact on
belowground processes and nutrient cycling, usually by changing soil struc-
ture and decomposition and mineralization rates (Jones and Bradford 2002).
Although these herbivores are very small, their huge abundance means they
have an impact out of all proportion to their size – hence termites can make a
contribution to the greenhouse effect! Above ground, the potential roles of
insects in ecosystems are less well characterized, but in some systems at least
they may have dramatic, although often temporary, effects on primary pro-
duction (Schowalter et al. 1986; Dyer et al. 1993) by intense grazing pressure.
In addition, by dropping leaf fragments and faeces to the forest floor, canopy-
dwelling insects may return nutrients from the tops of trees to the litter and
soil (Seastedt and Crossley 1980; Lovett and Ruesink 1995). Thus, insect her-
bivores not only influence the total amount of nutrients available to plants,
but also cause temporal and spatial variation in nutrient availability. Insect
herbivores also influence the growth, recruitment and mortality of plants.
Again, the few studies that have attempted to assess these aspects suggest that
the impact of insect herbivores is as large as vertebrates, if not larger (Bigger
and Marvier 1998); in fact, given that insects make up some of the decom-
poser community and that much of the plant biomass ends up with them and
not with herbivores, it seems likely that the impact of insect herbivores on
ecosystem processes far exceeds that of vertebrate herbivores (Scholes and
Walker 1993).

Generally, the importance of insect herbivores to ecosystem function
seems likely to have been underestimated. Many of their impacts, particularly
below ground, are difficult to measure. However, recent advances in labelling
techniques have led to a better understanding of some of the impacts of insect
herbivores on processes such as decomposition and nutrient cycling. For
example, it has now been shown that ants feed plants as well as the other way
around. Greater interest in ecosystem function, soil biodiversity and the
impacts of belowground herbivores has led to new conceptual models, and to
better tests of these models. We have much more data with which to assess a
model of the interactions between foliar- and root-feeding herbivores (Mas-
ters et al. 1993; Masters, Chap. 5, this Vol.) and we now suspect that one pre-
diction of the model, namely that foliar herbivory reduces the populations of
belowground herbivores, may be wrong (Blossey and Hunt-Joshi 2003).

Insect Herbivores, Nutrient Cycling and Plant Productivity 45



We have also highlighted some of the progress that has been made in the
study of the role of insect herbivores in ecosystem function. We have exam-
ined some intriguing interactions between insect herbivores and other organ-
isms, and drawn attention to some neglected impacts on ecosystem processes.
In addition, we have highlighted some key issues which remain unresolved.
For example, have practical developments like better labelling techniques
advanced the field further than new conceptual models? Do herbivores or
detritivores have the biggest impact on ecosystem function – are we any
nearer to answering this question than when Mattson and Addy suggested
herbivores were the most important in 1975? Most plants have most of their
biomass below ground but we don’t know what happens to it – what are the
relative impacts of shoot herbivory vs root herbivory on plants? We still do
not have adequate data to understand how the impact of insect defoliation on
nitrogen cycling varies according to insect species or insect abundance – we
cannot assume that all forest ecosystems are like the north-eastern USA! We
do know that insect herbivores are vitally important to ecosystem function-
ing, but there is still a lot that we do not know.
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3 Indirect Effects of Invertebrate Herbivory 
on the Decomposer Subsystem

D.A. Wardle and R.D. Bardgett

3.1 Summary

Invertebrate herbivores can exert important effects on the decomposer sub-
system through a range of mechanisms. In this chapter, we review the mecha-
nistic bases through which invertebrate herbivory may affect the quantity and
quality of plant-derived resources entering the soil. We identify four main
types of mechanisms through which this may occur: (1) herbivores can influ-
ence resource quantity, both in the short term through promoting rhizos-
phere exudation and in the long term through optimizing or reducing net pri-
mary productivity (NPP); (2) herbivores may affect litter quality, either
positively through causing greater tissue nutrient concentrations or nega-
tively through inducing plants to produce secondary defence compounds; (3)
herbivores sometimes return a significant proportion of NPP to the soil as
fecal material, which can have very different consequences to plant litter for
decomposers; (4) in the longer term herbivores can significantly alter the
functional composition of vegetation which can in turn determine the quality
of litter returned to the soil. There are therefore numerous ways in which
invertebrate herbivores can affect decomposers either positively or negatively,
and these can exert important aboveground feedbacks. Some of the most sig-
nificant effects of invertebrate herbivores in ecosystems occur during peri-
odic population outbreaks, and the likely consequences of this for the decom-
poser subsystem are discussed. Usually, herbivores occur in multiple species
communities, which leads to the question of how herbivore diversity affects
decomposer processes; while there is a dearth of information available on the
topic, there are plausible mechanisms whereby such effects could theoreti-
cally occur. It is concluded that, since all ecosystems depend upon both the
producer and decomposer subsystems, a more complete understanding of
ecosystem-level consequences of invertebrate herbivory can only be gained
through the application of approaches that explicitly consider both subsys-
tems, as well as the feedbacks between them.
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3.2 Introduction

All terrestrial ecosystems consist of explicit aboveground and belowground
components. Although these have often been treated in isolation from one
another, both are required for the maintenance of ecosystem function. There
is a growing recognition that a more complete understanding of how ecosys-
tems function requires specific consideration of both of these subsystems, as
well as the nature of interactions between them (Van der Putten et al. 2001;
Wardle 2002). Animals that feed on producers, decomposers or other animals
can exert important effects on producer and decomposer activity, and this
may have far-ranging community- and ecosystem-level implications.

Herbivores, or the primary consumers of living plant material, may ingest
from 1 to over 50 % of aboveground net primary productivity (NPP) depend-
ing on the ecosystem considered (McNaughton et al. 1989). They can therefore
operate as powerful determinants of the amount of resources that enter the
decomposer subsystem. Despite this, most work on herbivore effects in
ecosystems has traditionally focused on aboveground responses, such as veg-
etation productivity, community structure and diversity. However, there is a
growing recognition that the effects of both aboveground and belowground
herbivores on plants can exert important belowground effects, with likely
long-term aboveground consequences through altered supply rates of plant-
available nutrients from the soil (reviewed by Bardgett et al. 1998; Wardle
2002; Bardgett and Wardle 2003; Hartley and Jones, Chap. 2, this Vol.).

In this chapter, we discuss how invertebrate herbivory may affect the
decomposer subsystem through influencing the quality and quantity of
resources entering the soil. In doing so, we assess mechanisms that function
over various temporal and spatial scales, from individual plant parts to the
whole plant community.We then evaluate the effects of multiple species inver-
tebrate herbivore communities on the decomposer subsystem. Finally, we
consider how the belowground effects of invertebrate herbivores may differ
across different types of ecosystems.

3.3 Mechanistic Bases of Invertebrate Herbivore Effects

A variety of mechanisms have been identified concerning how herbivory may
influence the decomposer organisms and processes, some of which are stim-
ulatory and others inhibitory. The relative importance of these different
mechanisms varies depending on context, and this explains why there are sev-
eral examples of both promotion and reduction of decomposers and decom-
position processes by herbivores reported in the literature (reviewed by War-
dle 2002; Bardgett and Wardle 2003; Hartley and Jones, Chap. 2, this Vol.;
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Bonkowski and Scheu, Chap. 4, this Vol.; Masters, Chap. 5, this Vol.). Here, we
focus on the effects of invertebrate herbivores on the decomposer subsystem
through the various mechanisms presented in Table 3.1.

3.3.1 Immediate Effects on Resource Quantity

Most studies relevant to understanding how invertebrate herbivores affect
decomposers have focused on the effects of removal of plant parts, notably
through defoliation. In the short term, loss of foliage from herbaceous plants
can lead to large allocation of carbon to the rhizosphere (Hartley and Jones,
Chap. 2, this Vol.). For example, pulse labelling studies by Dyer et al. (1991)
and Holland et al. (1996) found that herbivory of monocotyledonous species
by grasshoppers leads directly to a shift in carbon allocation from shoots to
roots, resulting in both increased rhizosphere carbon exudation and
enhanced total respiration in the rooting zone. This increased belowground
allocation also appears to stimulate soil organisms, and explains positive
responses of the soil microbial biomass to aboveground defoliation by
grasshoppers (Holland 1995) and clipping (Mawdsley and Bardgett 1997).
These effects appear to be multitrophic; Mikola et al. (2001b) showed clear
positive effects of experimental defoliation on densities of both enchytraeids
and microbe-feeding nematodes. Multitrophic effects are consistent with
donor- rather than recipient-control of the decomposer food web.

Despite the importance of root herbivory in many ecosystems (notably
grasslands), the effects of root herbivores on the decomposer subsystem have
attracted little attention (Masters, Chap. 5, this Vol.). However, Yeates et al.
(1998) found that plants of Trifolium repens grown in pots inoculated with
each of five root-feeding nematode species showed greater release of 14C into
the rooting zone and uptake by the soil microbial biomass than when no
nematodes were present. Further, root herbivory may facilitate the release of
nutrients from plants, ultimately benefiting associated plant species. For
example, Bardgett et al. (1999) found that infestations of the plant parasitic
nematode Heterodera trifolii (which feeds only on leguminous roots) caused
large increases in both soil microbial biomass and the transfer of 15N from T.
repens to neighbouring Lolium perenne plants.

3.3.2 Longer-Term Effects on Resource Quantity

In the longer term, the effects of physical removal of plant biomass can exert
important effects on NPP, and hence the amount of material entering the
decomposer subsystem as plant litter. Repeated removal of either foliar or
root material usually has negative consequences for NPP. However, this is not
a universal pattern and there are several instances in which intermediate lev-
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els of herbivory have been shown to enhance or optimize NPP, especially in
grassland systems (McNaughton 1985; Holland et al. 1992). Most of the avail-
able evidence arises from studies involving browsing mammals, which are
able to enhance NPP productivity through converting plant tissue to fecal
material and thereby increasing nutrient availability for plants. Little is
known about whether invertebrate herbivores may have similar effects. How-
ever, Belovsky and Slade (2000) provided evidence that grasshoppers at inter-
mediate densities can promote grassland NPP through enhanced cycling of
nutrients, compared with when they were absent or at high densities. Further,
there is some evidence that invertebrate root herbivory can optimize plant
productivity. Riedell (1989) found that root mass of Zea mays was greater
when roots were infested with low densities of the root cutworm Diabotrica
sp. than when the insect was absent. However, there is insufficient knowledge
at present to assess the generality of this (see Brown and Gange 1990; Bardgett
and Wardle 2003).

How altered NPP may affect the decomposer subsystem is not well under-
stood; increasing NPP has been shown to exert either positive or negative
effects on components of the soil food web depending on the situation consid-
ered (Wardle 2002).There are two possible mechanisms for these varied effects
(Bardgett and Wardle 2003). First, the balance of top-down and bottom-up
forces in structuring the decomposer food web is likely to be context depen-
dent; only organisms regulated by bottom-up forces are likely to respond
strongly to increases in resource availability. Some components of the decom-
poser food web are regulated by top-down forces while others are regulated by
bottom-up forces (De Ruiter et al. 1995; Wardle 2002). Second, plants not only
provide resources for soil microbes but also compete with them for nutrients,
so an increase in plant growth could either increase or reduce the microflora
depending on which of these mechanisms dominates. Therefore, any shift in
NPP caused by invertebrate herbivores could exert either positive or negative
effects on decomposers depending on the situation considered.

3.3.3 Effects of Changed Litter Quality

In most ecosystems the majority of NPP enters the soil as plant litter, and the
quality of this litter (e.g., the concentrations of N, lignin and secondary
metabolites) has a profound effect on the structure and functioning of the
decomposer subsystem. Invertebrate herbivores induce physiological changes
in plants which are in turn likely to influence the quality of litter that they pro-
duce, although this particular mechanism has received surprisingly little
attention. However, it is likely that for grassland plants removal of live tissues
by invertebrate herbivores would increase the concentration of nitrogen in
the remaining tissues and therefore improve litter quality. The results of two
previous studies support this. First, Seastedt et al. (1988) found that trimming
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of the shoots of the grass Agropyron gerardii caused an increase in root nitro-
gen concentrations, and suggested that this should in turn promote soil
organisms. Second, Bardgett et al. (1999) found that root herbivory of grass-
land plant species by plant parasitic nematodes promoted the nitrogen con-
tent of foliar and root material.

Foliar herbivory by invertebrates may also induce plants to produce a
range of antiherbivore defence compounds (Rhoades 1985; Agrawal 1998; Van
der Putten et al. 2001), and while it is reasonable to expect that following their
synthesis some of these compounds persist in the litter produced by these
plants, much remains unknown about how this affects decomposers. Severe
defoliation of deciduous trees by invertebrate herbivore outbreaks often
results in greater concentrations of phenolics in subsequently produced tis-
sues (Rhoades 1985), and given the role that phenolics can play in retarding
decomposer-mediated processes (Northup et al. 1995; Wardle et al. 1997) it
seems likely that litter produced by previously attacked trees would inhibit
decomposers. Although direct evidence for such a mechanism is scarce, Find-
lay et al. (1996) found that damage by spider mites to Populus deltoides
seedlings increased the concentration of phenolics in leaf tissues, and this in
turn reduced the subsequent rate of decomposition of leaf litter produced by
these plants.

3.3.4 Return of Invertebrate Waste Products

In ecosystems where herbivores remove a significant proportion of NPP,
much of the plant-derived organic material is not added to the soil as leaf lit-
ter but instead as fecal material. The belowground effects of this are best
understood for mammalian herbivores, and in most cases mammalian fecal
material has been shown to promote soil organisms and processes (Bardgett
et al. 1998). However, large amounts of fecal material may also be returned to
the soil following outbreaks of foliar invertebrate herbivores. Lovett and
Ruesink (1995) and Lovett et al. (2002) provide evidence that frass produced
by the gypsy moth (Lymantria dispar) during outbreaks in deciduous forests
can cause significant stimulation of microbial growth through having a high
concentration of labile carbon. This microbial growth in turn leads to net
immobilization of nitrogen by the soil microflora, suggesting a major role for
gypsy moth frass in determining the availability of nitrogen to defoliated
forests. It is expected that while insect frass would lead to net nitrogen immo-
bilization in infertile ecosystems, net mobilization should instead occur in
more fertile systems such as grasslands. For example, the positive effect of
grasshoppers on NPP reported by Belovsky and Slade (2000) is likely to be due
to positive effects of frass on net nitrogen mineralization.

While chewing insects return organic matter as frass, sucking insects such
as aphids and scale insects often secrete surplus ingested carbohydrates as
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honeydew. Honeydew sugars are usually extremely labile and readily utilized
by microbes when they reach the ground. For example, Dighton (1978) found
that addition of synthetic honeydew to soils at a rate comparable to that pro-
duced by lime aphids (Eucalipteris tilidae) on trees of Tilia spp. caused an
increase in fungal and bacterial populations of 1.3 and 4.0 times respectively.
Further, honeydew-producing aphids in central European Picea abies forests
have been shown to cause substantial increases in dissolved organic carbon in
soils, and appear to promote net immobilization of nitrogen by the soil
microflora (Stadler and Michalzik 1998). Given the abundance of sucking
insects in many ecosystems, honeydew effects on decomposer organisms and
processes may be of widespread importance.

3.3.5 Effects  of Changes in Vegetation Composition

Invertebrate herbivores also have the capacity to influence the decomposer
subsystem through driving changes at the level of the plant community.
Recent studies have shown that across both plant species and functional
groups, plants that produce foliage that is more palatable to generalist inver-
tebrate herbivores tend also to be those that produce faster decomposing lit-
ter (Fig. 3.1), suggesting that similar suites of plant traits influence the activ-
ity of both herbivores and decomposers. Plant species that are the most
favourable for herbivores and decomposers tend to be those that dominate
earlier in succession (Cates and Orians 1975; Grime 2001; Wardle 2002). Her-
bivory is likely to favour later successional vegetation when earlier succes-
sional species are disadvantaged, and earlier successional vegetation when-
ever optimization of this vegetation by herbivores occurs (Davidson 1993;
Augustine and McNaughton 1998).

In this light, invertebrate herbivory can operate as an important determi-
nant of plant community structure and vegetation succession. Brown and
Gange (1990, 1992) found through the use of selective insecticides that root
herbivores promoted succession by reducing the success of early successional
forb species, while foliar herbivores retarded succession by reducing the suc-
cess of grasses. In contrast, Wardle and Barker (1997) found that both above-
ground and belowground invertebrate herbivores reduced earlier succes-
sional forbs relative to later successional grasses when herbivores were added
to experimental plant communities. Meanwhile in synthesized plant commu-
nities, Buckland and Grime (2000) found that invertebrate herbivores, notably
the slug Deroceros reticulatum, suppressed early successional fast-growing
plant species in infertile conditions. However, in fertile conditions early suc-
cessional species dominated when herbivores were present, presumably
because of their ability to compensate for tissue loss by defoliation. The con-
sequences for the decomposer subsystem of the effects of invertebrate her-
bivory on succession have not been explicitly addressed to date. However, it
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appears reasonable that promotion of succession by invertebrates should
adversely affect decomposers through reducing the quality of litter entering
the soil (such as has been shown for mammalian herbivores; Pastor et al.
1988), while reversal of succession by invertebrates should have the opposite
effect.
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Fig. 3.1. Relationships between litter
decomposability and palatability to
generalist invertebrate herbivores
across plant species. a Different
plant life forms based on a data set
involving 48 Argentinian and 72
British plant species. HD Herba-
ceous dicots; WD woody dicots; GM
graminoid monocots; B bromeliads;
GT gymnosperm trees. The herbi-
vores used were generalist snails.
(From Cornelissen et al. 1999.) 
b Forty-three plant species (each
represented by a different point)
representing a range of plant life
forms. The herbivores used were
Helix aspersa and Acheta domestica.
(From Grime et al. 1996.) c Twenty
dicotyledonous herbaceous species
(each represented by a different
point). The herbivore used was
Deroceros reticulatum. (From War-
dle et al. 1998.). (Figure reproduced
from Wardle 2002, with permission
from Princeton University Press)



3.3.6 Feedbacks and Aboveground Consequences

Foliar herbivores affect plant nutrition and growth not just in the short term
through physical removal of tissues, but also in the longer term by influencing
feedbacks between the producer and decomposer subsystems. Herbivorous
invertebrates have the capacity to determine the quality and quantity of
organic materials produced by plants and added to the soil, which in turn
affects decomposer activity and therefore the supply of nutrients to plants
from the soil. Indeed, most studies indicating optimization of NPP by herbi-
vores involve promotion by herbivores of nutrient cycling in the soil
(McNaughton 1985; Belovsky and Slade 2000; De Mazancourt and Loreau
2000). As is apparent from the text this far, there are a range of mechanisms
through which invertebrate herbivores may affect decomposers (some posi-
tive and some negative), so a range of possible effects of herbivores on plant
growth, nutrient uptake and community structure may occur in the long term
as a result of indirect herbivore effects on the decomposer subsystem. These
feedbacks could in turn affect invertebrate herbivore performance, given
recent findings that the positive effects of decomposer organisms on plant
nutrient supply promote the growth and reproduction of foliar aphid species
(Scheu et al. 1999; Bonkowski et al. 2001).

3.4 Significance of Invertebrate Herbivore Outbreaks

Invertebrate herbivores differ from vertebrate herbivores in that they gener-
ally have short life spans and rapid rates of reproduction, and therefore often
undergo large fluctuations in abundance between seasons or between years.
Under usual conditions, invertebrate populations may be expected to be low,
partly because they can be regulated by top-down control (Hairston et al.
1960; Oksanen et al. 1981), and partly because of the inherently poor quality
of their food resources (White 1978). However, populations of specific her-
bivorous invertebrate species can occasionally increase extremely rapidly,
leading to population outbreaks, with severe effects on vegetation. These
outbreaks are usually triggered directly or indirectly through changes in cli-
matic conditions (e.g., Polis et al. 1997; Selas et al. 2001). It appears likely that
normally, densities of invertebrate herbivores are insufficient for them to
have a particularly important effect on the decomposer subsystem, and that
significant belowground effects of these herbivores usually occur only dur-
ing short, intense periods of population outbreak. Many of the mechanisms
described in the preceding text are likely to be mainly manifested during
outbreaks of these herbivores. For example, intense or repeated defoliations
caused by outbreaks of the moths L. dispar in deciduous forests of eastern
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North America or Epirrita autumnata in Betula forests of northern Europe
result in death of tree stands, causing a pulse of inputs to the soil of recently
killed plant material in the short term but reduced inputs through lower
NPP in the longer term. Some outbreaks also result in a much higher pro-
portion of NPP entering the decomposer subsystem as recently severed
leaves or faecal pellets rather than as naturally senesced litter (Lovett et al.
2002). Further, non-lethal defoliation of Betula trees (such as often occurs
during outbreaks of E. autumnata) leads to a poorer quality of subsequently
produced foliage (and presumably leaf litter), with increased concentrations
of secondary metabolites and decreased concentrations of nitrogen (Hau-
kioja et al 1988). A better understanding of how invertebrate herbivores
affect decomposition in many ecosystems would be gained by considering
long-term temporal and spatial patterns of invertebrate herbivore abun-
dance, and recognizing that the ecologically most important consequences
of invertebrate herbivores in the long term could result from irregular and
brief, and often spatially localized periods of significant herbivore outbreak
(Carson et al., Chap. 10, this Vol.).

3.5 Multiple Species Herbivore Communities

While most studies on invertebrate herbivore effects on ecosystems have
focused on single species, in real ecosystems several species of herbivore usu-
ally coexist. Therefore the issue arises as to whether increasing the diversity of
invertebrate herbivores influences ecosystem processes, including those dri-
ven by the decomposer community. Although there has been considerable
interest over the past decade in the ecosystem-level implications of biological
diversity (Loreau et al. 2001), the issue of how invertebrate herbivore diversity
affects terrestrial ecosystems remains essentially unexplored (but see Duffy et
al. 2001 for a marine example). However, we would expect any effects of her-
bivore diversity on ecosystem processes to be promoted by the magnitude of
differences among species in key functional traits and therefore the degree of
interspecific resource partitioning, much as has been shown for plant diver-
sity (Díaz and Cadibo 2001).

Although plant diversity can only influence production-driven processes
through interspecific resource use complementarity in a positive direction, in
the case of herbivores, diversity effects which are manifested through greater
net resource use (i.e., consumption) can theoretically have a range of possible
effects on ecosystem processes (Fig. 3.2a vs b; Bardgett and Wardle 2003). This
arises because, as discussed earlier, there are a variety of ways through which
invertebrate herbivores can affect the quality and quantity of resources enter-
ing the decomposer subsystem. Thus, an increasing net intensity of herbivory
(such as may occur when herbivore diversity promotes greater resource uti-
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lization) could conceivably have either positive or negative effects on decom-
poser processes depending on which mechanisms dominate. Further, herbi-
vore diversity, and hence the amount of net consumption of NPP, could even
result in unimodal effects on ecosystem processes, especially when these
processes are optimized by intermediate levels of herbivory (Fig. 3.2b; Bard-
gett and Wardle 2003).

While Fig. 3.2 provides a theoretical framework for testable hypotheses
about how invertebrate herbivores may affect the decomposer subsystem, lit-
tle relevant data are available. However, it is well recognized that different
invertebrate species in the same community partition resources, providing
opportunities for the effects of diversity to manifest themselves.At the level of
the whole plant, different herbivore species can partition resources both spa-
tially (by specializing on different plant tissues) (Root 1973) and temporally
(Masters et al 1993). At the plant community level, possible resource parti-
tioning among invertebrate herbivore species can be inferred from studies
that find herbivore species diversity correlates with plant species diversity
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Fig. 3.2. Left Types of responses that may be expected from plant productivity and
related ecosystem functions to increasing plant diversity. Right The response of ecosys-
tem functions that can theoretically occur as a result of increasing herbivore diversity
through resource use complementarity. Both positive and negative responses of below-
ground processes are possible because increasing net herbivory (resulting from greater
resource use complementarity) can have either positive or negative effects on decom-
poser organisms depending upon which mechanisms are dominating. Further, uni-
modal responses can theoretically occur if plant productivity and nutrient cycling rates
are optimized by intermediate levels of herbivory. (Figure reproduced from Bardgett
and Wardle 2003, with permission from the Ecological Society of America)



(Southwood et al 1979; Siemann 1998). The consequences of this partitioning
for ecosystem functioning remain largely unexplored, although two studies
provide relevant data. Mikola et al. (2001b) set up synthetic plant communi-
ties with three herbaceous species, and imposed treatments consisting of
defoliating these species in all the possible one-, two- and three-way combi-
nations. Although defoliation was found to influence belowground processes
and organisms, there was no effect on the number of plant species that were
defoliated. Wardle et al. (2000) amended synthesized plant communities with
monocultures and two-species mixtures of foliar invertebrate herbivores and
found that the above- and belowground effects of the two herbivore species
mixtures did not differ from those of the corresponding one-species treat-
ments.

Finally, we note that any effects of invertebrate herbivore diversity are
likely to be context dependent. First, effects of herbivore diversity can only
occur if resource partitioning occurs. This is most likely to take place when
species comprising the herbivore community show a degree of specializa-
tion, and not when the community consists mainly of generalist feeders. Sec-
ond, we anticipate that invertebrate herbivore diversity effects are most
likely in systems where herbivores consistently affect the vegetation (see
Schädler et al. 2003); for ecosystems in which herbivore effects are mani-
fested mainly through intermittent population outbreaks, herbivore diversity
effects may be less important given that outbreaks usually consist of a sin-
gle species. However, we recognize that there are theoretical grounds for pre-
dicting that the diversity of herbivore communities may influence the
chance of any one species reaching sufficient densities for an outbreak to
occur.

3.6 Comparisons of Ecosystems

Given that different types of ecosystems differ tremendously in the functional
composition of their vegetation, it is expected that the relative importance of
herbivory as a driver of the decomposer subsystem should vary across ecosys-
tems. This is borne out by the analyses of McNaughton et al. (1989) who found
that for a global data set the proportion of NPP that is consumed by herbi-
vores (and therefore does not enter the belowground subsystem as plant lit-
ter) increases with increasing productivity from less than 1 % to over 50 %.
Further, Cebrian et al. (1998) and Cebrian (1999) showed, through a global
synthesis of data from both terrestrial and aquatic systems, that ecosystems
dominated by plants that are more productive and have higher tissue nitrogen
and phosphorous concentrations also support greater rates of plant litter
decomposition and have greater relative consumption of NPP by herbivores.
Therefore, ecosystem effects of herbivory are expected to be greatest in pro-
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ductive ecosystems where a relatively high proportion of NPP enters the
decomposer subsystem as fecal material, leading to optimization of NPP and
promotion of grazing-tolerant plants with high litter quality. This would in
turn lead to low net accumulation of organic matter and development of mull
soils, together with domination of the soil food web by the bacterial-based
energy channel and earthworms (Wardle 2002). In contrast, organic matter
return in unproductive environments with low levels of herbivory would be in
the form of poor litter quality, leading to the formation of thick moroid
humus layers and domination of the soil food web by the fungal-based energy
channel and microarthropods (Wardle 2002). Further, in unproductive envi-
ronments, herbivory is likely to cause replacement of existing vegetation by
less palatable plant species that produce litter of poorer quality, with negative
implications for the decomposer subsystem.

It is unclear to what extent invertebrate vs vertebrate herbivores contribute
to the total amount of herbivory encountered in most ecosystems.Although it
is likely that in productive systems such as grasslands vertebrate herbivores
usually consume more foliage than do invertebrates, Schädler et al. (2003)
showed through meta-analysis of published manipulation experiments that
invertebrate herbivores often exert important effects on vegetation in herba-
ceous plant communities. Further, in productive ecosystems, invertebrates
often make a particularly significant contribution to the net amount of root
herbivory. In ecosystems of intermediate productivity, such as temperate and
boreal deciduous forests, invertebrates may exert particularly strong effects
on ecosystem processes by causing large periodic shifts in vegetation compo-
sition as a result of single species outbreaks. Plant productivity and underly-
ing determinants of NPP such as soil fertility and macroclimate are therefore
key drivers of invertebrate herbivore densities in ecosystems, and thus the
role that these herbivores play in influencing those processes that occur below
ground.

3.7 Conclusions

It is apparent that there are a range of mechanisms by which invertebrate
herbivores can indirectly influence the decomposer subsystem, through their
effects on the quantity and quality of organic matter that plants produce.
These effects operate at a range of spatial and temporal scales, and can have
either positive or negative consequences for the decomposer subsystem;
which of these mechanisms dominates will determine whether the net effect
of herbivory on decomposers is positive or negative. The effects of inverte-
brate herbivory on ecosystem processes are inherently context dependent
and vary tremendously across ecosystems, and it is reasonable to expect that
local conditions are likely to determine herbivore effects on vegetation and
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therefore the magnitude and direction of their effects on the decomposer
subsystem. Because the decomposer subsystem affects plant-available
nutrient supply, and therefore the quality and quantity of foliage available
for invertebrate herbivores, these herbivores can function as important par-
ticipants in feedbacks between the aboveground and belowground subsys-
tems.

Much remains unknown about how invertebrate herbivores affect the
decomposer subsystem. For example, little is understood about the effects of
different types of herbivores even though they may have vastly differing
effects on the physiology of the host plant, i.e., root vs. foliar herbivores, dif-
ferent types of foliar invertebrate herbivores (e.g., chewing, sucking, rasping,
leaf-mining), or invertebrate vs. vertebrate herbivores. Further, invertebrate
herbivores exist in multiple species communities, but little is understood
about whether ecosystem processes are driven by multiple herbivore species
effects, or whether the most important effects emerge from single species out-
breaks. One area that remains to be explored is the consequences for the
decomposer subsystem of plant biochemical changes induced by invertebrate
herbivore attack. These biochemical signals have the potential to alter the
nature of multitrophic interactions including those that occur within the soil
food web (van der Putten et al. 2001). Finally, since all ecosystems depend
upon both the producer and decomposer subsystems, a more complete
understanding of ecosystem-level consequences of invertebrate herbivory
can only be gained through the application of approaches that explicitly con-
sider both the aboveground and belowground subsystems, as well as the feed-
backs between them.
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4 Biotic Interactions in the Rhizosphere:
Effects on Plant Growth and Herbivore Development

M. Bonkowski and S. Scheu

4.1 Summary

Considerable progress has been made in understanding specific interactions
of plant roots with rhizosphere microorganisms and interactions with the soil
fauna. Due to their function in nutrient mineralization, the role of soil organ-
isms is usually considered important in long-term processes such as decom-
position of litter materials. It would be incorrect, however, to assume that
effects of decomposer animals on plant performance solely result from
improved plant uptake of nutrients. In recent years, our view has profoundly
changed, giving soil organisms a much more active role by interacting with
living plants, their symbionts and pathogens and thereby shaping ecosystem
processes. It has to be appreciated that decomposer animals consist of very
different functional groups which differentially affect microbial diversity and
function in the rhizosphere, thereby modifying plant physiology, morphology
and phenology. These interactions cascade up to herbivores above the
ground, ultimately affecting the whole aboveground food web. In addition to
changing bottom-up forces on the herbivore community, the decomposer sys-
tem may strengthen top-down forces on aboveground herbivores by subsidiz-
ing generalist predators with prey. The full implications of this integrated
view of terrestrial ecosystem function have yet to be explored. In arable sys-
tems, intelligent management practices have to be developed employing the
decomposer community to help in plant nutrition, to foster plant defence
against herbivores and to support the control of herbivore pest populations.
Current practices based on soil tillage and inorganic nutrient inputs certainly
are inadequate in this respect. In more natural ecosystems the role of the
decomposer community as driving agent for plant competition and commu-
nity composition via modifying the rhizosphere environment needs consid-
erably more attention. Microorganisms have been identified as an important
structuring force of natural plant communities in recent years; however, those
organisms that regulate the structure and functioning of microbial communi-
ties so far have been widely neglected. A comprehensive understanding of
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regulating forces in arable and natural systems will not be achieved without
integrating the animal community below the ground.

4.2 The Rhizosphere – 
Interface of Intense Microbial and Faunal Interactions

A century ago Hiltner (1904) introduced the term ‘rhizosphere’ to describe the
stimulation of biomass and activity of microorganism in soil around plant
roots. However, even today it is often not fully acknowledged that all nutrients
that plants absorb from soil pass through a region of intense microbial and
faunal activity (cf. Hartley and Jones, Chap. 2, this Vol.; Wardle and Bardgett,
Chap. 3, this Vol.).

Soil is densely packed with organisms and plant roots are continuously
confronted by a vast array of organisms, including a multitude of saprophytic,
beneficial and deleterious microorganisms, soil fauna (including herbivores
and decomposers), and the roots of the members of the plant community that
is present in their vicinity.

Plants are not passive in these interactions; instead plants integrate infor-
mation from the environment into their decisions on belowground invest-
ments like root proliferation (Huber-Sannwald et al. 1997; Hodge et al. 1998,
1999), formation of symbiotic relationships with infecting microorganisms
(e.g. mycorrhizal fungi, Fitter and Merryweather 1992; Smith and Read 1997;
or N2-fixing bacteria, Ryle et al. 1979), alteration in exudation rates (Kraffczyk
et al. 1984; Jones and Darrah 1995; Bonkowski et al. 2001b; Wamberg et al.
2003), interactions with free-living bacteria (Mathesius et al. 2003) or produc-
tion of secondary compounds to defend herbivores (Baldwin and Hamilton
2000; Cipollini et al. 2003; Voelckel and Baldwin, Chap. 17, this Vol.). To cope
with these interactions a dynamic strategy needs to be adopted by a non-
motile organism. However, since plants are in the dilemma of growing and
outcompeting their neighbours whilst at the same time defending themselves
against herbivores (Herms and Mattson 1992), any potential trade-off may
reduce plant fitness and open up opportunities for insect herbivore attack.
The balance between carbon (and other) costs associated with such morpho-
logical and physiological changes and nutrient gain below ground will deter-
mine aboveground investments in structural compounds and ultimately feeds
back to defence mechanisms against insect herbivores.

We will first consider plant C investments below ground and the feedback
in nutrient gain from food web interactions and then provide examples of
how outcomes of these interactions cascade up above ground to influence
insect herbivore performance.
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4.2.1 Plants as Drivers of Rhizosphere Interactions

Most nutrients in soil are bound to organic matter, absorbed by mineral sur-
faces, or locked up in microbial biomass and thus not easily available. Nutri-
ent acquisition by plants therefore includes a number of mechanisms, often
involving the aid of different microorganisms simultaneously. Common to all
these strategies is that they are highly energy demanding and may cause a sig-
nificant trade-off in plant C allocation.

Most land plants live in close symbiosis with mycorrhizal fungi. Most
widespread are infections with arbuscular- and/or ecto-mycorrhizae (Smith
and Read 1997; Cornelissen et al. 2001). Mycorrhizal fungi increase the acces-
sibility and uptake of water and nutrients (particularly phosphorus, and often
nitrogen), and may help in protecting roots against pathogens (Smith and
Read 1997). Subsidizing the production of hyphae may be less energy
demanding than the production of roots (Fitter 1994). Nevertheless, the main-
tenance of mycorrhizae is costly, with an estimated 10–20 % of total photo-
synthetically fixed C that plants translocate to the fungus (Christensen 1989;
Marschner 1992; Söderström 1992). A trade-off may arise between mycor-
rhizal colonization and other symbionts (Bonkowski et al. 2001b; Wamberg et
al. 2003) or a carbon shunt to neighbouring plants (Newman 1988; Graves et
al. 1997) and not all plants benefit from mycorrhizal infections, since mycor-
rhizal species differ greatly in their degree of infection and host exploitation
(Johnson et al. 1997; Gange and Ayres 1999).

The mutualistic relationship between plants and N2-fixing bacteria or
actinomycetes (e.g. Rhizobium, Frankia) ensures independence from soil
nitrogen availability, but carries additional costs of an estimated 10–30 % of
the total photosynthetically fixed carbon (Bezdicek and Kennedy 1979; Ryle et
al. 1979). The benefit, i.e. the effectiveness, of rhizobial strains in N2 fixation
varies widely among plant species (Bala and Giller 2001). However, the few
plant species that evolved this trait seem to be in control of the symbiosis.
White clover, for example, has the ability to rapidly downregulate N2 fixation
and compete with other plant species for soil N when mineral N levels in soil
increase (Griffith et al. 2000).

Only part of the plant’s C release in the rhizosphere is channeled to specific
infecting microbial partners. The stimulation of microbial biomass and activ-
ity around roots results from the fact that plants secrete an array of low- and
high-molecular-weight molecules into the soil as exudates which account for
10–20 % and up to 40 % of total photosynthetically fixed C (Lynch and
Whipps 1991; Rovira 1991). Free-living soil microorganisms are strongly car-
bon limited (Wardle 1992) and triggered into activity by the carbon pulses
from exudates (Hawes 1991), leading to a short-term increase in decomposi-
tion and mineralization of nutrients, known as the ‘priming effect’ (Kuzyakov
2002). These interactions are particularly complex because plant-available
nutrients will be strongly sequestered during microbial growth (Kaye and

Biotic Interactions in the Rhizosphere 73



Hart 1997; Wang and Bakken 1997) and would remain locked up in microbial
biomass if consumption by protozoa and nematodes did not constantly remo-
bilize essential nutrients for plant uptake (Christensen et al. 1992; Griffiths
and Caul 1993; Griffiths et al. 1993; Bonkowski et al. 2000b); furthermore, by
fostering specific types of bacteria and fungi, they directly influence plant
root growth (Bonkowski and Brandt 2002).

Thus, plant roots are continuously exposed to strong interactions with soil
organisms and, whatever strategy a plant subscribes to in order to obtain
nutrients in the rhizosphere, the amount of carbon translocated below
ground is substantial. The costs of these interactions and the gain in the form
of nutrients may have important implications for the efficiency with which
plants produce biomass, consequently affecting litter quality for insect herbi-
vores; but also for plant fitness and defence mechanisms against herbivores if
energy diverted to growth is lacking for defence (Lorio 1986; Herms and
Mattson 1992; Gershenzon 1994; Halitschke et al. 2000; Mutikainen et al. 2002;
Voelckel and Baldwin, Chap. 17, this Vol.).

4.3 Belowground Interactions and the Herbivore System

To develop a framework of how food web interactions below ground may feed
back to plant community composition and affect insect herbivores above
ground, we will distinguish three fundamental functional groups of soil
organisms (modified after Brussaard 1998) and their connections to above-
ground foliar herbivores which are mediated either by influencing host plant
quality or by subsidizing generalist predators as antagonists to insect herbi-
vores (Fig. 4.1).

Root biota are either beneficial (symbionts: e.g. mycorrhizal fungi, rhizo-
bia) or detrimental (e.g. root herbivores, root pathogens) to plant growth.
Root biota strongly depend on plant nutrient and carbon allocation below
ground and their effects instantaneously feed back to plant fitness.

Micro-decomposers include both free-living microorganisms responsible
for the mineralization processes (e.g. bacteria, saprophytic fungi) and their
respective faunal grazers (microfauna, e.g. protozoa and nematodes, and
mesofauna, e.g. Collembola, mites and enchytraeid worms) which not only
regulate microbial biomass, turnover and activity, but also often affect micro-
bial diversity and function. The interplay between microorganisms and
microbivores determines the rates of nutrient cycling and strongly influences
the availability of mineral nutrients to plants. These micro-food webs reach
their highest activity in the presence of easily available carbon sources (i.e. lit-
ter patches and rhizosphere).

Members of the macrofauna (diplopods, earthworms and others) function
as litter transformers and/or ecosystem engineers (sensu Jones et al. 1994;
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Lavelle et al. 1997) through fragmentation of litter, mixing of organic matter
with soil, release of physically protected nitrogen from soil organic matter
(Scheu 1993; Schulman and Tiunov 1999), and creation of microhabitats for
other soil biota, including plant roots (Wurst et al. 2003). Therefore, macro-
fauna organisms strongly influence the physicochemical environment in
which plant roots interact with belowground communities.

Foliar insect herbivores may be differently affected by these interactions
depending on whether they live on phloem sap (suckers) or have to ingest
whole parts of the plant foliage (chewers; Gange and West 1994).

Finally, generalist predators (spiders, staphylinid and carabid beetles)
antagonistic to foliar herbivores are subsidized by the decomposer food web.
Particularly Collembola, an abundant group of tiny insects (mesofauna), are
an important prey of generalist predators, especially of juveniles and at times
when foliar herbivores are scarce and therefore unable to keep predator levels
up.

The functional significance of insects in soils falls into two broad cate-
gories, root herbivores and decomposers. In fact, most insect species we see
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Fig. 4.1. Conceptual model depicting effects on foliar insect herbivores through biotic
interactions in the rhizosphere. We distinguished three fundamental functional groups
of soil organisms (litter transformers and ecosystem engineers, decomposers, root
biota) that affect insect herbivores (1) by affecting nutrient contents and defence mech-
anisms (e.g. secondary compounds) in plants or (2) by subsidizing generalist predators
antagonistic to foliar herbivores; for details see text



above ground spend the greatest part of their life cycle in litters and soil.
These insects influence many ecosystem processes, either directly by affecting
plant primary production as root herbivores (e.g. beetle larvae, such as Cur-
culionidae and Elateridae; Masters, Chap. 5, this Vol.) or indirectly by affect-
ing fungal growth rate and decomposition (many dipteran larvae, such as
Sciaridae, Mycetophilidae and Bibionidae among others) and subsequent
effects on recycling of nutrients to plants. The most numerous insects in soil,
however, are Collembola, tiny micro-decomposers well adapted to a perma-
nent life in the porous soil environment. Collembola serve as important prey
for generalist predatory insects and spiders, and as such are critical link
species that subsidize aboveground food webs and ultimately determine the
efficiency of biological control of insect herbivores above ground. Thus
insects play a multitude of functional roles in below- and aboveground inter-
actions.

4.3.1 Effects of Mycorrhiza and Rhizobacteria 
on Aboveground Herbivores

The most widespread interactions between plant roots and microorganisms
are those with mycorrhizal fungi and interactions with free-living rhizos-
phere bacteria. Infectious rhizosphere microorganisms, such as mycorrhizae,
form permanent partnerships with their host plants and strongly influence
phytophagous insects by both changes in the nutritional quality and the pro-
duction of secondary compounds by the plant host (Gange and West 1994;
Gange and Nice 1997). Mycorrhizal fungi may have played a significant role in
shaping the co-evolution of insect herbivores with their host plants (Gange et
al. 2002). The effects of mycorrhizae on insect herbivores have recently been
reviewed by Brown and Gange (2002) and Gehring and Whitham (2002) and
therefore will only be discussed briefly here. Among the major patterns that
emerge, mycorrhizal colonization and mycorrhizal fungal community com-
position are stronger influenced by herbivores, particularly with increasing
herbivore pressure, than vice versa. However, mycorrhization also feeds back
to herbivores. Not only the presence of mycorrhiza but also the identity of the
mycorrhizal species have been shown to influence herbivore performance
(Goverde et al. 2000). Because different mycorrhizal species differentially
affect plants, the effects on herbivores showed a wide range from positive to
negative (Brown and Gange 2002; Gehring and Whitham 2002). Nevertheless,
general patterns appear: generalist herbivores seem to be more responsive
than specialists, and leaf chewers are more often detrimentally affected, while
sap feeders more often benefit from mycorrhiza (Gange and West 1994;
Borowicz 1997; Gange et al. 1999).

Many of the free-living bacteria in the soil–plant interface can enhance
plant performance by increasing the solubilization of minerals (Kloepper et
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al. 1980; Antoun et al. 1998), fixing of nitrogen (Obreht et al 1993; Reinhold-
Hurek and Hurek 1997; Steenhoudt and Vanderleyden 2000), competitively
suppressing plant pathogens (Chet et al. 1991) or by producing hormones
(Brown 1972; Costacurta and Vanderleyden 1995; Arshad and Frankenberger
1998; Lambrecht et al. 2000). Up to 80 % of the bacteria isolated from plant
rhizospheres are considered to produce auxins (Barea et al. 1976; Patten and
Glick 1996). This widespread ability of both beneficial and deleterious rhizos-
phere microorganisms to produce plant hormones suggests that free-living
rhizosphere bacteria play an important role in manipulating root and plant
growth (Shishido et al. 1996; Holland 1997; Rolfe et al. 1997; Bonkowski and
Brandt 2002, Phillips et al. 2003).

Recently, Mathesius et al. (2003) demonstrated that plant auxin responses
and investment in defence are directly affected by free-living rhizosphere bac-
teria. The legume Medicago truncatula activated its defence genes in response
to nanomolar concentrations of the bacterial signal molecule N-acyl homoser-
ine lactone from both symbiotic (Sinorhizobium meliloti) and pathogenic
(Pseudomonas aeruginosa) bacteria (Mathesius et al. 2003). Their results show
that plants alerted by certain densities of specific bacterial species can activate
their systemic resistance mechanisms to defend pathogens – a defence reaction
ultimately feeding back to insect herbivore performance above ground.

Direct microbial interactions with plant roots thus may reduce insect her-
bivore load and plant damage by increasing plant vigour or activation of
resistance mechanisms. There is strong evidence that plants possess an exten-
sive range of complex responses to rhizosphere microorganisms that may
play important roles in the outcomes of plant interactions with insect herbi-
vores. We expect significant progress in this rapidly developing field of
research by integrating molecular techniques into ecological research (Rolfe
et al. 1997; Phillips and Strong 2003).

4.3.2 Interactions with the Micro-Decomposer Food Web

Recent studies provide convincing evidence that decomposers can induce
subtle host-mediated changes that determine the disposition of plants to her-
bivore attack (Scheu et al. 1999; Bonkowski et al. 2001a; Wurst and Jones 2003;
Wurst et al. 2003, 2004). The energy provided by primary producers is chan-
neled through two distinct compartments, the bacterial and fungal energy
channel within the detritus food web (Moore and Hunt 1988). Ecosystem
engineers modulate the interactions in both microbial energy channels and
accelerate decomposition by physicochemical processes (Scheu and Setälä
2002). We will therefore consider in turn how the bacterial and fungal food
chain and ecosystem engineers affect plant growth and how this feeds back to
the herbivore system.
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4.3.2.1 The Bacterial Loop and Herbivore Performance

Since microorganisms in the rhizosphere are much stronger competitors for
nutrients than plant roots (Jingguo and Bakken 1997; Puri and Ashman 1999;
Lipson et al. 1999a, 1999b), the stimulation of bacterial activity and growth by
exudates is counterintuitive. However, the bacterial biomass in soil is strongly
regulated by the feeding of protozoa and nematodes (Wardle and Yeates 1993;
Verhagen et al. 1994; Bonkowski et al. 2000b). Their grazing ensures that
essential nutrients, particularly nitrogen, locked up in bacterial biomass are
constantly released for root uptake, a mechanism known as ‘microbial loop in
soil’ (Clarholm 1985; Griffiths 1994). Bacterial-grazing protozoa are known to
strongly increase plant growth and plant nitrogen acquisition (Clarholm
1984; Ritz and Griffiths 1987; Kuikman et al. 1990; Jentschke et al. 1995; Alphei
et al. 1996; Bonkowski et al. 2000b, 2001a). Since plant growth and plant tissue
nitrogen concentrations are among the most important drivers of herbivore
performance (Price 1991; White 1993), one would expect significant effects on
aboveground herbivores from bacterial grazers in the rhizosphere.

Bonkowski et al. (2001a) investigated the effects of bacterial-feeding proto-
zoa and earthworms on aphid performance on barley. The biomass of barley
increased by ca. 40 % in the presence of protozoa. Concomitantly, aphid num-
bers and biomass more than doubled on plants grown in the presence of pro-
tozoa (Fig. 4.2). However, protozoa also increased plant reproduction (bio-
mass of ears, number of seeds and individual seed weight). Apparently, the
plants in protozoan treatments tolerated higher levels of herbivory and even
increased their fitness. Effects of protozoa on plant biomass and nutrient
turnover considerably exceeded the effects of earthworms on most parame-
ters measured. This indicates that indirect effects due to grazing of protozoa
on bacteria were more important for plant growth and aphid performance
than the direct physicochemical effects on nutrient mobilization by earth-
worms.

Protozoa, however, can also enhance plant growth without increasing
nutrient contents in plant tissue (Alphei et al. 1996). An extensive and highly
branched root system is formed under the influence of protozoa (Jentschke et
al. 1995), resembling hormonal effects on root growth by beneficial rhizobac-
teria (Chanway et al. 1988; Petersen et al. 1996; Rolfe et al. 1997). Bonkowski
and Brandt (2002) introduced a novel mechanism by which protozoan graz-
ing stimulates auxin-producing rhizobacteria.Accordingly, growth of the root
system is stimulated and allows more nutrients to be absorbed, but will also
increase exudation rates, thereby further stimulating bacterial–protozoan
interactions. These interactions may result in a dilution of nitrogen in plant
tissues (Alphei et al. 1996) and lead to strong negative effects on plant herbi-
vores, as recently confirmed by Bonkowski, Omacini and Jones (unpublished)
in a study on aphid herbivore development on the grass Lolium multiflorum.
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4.3.2.2 The Fungal Food Chain and Herbivore Performance

Scheu et al. (1999) demonstrated that indirect effects of fungal-feeding
Collembola and endogeic earthworms significantly affected the development
of aphids on a grass (Poa annua) and a legume (Trifolium repens); however,
the effects differed among animal and plant species. Collembola (Heteromu-
rus nitidus and Onychiurus scotarius) caused a reduction in plant biomass,
particularly of grass roots. The presence of Collembola enhanced the repro-
duction of aphids (Myzus persicae) nearly threefold on the grass, but
decreased aphid reproduction on legumes on average by half, although nitro-
gen concentrations in plant tissue of clover even slightly increased. Thus
decomposer insects below ground may strongly influence insect herbivores
above ground (Fig. 4.3).

Scheu et al. (1999) concluded that Collembola decrease aphid reproduction
on more palatable host plants, such as T. repens, but increase that on less
palatable ones, such as P. annua. The mechanisms, however, remained unclear.

Assuming that decomposers affect herbivores mainly through nutrient
effects on plant growth, the impact of Collembola on nutrient mineralization,
plant growth and herbivore performance should be highest under low nutri-
ent, particularly nitrogen, availability because nitrogen is one of the main fac-
tors limiting herbivore development (Lawton and McNeill 1979; Mattson
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Fig. 4.2. Effects of protozoa and
earthworms on aphid (Sitobion
avenae) biomass (μg) and num-
bers of juveniles per plant, and
biomass of barley plants (roots,
shoots, ears) after 9 weeks.
Ctrl animal-free control;
E earthworms; P protozoa;
E+P earthworms and protozoa.
Different letters indicate a sig-
nificant difference between
means (P <0.05, Tukey-test).
(Redrawn from Bonkowski et al.
2001a)



1980; White 1993). In order to separate non-nutrient and nutrient effects of
Collembola (Onychiurus fimatus), Schuetz, Bonkowski and Scheu (unpub-
lished) investigated how the performance of an aphid (Rhopalosiphum padi)
on wheat (Triticum aestivum L. var. Naxos) in differently fertilized soil was
influenced by O. fimatus. The soil was either unfertilized, fertilized with nitro-
gen (+N) or fertilized with nitrogen, phosphorus and potassium (+NPK).

The biomass of wheat increased threefold when plants were fertilized. Cor-
respondingly, the average number of offspring produced by an adult aphid
increased by factors of 2 and 2.6 in N- and NPK-fertilized plants, respectively
(Fig. 4.4); reflecting the increased nutrient availability to herbivores. In con-
trast to our expectations, Collembola did not affect aphid reproduction on
control plants, but reduced aphid performance by 22 and 10 % on N- and
NPK-fertilized plants, respectively (Fig. 4.4). The results of Schuetz, Bon-
kowski and Scheu (unpublished) demonstrate that Collembola affect herbi-
vores by more complex interactions than by simply improving plant nutri-
tion. The results also suggest that decomposer organisms may actually help in
reducing the susceptibility of crop plants to herbivore attack.
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Fig. 4.3. Effects of earthworms (E)
and Collembola (C) on (above)
number of juvenile produced by the
aphid Mycus persicae clamped on
freshly grown leaves of the grass P.
annua and clover T. repens. Middle
Shoot biomass and below shoot/root
ratio of the respective plant species
15 weeks after the experiment
started. Different letters indicate a
significant difference between
means (P <0.05, Tukey-test).
(Redrawn from Scheu et al. 1999)



4.3.2.3 Ecosystem Engineers and Herbivore Performance

The study of Scheu et al. (1999) demonstrated that earthworms (Aporrectodea
caliginosa and Octolasion tyrtaeum) enhanced plant growth by increasing the
availability of nutrients. The more than twofold increase in shoot and root
biomass of the grass considerably exceeded that of the legume which is more
independent of soil nitrogen supply.Although earthworms strongly increased
aphid reproduction in one experimental period, they had no effect in another,
making earthworm effects on aphid herbivores less predictable than those of
Collembola (Fig. 4.3).

Wurst et al. (2003) investigated the effects of A. caliginosa and O. tyrtaeum
on aphid performance in more detail by including treatments with homoge-
neous and patchy distribution of 15N-labelled grass litter. Earthworms were
expected to further affect litter distribution and mineralization by their bur-
rowing and casting activity, thereby influencing plant nutrient status and
their susceptibility to herbivores. Because the exploitation of organic patches
depends on both soil animals and root-foraging strategies of plants (Robin-
son 1994; Bonkowski et al. 2000b), Wurst et al. (2003) included plants of dif-
ferent functional groups (the grass Lolium perenne, the forb Plantago lanceo-
lata, the legume Trifolium repens) which differed in root morphology and N
allocation strategies.

Earthworm activity generally enhanced nitrogen mobilization from litter
and from soil. However, the earthworm-mediated increase in plant nitrogen
uptake differed between plant species. Earthworms enhanced N uptake from
litter and soil in all plant species but enhanced shoot and root growth only in
L. perenne and P. lanceolata. Clover exploited more of the 15N from added lit-
ter than the other plants, but, similar to the study of Scheu et al. (1999), the
growth of the legume was more independent of biotic (earthworms) and abi-
otic (litter distribution) soil conditions, presumably due to its symbiosis with
N2-fixing bacteria. Earthworms increased aboveground biomass and contents
of total nitrogen and 15N in both L. perenne and P. lanceolata and enhanced
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Fig. 4.4. Effects of fertilizer addition
(Ctr control, +N fertilizer, +NPK fer-
tilizer) in treatments without (–) and
with (+) Collembola on the total
number of offspring per plant pro-
duced by the aphid Rhopalosiphum
padi on wheat. Different letters indi-
cate a significant difference between
means (P <0.05, Tukey-test).
(Schuetz, Bonkowski and Scheu,
unpublished)



root growth in the grass. Similarly, root biomass of P. lanceolata doubled in lit-
ter patches. However, this effect occurred exclusively in treatments with
earthworms, presumably due to a local increase in nutrient concentrations
resulting from earthworm activity.Although root proliferation of P. lanceolata
was strongly stimulated in the presence of both a litter patch and earthworms,
the increased investment in roots apparently was not repaid since shoot bio-
mass remained unchanged.

Due to the increase in plant nitrogen content one would expect positive
effects of earthworms on aphid reproduction (Dixon 1985). However, despite
total nitrogen content in aboveground plant tissue increasing, reproduction of
M. persicae was reduced on P. lanceolata in the presence of earthworms
(Fig. 4.5; Wurst et al. 2003).

Most likely, earthworm effects on plant defence compounds were responsi-
ble for the reduced aphid reproduction. Wurst et al. (2004) subsequently con-
firmed that earthworms and organic matter distribution strongly affected the
contents of phytosterols in P. lanceolata. Phytosterols serve as precursors of
moulting hormones in the diet of herbivorous insects, including aphids
(Campell and Nes 1983). Phytosterols and iridoid glycosides were positively
correlated with plant nitrogen content, strongly suggesting that the produc-
tion of defence compounds might be indirectly driven by increased N avail-
ability as a result of earthworm activity. Unfortunately, it is difficult to predict
which plant metabolites might be responsible for effects on herbivore perfor-
mance. Although phytosterol content and aphid performance were not
directly correlated in the study of Wurst et al. (2004), the results clearly
demonstrate that decomposers affected plant compounds involved in herbi-
vore defence.

Earthworms are known to mobilize nutrients protected in soil organic
matter during gut passage (Scheu 1993; Brussaard 1998; Schulman and
Tiunov 1999). The examples provided here confirm that earthworms affect
plant growth by increasing nutrient availability (Scheu et al. 1999; Bonkowski

M. Bonkowski and S. Scheu82

Fig. 4.5. Effect of litter distribution (H homogeneous; P
patchy) in soil and earthworms on number of offspring of
M. persicae on P. lanceolata 7 days after inoculation. Dif-
ferent letters indicate a significant difference between
means (P <0.05, Tukey-test). (Data from Wurst et al. 2003)



et al. 2001a; Wurst et al. 2003) and this may affect plant defence chemistry
(Bryant et al 1983; Lerdau and Coley 2002, but see Hamilton et al. 2001; Nitao
et al. 2002). However, other indirect effects include those mediated by chang-
ing soil structure and the foraging strategy of plant roots (Wurst et al. 2003),
modulating the infection of roots by fungal pathogens (Stephens and Davoren
1997) or modifying the activity of protozoa (Alphei et al. 1996; Bonkowski et
al. 2001a), and Collembola in the rhizosphere (Scheu et al. 1999). These results
demonstrate that plant vigour and susceptibility to insect herbivores are dri-
ven by a complexity of interactions with soil organisms reaching far beyond
simple nutrient effects (Bonkowski et al. 2000a; Scheu and Setälä 2002).

4.4 Top-Down Effects by Subsidizing Generalist Predators

Generalist predators are considered to be among the most important preda-
tors in terrestrial ecosystems (Hawkins et al. 1999; van der Meijden and
Klinkhamer 2000). In their review of manipulative field studies, Symondson
et al. (2002) showed that generalist predators such as spiders, or staphylinid
and carabid beetles in about 75 % of cases, whether single species or species
assemblages, significantly reduced herbivore numbers, leading to a reduction
of yield losses and even preventing crop damage (Symondson et al. 2002).
However, the link between generalist predators and insect herbivores is not
straightforward. Generalist predators may not exclusively feed on herbivores
but also feed on prey from the decomposer system (Scheu 2001). Further-
more, generalist predators may prey upon each other (cannibalism, intra-
guild predation), thereby diminishing their effect on herbivore pest popula-
tions. However, additional prey may in fact strengthen rather than weaken the
potential of predators to effectively control pest populations (Holt and Law-
ton 1994; Beggs and Rees 1999). Polis (1991) was among the first documenting
that generalist predators are intimately linked to prey from the decomposer
community. Polis (1994) and Polis and Strong (1996) stressed that allochtho-
nous resource inputs, i.e. additional prey originating from other systems,
strengthen top-down effects of generalist predators on insect herbivores.

In their detailed analysis, Settle et al. (1996) describe how generalist preda-
tor populations in rice fields of central Java were fostered by prey from the
decomposer community before planting. Later in the season when the plants
had grown up, predators switched to aboveground prey and reduced insect
herbivores on rice. Application of pesticides detrimentally affected generalist
predators by reducing their decomposer prey, leading to reduced herbivore
control later in the year (Settle et al. 1996). In a series of experiments,Wise and
coworkers convincingly documented that generalist predator species, such as
lycosid spiders and carabid beetles, benefit from increased resource supply to
decomposer invertebrates and that increased predator populations help to
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control herbivore pest populations above ground, resulting in improved fruit
yield in squash and cucumber gardens (Chen and Wise 1999; Snyder and Wise
1999; Wise et al. 1999; Halaj and Wise 2001, 2002) Since the input of plant lit-
ter materials to the decomposer system considerably exceeds the amount of
living plant tissue consumed by herbivores above ground (Reichle et al. 1975;
McNaughton et al. 1989), decomposer organisms may in fact be more impor-
tant for generalist predators than prey from the herbivore system. Rather than
part of the aboveground system, generalist predators therefore may better be
viewed as members of the belowground system which are subsidized by
resources (prey) from the herbivore community (Scheu 2001). The alternative
view of decomposer animal species functioning as subsidy for generalist
predators above the ground resembles the model of Oksanen et al. (1997) for
taiga systems where aboveground predators essentially rely on energy shunts
from the decomposer system.

An essential component of the view of generalist predators as potential
biocontrol agents which primarily live on prey from the decomposer commu-
nity is that predators switch from decomposer to herbivore prey. This switch
may necessarily be triggered by the onset of plant growth since plants expose
the soil water pool to the atmosphere, thereby reducing soil humidity. Since
the activity of most decomposer animal species heavily relies on high soil
humidity, plant growth diminishes the availability of prey from the decom-
poser community to generalist predators which then are forced to switch to
other prey. Switching back and forth between prey from the decomposer to
the aboveground herbivore system may be essential for stabilizing generalist
predator populations in the long term (Scheu 2001).

The view outlined above suggests that knowledge of the relative contribu-
tion of prey from the decomposer community to generalist predator nutrition
is a prerequisite for the understanding of aboveground predator–prey inter-
actions in more natural systems and for developing strategies for biocontrol
of herbivore pest species in arable systems. In both systems, generalist preda-
tors, such as spiders, staphylinid or carabid beetles, are among the most
important antagonists of herbivores. A more complete understanding of the
functioning of terrestrial ecosystems can only be achieved by integrating both
the above- and the belowground system (Fig. 4.1).

Our view on plant–insect herbivore interactions is traditionally skewed by
an aboveground-centered focus. We have to acknowledge that the hidden half
of plants in the soil is simultaneously confronted by interactions with a mul-
titude of organisms and the outcome of these interactions determines the
availability of nutrients to plants, influences the productivity and fitness of
plants in a community and consequently the responsiveness of a plant to
insect herbivore attack. Decomposers, among them many insects, serve as
critical link species that regulate important belowground ecosystem
processes, such as microbial growth rate, decomposition and rates of recy-
cling of nutrients to plant growth. However, interactions between microor-
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ganisms, decomposers and plants in the rhizosphere are not simply limited to
the mineralizing activities of the fauna. Rather, complex indirect interactions
exist, with symbiotic microorganisms and soil fauna affecting insect herbi-
vore load by influencing plant metabolic pathways, or through soil insects
subsidizing generalist (insect) predators and thus strengthening top-down
biocontrol of aboveground insect herbivores. The examples given above
demonstrate that investigations of multitrophic interactions between below-
and aboveground systems are a crucial step in furthering our understanding
of plant–insect herbivore interactions.
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5 Belowground Herbivores and Ecosystem Processes

G.J. Masters

5.1 Summary

There is increasing awareness of the importance of belowground herbivores
in the structure and function of ecological communities. However, experi-
menting with root feeders, especially to elucidate ecosystem effects, is difficult
and involves techniques that may have indirect effects on the parameters of
interest. Belowground insect herbivory affects many aspects of ecosystem
function, particularly productivity, allocation patterns, nutrient cycling and
interactions between component species. However, there is a likely general
continuum of response to belowground herbivory. Low levels of root feeding
possibly result in a root system that is more efficient and so may benefit the
host plant; high levels of root feeding have dramatic negative impacts on plant
growth, often causing plant death. At moderate levels of root herbivory,
whether there is a negative, positive or no effect on plant growth is likely to be
determined by other factors such as soil nutrient and water content and com-
petition.

Root feeding changes the nutrient content of host plants, leading to
increased aboveground insect herbivore growth and fecundity, resulting in
changed population sizes and shifts in community structure. Recent evidence
suggests that these plant-mediated interactions can also affect higher trophic
levels: tephritid seed predators and their parasitoids were recorded in greater
abundance on thistles subjected to root herbivory. Changes in the quality,
quantity and composition of the foliage, induced by root feeding, can lead to
increased litter quality, quantity and composition. This is known to impact on
the size and structure of comminutor assemblages. Consequently, under-
ground herbivory may affect decomposition, mineralization and subsequent
nutrient availability.

As quoted by MoronRios et al. (1997),“Below-ground herbivores have been
poorly studied regardless of their importance for the establishment and com-
position of plant communities”.
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5.2 Introduction

Until relatively recently, belowground herbivory by insects has been largely
ignored by ecologists, however, there is increasing awareness of the impor-
tance of belowground herbivores in natural communities (e.g. Brown and
Gange 1990; Masters and Brown 1997; van Dam et al. 2003). In comparison
with aboveground insect herbivores, only a few families have evolved the
belowground habit. Of these families though, belowground herbivores have
become, generally, major pests of crops, horticulture and pasture on a global
scale (e.g. Potter and Held 2002); for example, feeding by members of the Tip-
ulidae, Scarabaeidae and Noctuidae led to a 32 % reduction of permanent pas-
ture yield loss (Clements and Bentley 1983; Clements 1984). Root-feeding
insects are damaging due to the location of their feeding. Belowground plant
structures provide stability, anchorage, the ability to forage and absorb water
and nutrients, storage for metabolites and photosynthates and are the site for
many processes such as the initiation of vegetative reproduction or the syn-
thesis of compounds for shoot growth and development (Jeffrey 1987). It has
been estimated that 50–90 % of net primary production is allocated below-
ground in habitats dominated by perennial plant species (e.g. Coleman 1976;
Fogel 1985). Thus, root feeding can have severe consequences for plant
processes, particularly nutrient/water uptake and C allocation.

It is not surprising that belowground insect herbivores have the potential
to impact significantly ecosystem function, dynamics and structure. A prob-
lem is designing experiments that demonstrate conclusively such impacts
considering that the test organism is not readily observable – hence assump-
tions have to be made regarding its activities. In this chapter, the manipula-
tion of insect herbivores below ground is discussed before considering the
results of such experiments through examining the consequences of below-
ground herbivory for plant productivity, community structure, biodiversity
and implications for nutrient cycling. Further impacts on ecosystem structure
and function will be considered by detailing the indirect effects of root feed-
ing for other components of the community, particularly aboveground insect
herbivores.

5.3 Experimenting with Belowground Insect Herbivores

There are two approaches for testing the implications of root herbivory for
ecosystem structure and function: adding or eliminating root feeders from
the system and recording the response (cf. Chaps. 12–17, this Vol.). Field
observations provide further insight, for example comparing plant
community structure between root-herbivore-infested and non-infested
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patches of semi-natural grassland. Due to the nature and potential con-
sequences of belowground insect herbivory and the patchy distribution of
many root feeders, it is important to examine effects over a range of scales:
from developing hypotheses from conceptual models and field observations,
to tightly controlled laboratory, controlled environment or greenhouse
experiments, through isolated garden trials (where natural variability is
introduced), to large-scale manipulative field experiments with communities
conducted over longer time periods.

Examining, for example, the impact of root herbivory on plant growth, or
productivity, may involve adding root feeders at different densities in addi-
tion to exclusion (e.g. Masters 1995a, 1995b). Additions imply a ready supply
of root-feeding insects, either from a field collection, in which the insects
may be held in a dormant state in a low-temperature-controlled environ-
ment, or through the development of some culturing technique. Field collec-
tions do not guarantee that the root feeders are all the same species (given
the difficulty of identifying root-feeding beetle larvae, e.g. chafer grubs, for
example) or are all at the same stage of development, although this could be
assumed/standardized by using root feeders of the same size and mass. Cul-
turing ensures that the herbivores are of the same species, are similar if not
identical genetically and are at the same stage of development. However,
establishing a culture can be difficult, with only a few species seeming to be
amenable to mass rearing, and owing to the problem of having access to
suitable facilities to enable the production of possibly large numbers of
insects. With a ready supply of insects, conducting laboratory, greenhouse or
microcosm experiments is relatively straightforward. However, as Masters
(1992) illustrated, the choice of substrate is important to ensure normal
feeding behaviour.

Exclusion in the field often involves the use of soil insecticide. Limitations
with insecticide use have been well known since early experimental work by
Shure (1971), and in the context of ecosystem function there may well be
interference with measurements of C and N fluxes, although this remains to
be fully tested (Siemann et al., Chap. 15, this Vol.) It is essential to use a tried
and tested soil insecticide to have any confidence in its effectiveness and in
the validity/power of the results (see Evans 1991). One of the main problems
with a soil insecticide is that its application to the treated area invariably
involves some form of contact with the aboveground biota and so can poten-
tially bias the results. An effective way around this is to use granules as a car-
rier for the active ingredient. Granules can be sprinkled over the vegetation
when dry, so the grains do not stick to the vegetation and fall through the
sward to the soil surface, and then are irrigated straight into the soil. This
technique has been used successfully many times (e.g. Brown and Gange
1989a, b; Masters 1995a; Masters et al. 2001). A compound commonly used is
the granular formulation of chlorpyrifos (5 % w/w), Dursban 5G (DowElanco
Chemical Company), applied at the recommended agricultural rate (2 g m–2).
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Dursban 5G has little effect on micro-organisms and nematodes (Anonymous
1985), no toxic effects on nitrogen-fixing bacteria, nitrifying and denitrifying
bacteria and fungal populations (Pozo et al. 1995), small mammals and birds
(Clements and Bale 1988) or earthworms (Clements et al. 1986), but is known
to be highly effective in reducing the total number of insect root herbivores
(Hector 1996). However, chlorpyrifos is likely to have side effects on Collem-
bola, which perform an important function as comminutors [generally
arthropods, particularly insects with hard biting jaws, which break down
material, e.g. in the soil or litter, into smaller pieces (comminution), thus
allowing, for example, decomposition] and fungal feeders, hence being
important for ecosystem function (Bonkowski and Scheu, Chap. 4, this Vol.;
see also below).Additionally, Dursban 5G is reported to have no phytotoxic or
phytostimulant effects on a range of plant species (Brown and Gange 1989a;
Whitehouse 1993; Maron 1998). Indeed, Masters (1992) showed that Dursban
5G had little direct contact effect on foliar-feeding aphid abundance when
sprinkled over plants in a pot trial simulating field application. Unfortunately,
this granular formulation of chlorpyrifos appears to be no longer readily
available in some countries.

Insecticides used on turf-grass systems can be applied to areas with flow-
ering weeds that attract native pollinators. Gels et al. (2002) found that granu-
lar insecticide for control of root-feeding grubs had no effect on pollinator
colony vitality or bumble bee worker behaviour (Bombus impatiens;
Hymenoptera: Aphidae) when applied with post-treatment irrigation to wash
it straight into the soil. However, dry non-irrigated residues were found to
have a detrimental effect on colony vitality.

A means of delivering insecticide to targeted areas of the plant on a small
scale was demonstrated by Zhou and Smith (1996). They used stem infusion
methods that delivered pressurized solutions through syringe needles sealed
to the stem with latex. This technique can be used in the field or greenhouse
but is limited by the number of plants that can be injected; hence for ecolo-
gists working at the population or community level this technique may not be
appropriate.

Alternative exclusion techniques involve the use of barriers to prevent
root-feeding insects entering the experimental arena. However, such methods
rely on the fact that there were no root herbivores around the excluded area to
start with. Selective exclusion could be achieved using material of different
pore/mesh size as the barrier. This enables organisms of appropriate size to
enter the exclusion zone and the relative importance of the macro, meso- and
micro-soil fauna to be tested.
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5.4 Belowground Herbivory and Plant Productivity:
Allocation and Biomass

Generally, herbivory, by its nature, imposes a cost on host plants, whether it is
reduced biomass, altered allocation patterns, reallocation of resources to
compensatory or defensive mechanisms. Root feeding by insects is no excep-
tion. Typical consequences of root herbivory for productivity were demon-
strated in a study by Preus and Morrow (1999): herbivory by the rhizome
galler Eurosta comma (Diptera: Tephritidae) reduced the number of new rhi-
zomes of goldenrod Solidago missouriensis (Asteraceae) by up to 20 % and the
plant allocated less biomass to the leaves and stems but increased biomass
allocation to the roots. An earlier study by Notzold et al. (1998) also demon-
strated a range of negative effects. They examined the impact of Hylobius
transversovittatus (Coleoptera: Curculionidae) larval feeding on the roots of
Lythrum salicaria (Lythraceae) and demonstrated that belowground her-
bivory resulted in decreased plant height (stature), decreased biomass of all
plant parts, delayed and shortened flowering period and changed biomass
allocation patterns. Both of these studies suggest that herbivory by below-
ground insects resulted in reduced plant growth and changed C allocation
patterns.

Root herbivory by either chewing or sucking insects can induce a stress
response within the host plant (e.g. Ridsdill Smith 1977; Gange and Brown
1989; Masters et al. 1993; van Dam et al. 2003; Wäckers and Bezemer 2003).
Root chewers remove root material, often the finer roots that are important in
the foraging and uptake of water and nutrients.Although root-sucking insects
do not physically remove roots, they do generate a sink within the root system,
thus preventing normal root function and disrupting foraging/uptake of
water and nutrients. In either case, the plant is limited in its ability to obtain
sufficient nutrients/water for sustained growth and a stress response is
induced (Masters 1992; Masters et al. 1993). During such a response the plant
mobilizes or translocates soluble carbohydrate (sugars) and soluble N (amino
acids) to the foliage (e.g. Hsiao 1973; Brodbeck and Strong 1987). Hence, root
herbivory leads to a shift in allocation with more soluble C and soluble N
being found in the foliage and a reduction in the amount of water in the
foliage as an indication of water stress (Fig. 5.1).

Contrary to the increased levels of foliar soluble N and soluble carbohy-
drate shown in Fig. 5.1, Dawson et al. (2002) and Murray et al. (1996) recorded
decreased levels of plant N and total N and C respectively in Trifolium repens
(Fabaceae) subjected to root herbivory by tipulid larvae. Such a discrepancy
could be due to T. repens being an N-fixer and so potentially having a differ-
ent physiological response to root herbivory.Another possibility though is the
possible disparity between recording the total and soluble fractions of N and
C. Soluble N is a small component of total N within a plant, so a change in the
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levels of soluble N may not be recorded if only total N is measured. Soluble N
is important for vascular bundle feeders (‘sucking insects’) and more special-
ist guilds such as cell feeders, miners and gallers. This is a continuing problem
in ecology, with reports of the N concentration but no clarification of what
form of N was measured becoming common, and probably inhibits our abil-
ity to elucidate general mechanisms of the interaction between herbivores
and plants.

Changes in allocation and physiology would be ultimately expressed as
changes in biomass and the root:shoot ratio (cf. Voelckel and Baldwin,
Chap. 17, this Vol.). Popillia japonica and Cyclocephala lurida (both species
are Coleoptera: Scarabaeidae) (Crutchfield and Potter 1995) stimulated
foliage growth of a range of turf grasses through root feeding. However,
decreased plant growth has also been recorded as a consequence of root feed-
ing, although the thistle, Carthamus lanatus (Asteraceae), was later found to
compensate for belowground insect herbivory (Sheppard and Vitou 2000).
Recent growth chamber experiments showed that root-nodule feeding by
Sitona lepidus (Coleoptera: Curculionidae) larvae on Trifolium repens
reduced plant biomass and led to a reduction in the root:shoot ratio. This
reduction in biomass could be a consequence of a reduction in C accumula-
tion (and hence assimilation) within the plant (Murray et al. 2002).When root
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Fig. 5.1. Effects of root herbivory by the chafer Phyl-
lopertha horticola (Coleoptera: Scarabaeidae) at two
densities (R 70 individuals m–2 and RR
210 individuals m–2) on foliar physiology, soluble N (A)
and relative water content (RWC) (B) of the annual
Sonchus oleraceus (Asteraceae). Root feeding leads to a
significant increase in soluble N (ANOVA F5, 17=3.11, P
<0.05; see Masters 1995b for full details) and reduction
in RWC (ANOVA F5, 59=9.96, P <0.001; see Masters
1995b for full details), consistent with the stress
hypothesis (see Masters et al. 1993). Error bars are
±1 SEM. (Modified from Masters 1995b)



herbivores are given a choice between two host plants then preferences can be
often demonstrated. For example, Grayston et al. (2001) conducted a pot trial
with Agrostis capillaris (Poaceae) and T. repens as pure stands and a mixture.
The root-chewing Tipula paludosa (Diptera: Tipulidae) larvae were intro-
duced at field density into pots and root herbivory led to a general reduction
in the shoot growth of both plant species. However, a reduction in root bio-
mass was observed for Agrostis alone. In the mixed swards, the larvae had a
distinct preference for T. repens. Root aphids can have similarly dramatic
effects on productivity as the root chewers. Root feeding by the woolly apple
aphid led to a decrease in apple tree growth and production (yield); again this
could be due to a decrease in the amount of stored carbohydrates in galled
roots (Brown et al. 1995).

Masters and Brown (1992) found that the aboveground biomass of Sonchus
oleraceus (Asteraceae) was not reduced by root herbivory by Phyllopertha
horticola (Coleoptera: Scarabaeidae), even though there were fewer leaves. A
possible explanation for a reduction in aboveground architecture but with no
expected decrease in foliar biomass is compensatory photosynthesis (e.g.
Nowak and Caldwell 1984). In a series of controlled environment experi-
ments, all involving P. horticola and S. oleraceus, root feeding never had a sig-
nificant effect on foliar biomass except when the root herbivore was at three
times natural field density (210 individuals m–2), when there was a reduction
(Masters 1992, 1995a, 1995b).Also, there was a density-dependent response of
the root:shoot ratio to root herbivory, with lower densities of chafer larvae
increasing the root biomass and higher densities (similar to a pest infesta-
tion) decreasing root biomass (Masters 1992, 1995a, b). It is interesting to note
that the increase in soluble N and soluble C shown in Fig. 5.1 was a consistent
significant effect across all of these experiments, as was a subsequent increase
in foliar-feeder performance (see below).

The observation that root herbivory had little impact on S. oleraceus
aboveground biomass may be a feature of its annual life history. In a garden
experiment with plant competition controlled for, Masters (1992) found no
consistent effect of root herbivory (tested by the application of soil insecti-
cide, Dursban 5G) on the annual Arabidopsis thaliana (Brassicaceae), while
there was a reduction in the aboveground biomass of the perennial Plantago
major (Plantaginaceae) by belowground insect herbivory. The annual has a
rapid growth pattern with resources being allocated to meet this demand.
Such rapid allocation to maintain growth may mask any effects of root her-
bivory. The perennial, however, has a comparatively slower allocation to
growth and a greater investment in storage and defence. Hence, a root-feeding
insect may have a greater potential to disrupt allocation above ground and so
reduce vegetative biomass.

Similar shifts in plant biomass have been reported within natural commu-
nities. A common method of non-destructive recording is to estimate plant
cover (e.g. Goldsmith et al. 1986).A modification of this, assessing cover abun-
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dance through recording the number of contacts of tissue from each plant
species found to be touching a point quadrat pin (Goldsmith et al. 1986), was
extensively used by workers such as Southwood, Gibson and Brown and has
been directly related to aboveground plant biomass (Goodall 1952 cited in
Grime et al. 2000). A series of manipulative field experiments designed to
examine the impacts of insect herbivory [and latterly arbuscular mycorrhizal
(AM) fungi as well] on plant community development were conducted by
Brown, Gange and colleagues. This work demonstrated that root herbivory
reduced the cover abundance of the plant community – particularly the grasses
(e.g.Brown and Gange 1989a; Masters 1992),decreased plant species richness –
through limiting forb establishment (e.g. Brown and Gange 1989b; Masters
1992),and thus accelerated the rate of succession (e.g.Gange and Brown 2002).
In a related study, Müller-Schärer and Brown (1995) estimated the density of
Tripleurospermum perforatum (Asteraceae) plants in an early plant succession
by recording its cover abundance (reflection of the number of stems), and
found that density was increased by a reduction in belowground herbivory
through the application of soil insecticide. However, Clark et al. (2001) found
no effect of two root-feeding insects [Agapeta zoegana and Cyphocleonus
achates (Lepidoptera: Cochylidae and Coleoptera: Curculionidae respectively]
on spotted knapweed [Centaurea maculosa (Asteraceae)] stem density.

Plant responses to herbivory are variable and where there are differences
in the effects of root feeding, such as those detailed above, then one may turn
to ecosystem quality/function as a possible explanation. If the host plant is
growing in non-stressful or plentiful conditions (e.g. soil fertility or water sta-
tus), then the host plant may be able to either resist or compensate more read-
ily for root herbivory. For example, the effects of root herbivory by Phyllop-
ertha horticola on Capsella bursa-pastoris (Brassicaceae) were negated by
over-watering the host plant (Gange and Brown 1989). Saner and Müller-
Schärer (1994) detailed an architectural response to root herbivory: the num-
ber of Linaria vulgaris (Scrophulariaceae) stems doubled in spring when
there had been root mining by Eteobalea (syn. Stagmatophora) spp. (Lepi-
doptera: Cosmopterygidae) throughout the season before. This could possi-
bly be due to root herbivory disrupting apical dominance; however, there was
no effect on plant biomass.

Herbivory, by its nature, will have a negative impact on plant growth and
productivity at some level if all other factors are constant. However, root her-
bivory by insects seems to have negative, null or stimulatory (compensatory)
effects on aboveground biomass at all scales (individual, population and com-
munity). It is likely that there is a continuum of response to belowground her-
bivory. Low levels of root feeding possibly result in a root system that is more
efficient through the removal of old roots which are replaced by more efficient
young roots/rootlets. High levels of root feeding have dramatic negative
impacts on plant growth (sometimes with the entire root system removed,
causing plant death). At moderate levels of root herbivory, whether there is a
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negative, positive or no effect on plant growth is likely to be determined by
other factors such as soil nutrient content, competition, soil water content,
plant growth stage and life history. The stress or nutrient hypothesis first pro-
posed by Masters (1992) and Masters et al. (1993) and developed in Masters
and Brown (1997) suggests that if the stress to the host plant caused by root
herbivory can be alleviated then there should be little or no effect on plant
biomass. This hypothesis can be extrapolated to include biotic stress (e.g.
competition) where stressed plants will be more susceptible to belowground
insect herbivory.

5.5 Implications of Belowground Herbivory 
for Nutrient Cycling

There is little doubt of the importance of physiological responses of plants to
(aboveground) herbivory for cornerstone ecosystem processes such as nutri-
ent mineralization and decomposition through affecting soil organism popu-
lations and communities (Bardgett et al. 1998; Wardle and Bargett, Chap. 3,
this Vol.). Indeed, these authors identified two broad pathways by which foliar
herbivory indirectly affects the soil biota and associated ecosystem processes:
1. Changes in root exudation and C allocation in the short term, or as longer-

term changes in root biomass and architecture, thus affecting the biomass
and activity of the soil microbial community, hence impacting nutrient
supply; and

2. Soil organism responses to shifts in plant litter quality either directly
through the nutrient and secondary chemical composition of the litter, or
indirectly through a foliar-herbivore-induced change in plant community
composition, thus affecting the nature of the litter input.

Root-feeding insects, to a lesser or greater extent, have very similar effects,
affecting the allocation and nutrient/secondary chemical composition of
foliage (future litter) (Fig. 5.1) and above- and belowground biomass, thus
affecting the quantity of litter input and plant community composition. It is
likely that belowground insect herbivory can affect nutrient cycling, particu-
larly the linked ecosystem processes of decomposition and nutrient mineral-
ization, through the pathways described by Bardgett et al. (1998). To my
knowledge, however, there has been no direct examination of such links for
belowground insects. A simple conceptual model of possible host-plant-
mediated implications of root herbivory by insects for soil processes is pre-
sented in Fig. 5.2. This model illustrates pathways by which root herbivory
may lead, in certain circumstances which will probably be system/species spe-
cific, to a greater ability of the plant to take up nutrients and thus tolerate or
even compensate for herbivory.
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Some evidence for the model presented in Fig. 5.2 comes from combining
the effects of root-feeding insects on plants (as described previously) with the
additional interaction of insects with other members of the soil biota, notably
AM fungi, and from studies of nematodes and ecosystem processes. Filser
(2002) identified root feeding as a key mechanism, along with fungal feeding,
distribution of fungal propagules and predation on nematodes, in the role
Collembola play in C and N cycling. In particular, manipulative field experi-
ments illustrated positive effects of Collembola on a range of ecosystem
processes, particularly N mineralization, soil respiration, dissolved organic C
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Fig. 5.2. A simple conceptual model of the role of belowground insect herbivory in
nutrient cycling. Only direct interactions and processes are shown; indirect or host-
plant-mediated interactions, such as effect of root feeding on plant communities and on
higher trophic levels, are implied through arrows denoting direct interactions but are
not explicitly illustrated. Changes in quantity, quality and composition of the litter input
all have knock-on effects on rate of decomposition and the mineralization process by
affecting soil biota. Root herbivory can affect the nutrient and water content of foliage
(future litter) (Fig. 5.1) and cause shifts in plant community structure and thus the
nature of litter input to the soil. If litter of a higher quality enters the system, for exam-
ple, then there probably will be more available N after decomposition and mineraliza-
tion for the plant. Although not tested, if this mechanism occurred then plants might be
in a compensatory loop, enabling them to tolerate low/medium levels of root herbivory.
While these plant-mediated effects are important, their direction cannot be predicted
because of the inherent complexity of soil food web interactions, the number of mecha-
nisms involved, and our limited understanding of the role of soil organisms in ecosystem
processes



leaching and plant growth. More direct evidence of insect root herbivores
affecting the soil biota was provided by Grayston et al. (2001). They conducted
pot trials with the grass Agrostis capillaris and the legume Trifolium repens, as
pure stands and as a mixture. Tipulid larvae (Tipula paludosa) were intro-
duced into pots at field density.Where the root herbivore was present, the soil
microbial community structure was altered, with populations of pseudomon-
ads increasing greatly. This shift in the soil biota was suggested as a possible
factor accounting for the increased quantity and qualitative changes in C flux
to the soil as a result of root herbivory, particularly increased utilization of
some sugars, carboxylic and amino acids. Belowground insect herbivores
have also been suggested to interact with AM fungi. Gange and Brown (2002)
demonstrated that within a ruderal plant community,AM fungi had the great-
est impact on plant community diversity when soil insecticide was applied to
exclude insect root feeders. They suggested that this result may indicate that
insect root herbivores might have some disruptive influence on the AM
fungi–plant association. Indeed, Collembola can have three different func-
tions within ecosystems, as communitors, as root grazers and as fungal feed-
ers. This primitive group of insects are probably not true root herbivores but
can have a major impact on soil fungal populations including AM fungi
(Gange 2000).

Further evidence comes from the effects of soil nematodes on ecosystem
processes as a surrogate system (cf. Bonkowski and Scheu, Chap. 4, this Vol.)
Soil nematodes can have a beneficial role in C (and other nutrients) cycling in
grassland ecosystems. For example, cell content/nutrient leakage due to cell
piercing by low levels of nematode root herbivory led to enhanced microbial
activity, increased total microbial biomass (Denton et al. 1999), and increased
the allocation of photoassimilate to roots (which may be detrimental to the
individual host plant), resulting in increased root exudation and microbial
activity in the rhizosphere (Bardgett et al. 1999a). If root herbivory can lead to
a greater and more active soil microbial biota, then this in turn could lead to
greater decomposition and mineralization resulting in increased available C
and N for plant uptake (Fig. 5.2), hence decreasing the probability that the
plant suffers from nutrient stress caused by root feeding, or enabling plants to
resist root herbivory through buffering the effects of root consumption (Vil-
lalobos et al. 1997). However, neither Denton et al. (1999) nor Bardgett et al.
(1999a) found any positive effects on plants from the increased microbial bio-
mass caused by low levels of root herbivory. An alternative hypothesis is that
a greater and more active soil biota, resulting from root herbivory, will lead to
increased asymmetric competition between roots and microbes for nutrients
(with microbes benefiting from the interaction). Indeed, the competitive bal-
ance between plants within a community may well be affected by root her-
bivory. Bardgett et al. (1999b) suggest that competing roots of plants neigh-
bouring the host plant may gain an indirect benefit from root herbivory
which may lead to an altered successional trajectory. These authors found that
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root herbivory on Trifolium by clover-specific nematodes resulted in greater
uptake of nutrients (N) by co-existing grasses.

5.6 Implications of Belowground Herbivory 
for Multitrophic Interactions

A key aspect of ecosystem function is the role that individual species and
functional groups have in driving and governing ecosystem processes. Any
significant change in the balance of species, through altered performance and
ultimately fitness, within an assemblage or community will lead to a shift in
ecosystem function which may, or may not, be of longer-term importance
(Joshi et al., Chap. 6, this Vol.; Janssen and Sabelis, Chap. 9, this Vol.; Schmitz,
Chap. 14, this Vol.). Given the plethora of effects that belowground insect her-
bivores have on plants (e.g. growth, physiology, fecundity, architecture and
diversity), there is clearly the potential for host-plant-mediated interactions
with aboveground phytophages and vice versa. Such interactions can lead to
changes in population dynamics and community structure, potentially lead-
ing to knock-on effects for ecosystem function.

In a controlled environment experiment, Masters and Brown (1992)
demonstrated that root feeding by Phyllopertha horticola increased the
fecundity by 20 % of the leaf-miner, Chromatomyia syngenesiae (Diptera:
Agromyzidae). In a series of controlled environment experiments, all involv-
ing P. horticola at field (70 individuals m–2) and infestation (210 indivi-
duals m–2) densities, the performance and fecundity of the aphids Aphis
fabae and Myzus persicae (both Hemiptera: Homoptera: Aphididae) and lar-
vae of Mamestra brassicae (Lepidoptera: Noctuidae) were increased by
30–50 % by root feeding (Gange and Brown 1989; Masters 1992, 1995a, b;
Fig. 5.3). Masters et al. (1993) suggested that belowground insect herbivory
resulted in a host-plant-mediated beneficial effect on foliar-feeding insects
(and an indirect negative effect of aboveground insect herbivory on root
feeders through food limitation via decreased root biomass, as also shown
by Crutchfield and Potter 1995). Root feeding limits the plant’s ability to take
up and forage for water and nutrients (Ridsdill Smith 1977), thus leading to
a stress response being induced within the host plant. Such responses gen-
erally lead to the mobilization or translocation of soluble C and N to the
foliage (Fig. 5.1; see Hsiao 1973; Brodbeck and Strong 1987). In all these con-
trolled environment studies, the increase in foliar feeder performance when
sharing a host plant subjected to root herbivory was associated with a phys-
iological response consistent with the stress hypothesis (Masters et al. 1993),
either a reduction in relative water content or an increase in soluble N and
soluble carbohydrate (Gange and Brown 1989; Masters 1992, 1995a, b; Mas-
ters and Brown 1992). This increased food quality for herbivores leads to the
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recorded increased performance of foliar-feeding insects, which can result in
a change in the population dynamics and community structure of the above-
ground phytophages (cf. Bonkowski and Scheu, Chap. 4, this Vol.). Garden
experiments, involving the reduction of insect root herbivory through the
application of soil insecticide and the enhancement of root herbivory by
introducing more belowground insect herbivores, and manipulative field
experiments, involving the application of soil insecticide, found that root
herbivory led to an increase in stem-/foliar-feeding Hemipteran populations
(Moran and Whitham 1990; Masters 1992, 1995b) and changed the structure
of hemipteran communities across acidic successional grasslands of differ-
ent age: plots subjected to root herbivory supported more diverse and larger
populations of insect herbivores even though the plant community had
reduced architecture, biomass and diversity (Masters 1992; Masters et al.
1993; Masters and Brown 1997).

The evidence does suggest that root herbivory leads to an increase in the
performance of foliar-feeding insects as individuals, populations and com-
munities, mediated through physiological changes (nutrient) in the host
plants, as predicted by Masters et al. (1993). Indeed, Murray and Hatch (1994)
demonstrated that root herbivory by Sitona weevils on Trifolium repens led to
an increase in the N levels of co-existing Lolium perenne (Poaceae) plants.
They suggest that this was due to nodule feeding by the weevil, mediating the
transfer of N between the two plants. Recently, root herbivory has been shown
to lead to increased levels of seed predation by Terellia ruficauda (Diptera:
Tephritidae) of Cirsium palustre (Asteraceae) (Masters et al. 2001). This sug-
gests that it is not just foliar-/stem-feeding insects that can be affected by
belowground insect herbivores. Additionally, there was a knock-on effect (see
Hartley and Jones, Chap. 2, this Vol.) on the parasitoids [particularly Torymus
chloromerus (Hymenoptera: Torymidae) and Pteromalus elevatus (Hymeno-
ptera: Pteromalidae)] with a greater incidence of parasitism of this seed-pre-

Belowground Herbivores and Ecosystem Processes 105

Fig. 5.3. Effects of root herbivory by the chafer
Phyllopertha horticola (Coleoptera: Scarabaeidae)
at two densities (R 70 individuals m–2 and RR
210 individuals m–2) on fecundity (estimated by
measuring pupal mass, where greater female
pupal mass leads to greater fecundity; see Quiring
and McNeil 1984) of the leaf-miner Chromato-
myia syngenesiae (Diptera: Agromyzidae) feeding
on the annual Sonchus oleraceus (Asteraceae).
Root feeding leads to a significant increase in leaf-
miner pupal mass (a measure of fecundity)
(ANOVA F3, 29=3.84; P <0.05; see Masters 1995b for
full details). L Leaf miner foliar herbivory. Error
bars are ±1 SEM. (Modified from Masters 1995b)



dating fly where root herbivores were present (Fig. 5.4), suggesting a truly
multitrophic interaction.

A counter mechanism to the nutrient-based interaction between root her-
bivores and their aboveground counterparts has recently been demonstrated
by Wäckers and Bezemer (2003). Root herbivory was shown to induce a pos-
sible aboveground indirect defence. Cotton plants, Gossypium herbaceum
(Malvaceae), exposed to root-feeding Agriotes lineatus (Coleoptera: Elateri-
dae) had greater foliar extrafloral nectar production in comparison to
undamaged plants. Extrafloral nectar production has been associated with
predator attraction, thus increasing the potential protection of the plant
against aboveground insect herbivores. Wäckers and Bezemer (2003) suggest
that root-feeding herbivores may alter such aboveground defensive interac-
tions. This is an area that needs further investigation, particularly a clear
inclusive demonstration of root herbivory leading to an increase in defensive
compounds which then, in situ, have a negative effect on aboveground insect
herbivores (van Dam et al. 2003; Voelckel and Baldwin, Chap. 17, this Vol.).

Although the above studies provide insight into aboveground community
structure and function, the importance of other components of the soil biota
cannot be ignored when considering how the above- and belowground com-
munities interact (e.g. Gange and Bower 1997; Bonkowski and Scheu, Chap. 4,
this Vol.). A single example is that detailed by Gange (2001) where he exam-
ined the responses of root-feeding Otiorhynchus sulcatus (Coleoptera: Cur-
culionidae) larvae and the leaf-feeding adults to the colonization of straw-
berry (Fragaria ¥ ananassa) (Rosaceae) by one or two species of AM fungi.
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Fig. 5.4. Effect of root herbivory on mean
levels of attack (±1 SEM) by the seed
predator Terellia ruficauda (Diptera:
Tephritidae) and its parasitoids on the
marsh thistle Cirsium palustre (Aster-
aceae). Open bars represent root herbivory
at field density, solid bars represent where
soil insecticide was applied to exclude
root-feeding insects. Root herbivory led to
greater levels of attack of seedheads by the
seed predator and on it by its parasitoids
(t-test: tpredator=2.31, p <0.05 and t-test: tpara-

sitoids=2.08, P <0.05; see Masters et al. 2001
for full details). This increased parasitoid
abundance did not, however, lead to higher
levels of tephritid parasitism (parasitism
of tephritids in untreated thistles =
52.7±8.1 %, treated thistles = 53.9±6.3 %;
see Masters et al. 2001) (Modified from
Masters et al. 2001)



Non-additive interactions were recorded where the presence of either fungal
species reduced larval survival and biomass, but the effect disappeared when
both fungal species were together. Mycorrhizae also mitigated the effects of
larval feeding on adult weevils and root feeding only decreased plant foliar
and root biomass when the fungi were absent or inoculated together. Such
research illustrates the potential for AM fungi to mitigate interactions
between herbivorous insects and the associated consequences for ecosystem
structure and function.

There is also the reciprocal with aboveground insect herbivory affecting
the performance of their root-feeding counterparts. For example, leaf galling
of Chenopodium album (Chenopodiaceae) by Hayhurstia atriplicis (Hemi-
ptera: Homoptera: Aphididae) decreased root aphid (Pemphigus betae)
(Hemiptera: Homoptera: Pemphigidae) populations sharing the same host
plant by an average of 91 % (Moran and Whitham 1990). Similarly, a 25 %
reduction in root biomass of the annual Sonchus oleraceus by the leaf miner
Chromatomyia syngenesiae led to a negative growth rate of Phyllopertha hor-
ticola sharing the same host plant (the chafer grub was losing weight, essen-
tially starving) (Masters 1995b).

Root quality and quantity will be important in determining the growth
and performance of any belowground insect herbivore. The quantity argu-
ment, as suggested by Masters et al. (1993), relies on the assumption that roots
are of generally poor quality overall for herbivores and so it is biomass of root
available for consumption that will drive the herbivore response. Foliar her-
bivory generally leads to a reduction in root biomass (e.g. Crawley 1983)
largely due to C reallocation to sustain growth (Holland et al. 1996). However,
this hypothesis suggests that plants of different life histories/growth forms
could affect root herbivores in different ways. Defoliation of a perennial plant
generally stimulates the restoration of the root:shoot ratio by increasing
shoot growth through translocating stored assimilates from the roots, thus
reducing root biomass (e.g. McNaughton 1983). This will decrease the root
C:N ratio, hence increasing relative food quality for root herbivores. However,
annual plants do not transport a high proportion of primary productivity to
the root system for storage (Mooney 1972). When an annual is defoliated, the
root:shoot ratio is likely to be restored by diverting the products of primary
productivity to the shoots for foliar regrowth, thereby decreasing root bio-
mass and quality and limiting food availability for the root-feeding insects
(Masters et al. 1993).

Two general outcomes of aboveground herbivory on C flow are short-term
changes in plant C allocation and root exudation or longer-term changes in
root biomass and morphology (Bardgett et al. 1998). The use of C labelling
techniques has provided a mechanistic understanding of how aboveground
herbivory affects C allocation and root exudation. Grasshopper (Romalea gut-
tata) (Orthoptera: Acrididae) herbivory led to up to 50 % of Zea mays
(Poaceae) leaf area being removed and resulted in increased allocation of
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assimilate to roots and decreased allocation to shoots, as shown by 14CO2-C
pulse labelling techniques (Holland et al. 1996).Additionally, Dyer et al. (1991)
used 11C labelling techniques to show that feeding by Melanoplus sanguinipes
(Orthoptera: Acrididae) on Panicum coloratum (a C4 grass; Poaceae)
increased translocation of labile C to the roots. In both of these cases, the
quality of the roots will be decreased through an increase in the C:N ratio and
root herbivore performance would be predicted to decrease (Masters et al.
1993). Such changes in allocation are short term and need to be interpreted
with caution when dealing with belowground insect herbivores, who gener-
ally have long life cycles (possibly because of generally poor food quality).
Short-term storage of assimilates in roots following aboveground grazing
enables rapid mobilization of C reserves for regrowth (Dyer et al. 1991; Hol-
land et al. 1996).

Longer-term consequences of aboveground herbivory include reduced
root biomass and altered root morphology and architecture, probably as a
result of reduced allocation of C below ground (Bardgett et al. 1998). Biomass,
morphology and architecture will all be important for belowground insect
herbivores as resource quantity and feeding niches (distribution of the pre-
ferred fine roots).As already mentioned, changes in root biomass was the pro-
posed mechanism for the negative impact of foliovores on root-feeding
insects (Masters 1992, 1995b; Masters et al. 1993; Masters and Brown 1997).
However, it should be noted that enhancement of root biomass by grazing is
possible (e.g. Milchunas and Lauenroth 1993). This may lead to the opposite,
where aboveground feeding can have a positive effect on root-feeding insects.
For example, Ingham and Detling (1984) recorded greater populations of
root-feeding nematodes (which can consume up to 25 % of annual below-
ground net primary productivity) in grazed areas. There could be, though,
complicated feedback and source-sink relations that need further investiga-
tion. Defoliation of Bouteloua curtipendula (Poaceae) led to greater allocation
of plant biomass to the roots, but only in plants that were supporting high
densities of root-feeding nematodes (Ingham and Detling 1986). Bardgett et
al. (1998) considered this to be due to a feedback, where increased root feed-
ing in defoliated plants resulted in a feedback to the plant causing more C
(biomass) to be allocated to the roots, leading to increased rates of root exu-
dation after nematode feeding on the roots (Ingham and Detling 1986). Simi-
lar effects might be expected for plants supporting large populations of root-
feeding aphids.
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5.7 Conclusion

Ecosystem function can be estimated by productivity, allocation patterns,
energy flow, nutrient cycling, soil processes or interactions between compo-
nent species. In each case, belowground herbivory can be seen to be a strong
modifying factor. These effects have been shown, and the mechanisms of
interaction tested, across all scales, from the laboratory to large-scale manip-
ulative field experiments, and the general conclusion is that root feeding by
insects cannot be ignored in natural, semi-natural, managed and agricultural
ecosystems as a driver or modifier of ecosystem processes. As always, more
research is needed to understand fully the importance of root herbivores, but
it can be suggested that they may have a keystone role in linking above- and
belowground systems.
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6 Bottom-Up Effects and Feedbacks in Simple and
Diverse Experimental Grassland Communities

J. Joshi, S.J. Otway, J. Koricheva, A.B. Pfisterer, J. Alphei, B.A. Roy,
M. Scherer-Lorenzen, B. Schmid, E. Spehn and A. Hector

6.1 Summary

Finding a consistent pattern in the effects of plant diversity on higher trophic
levels is a major challenge as populations at all trophic levels of an ecosystem
may be regulated by a mixture of top-down and bottom-up forces. A starting
point to experimentally approach the problem is to measure the effects of
changing plant-species diversity on primary productivity, the basis of each
food web, and to explore the potential underlying mechanisms. This was done
within the European BIODEPTH project (Biodiversity and Ecological
Processes in Terrestrial Herbaceous ecosystems). In this project, a common
methodology was used at each of eight sites across Europe to experimentally
assemble grassland communities of defined plant-species numbers (e.g. 1, 2,
4, 8, 32) from the local species pools. Ecosystem processes were then moni-
tored in these different herbaceous ecosystems. Here, we report findings gath-
ered from the sites in the UK, Switzerland, Germany and Sweden. Our data
suggest that trophic levels cannot be treated as homogeneous units since the
response to changes in plant diversity of individual groups within trophic lev-
els was correlated with group-specific attributes such as host specificity,
mobility or different size classes of consumers. There was also no evidence for
a resource concentration effect, i.e. for a disproportionately higher specialist
insect density in plots with high host density and biomass such as monocul-
tures. Part of the diversity effects observed at higher trophic levels was indi-
rectly driven by changes in primary productivity with changing plant diver-
sity. However, experimental additions of a generalist insect herbivore and a
plant hemiparasitic species showed that some polyphagous groups within
higher trophic levels can benefit from increased diversity not only by the
higher quantity, but also by the higher variety of resources.
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6.2 Introduction

Intrigued by the large number of species in terrestrial ecosystems, ecologists
have tried for a long time to predict the role of biodiversity for ecosystem
functioning and for ecosystem stability by using observational studies and
experiments. The first experimental plots to explore whether diverse ecosys-
tems perform differently from simple ones were established in the 19th cen-
tury (Hector and Hooper 2002). However, the question to what extent species
loss might impair ecosystem functioning has only been addressed by repli-
cated experimental work in the past decade (see, e.g., Loreau et al. 2002;
Schmid et al. 2002 for reviews). Current interest was triggered by today’s
unprecedented speed of species-loss occurring worldwide on a local to
regional and even global scale (Barbault 1995).

Effects of species diversity on ecosystem functioning can be studied both
within and among the trophic levels of ecosystems. Most biodiversity–ecosys-
tem functioning work to date, both theoretical and experimental, has concen-
trated on the single trophic level of producers (Loreau et al. 2001; Schmid et al.
2002; Weisser and Siemann, Chap. 1, this Vol.). Only a small amount of theory
has begun to extend this work to multiple interacting trophic levels (Loreau
2001; Holt and Loreau 2002; Siemann and Weisser, Chap. 18, this Vol.), even
though an interrelationship between autotrophic biomass or diversity and
biomass or abundance of higher trophic levels has long been suggested by a
variety of models and hypotheses (e.g. Hairston et al. 1960; May 1973; Root
1973; Oksanen et al. 1981; Abrams 1993; Schulze 1995; Carson et al., Chap. 10,
this Vol.). These models differ in their assumptions and approaches to disen-
tangling the complex and dynamic relationships between ecosystem compo-
nents. Some highlight the importance of energy and material flows within
ecosystems, whereas others focus on food-web processes and trophic levels or
on population dynamics (Naeem and Li 1998). How changes in plant diversity
and subsequent concomitant changes in ecosystem processes interact with
higher trophic levels is rarely explicitly addressed in these models and exper-
imental studies reporting effects of plant diversity on higher trophic levels are
still too rare to yield an overall picture (Siemann 1998; Knops et al. 1999; Mul-
der et al. 1999; Koricheva et al. 2000; Symstad et al. 2000; Prieur-Richard et al.
2002; Raffaelli et al. 2002; Janssen and Sabelis, Chap. 9, this Vol.).

A reasonable starting point in unravelling the complex relationship
between producer diversity and whole-ecosystem consequences is to measure
the effects of changing plant-species diversity on primary productivity, the
basis of each food web, and to explore the potential consequences of these
effects on higher trophic levels. This general approach was chosen in several
recent large-scale experiments in grassland ecosystems (e.g. Hooper and
Vitousek 1997; Hector et al. 1999; Van der Putten et al. 2000; Tilman et al.
2001). In the European BIODEPTH project (Hector et al. 1999), a common
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methodology was used at eight experimental sites across Europe. At each site,
experimental grassland communities of defined plant species numbers (e.g. 1,
2, 4, 8, 32) and of a defined number of plant functional groups but differing in
plant species composition were assembled from the local species pools to
monitor ecosystem processes at different plant-diversity levels and different
environmental conditions at a European scale.

In this chapter, we concentrate on how the diversity of plants in experi-
mental grassland ecosystems can affect the diversity and abundance of insect
herbivores and compare the response of insect consumers with plant-diver-
sity effects on other consumer groups such as plant pathogens, plant parasites
and decomposers. We will focus on experimental results obtained at three
sites within the BIODEPTH framework, the Swiss site in Lupsingen in the Jura
Mountains, Silwood, one of the two UK sites, and the German site in Bayreuth
(see, e.g., Diemer et al. 1997; Hector et al. 2000; Joshi et al. 2000; Spehn et al.
2000a; Scherer-Lorenzen et al. 2003), where the abundance of several groups
within higher trophic levels has been monitored in response to changes in
plant diversity.

6.3 Effects of Plant Diversity on Herbivorous Insects Feeding
Above Ground

6.3.1 Hypotheses Predicting the Response of Herbivores 
to Higher Plant Diversity

Several hypotheses have been suggested to predict the response of herbivores
to changes in plant-species diversity. The resource concentration or associa-
tional resistance hypothesis introduced by Tahvanainen and Root (1972) and
Root (1973) predict that plant species growing in diverse communities gain
protection against herbivore attack (cf. Carson et al., Chap. 10, this Vol.). Her-
bivores with a narrow host range are expected to find hosts more easily if they
are concentrated. The host-finding process of these herbivores can be dis-
turbed by olfactory interference of non-host plants or by visual masking
(Hambäck et al. 2003). Visual masking, a general, non-species-specific mech-
anism (Hambäck et al. 2003), suggests that the presence of non-host plants
might visually impair the host-finding behaviour of herbivores by similarities
in plant stature, leaf shape and spectral quality or simply by covering the host
plants (e.g. Rausher 1978, Brown and Lawton 1991, reviewed in Hambäck and
Beckermann 2003). Olfactory interference, i.e. disturbed host-finding and
feeding behaviour, in species-rich plant communities due to interfering
chemical stimuli produced by non-host plants might not be a frequently
encountered mechanism because sensory perception in insect herbivores is
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excellent and they are not easily deceived by olfactory interference (see Ham-
bäck and Beckermann 2003). Generalist associational refuges through physi-
cal interference, however, might cause smaller herbivore loads in species-rich
plant communities (Finch and Collier 2000; Hambäck et al 2003). Smaller her-
bivore densities of both generalist and specialist insects in species-rich stands
are also predicted by the natural enemies hypothesis (Root 1973). The mech-
anism behind this is an increased top-down control of herbivores in species-
rich communities that provide refuges, additional resources such as pollen
and nectar and offer constantly higher prey diversity, thereby supporting
increased densities of predators (see Table 6.1). Thus, the enemies hypothesis
is related to the trophic cascade model by Hairston et al. (1960) where preda-
tors indirectly allow plants to escape suppression by their consumers (Strong
1999).

On the other hand, higher abundance of generalist herbivores in more
diverse plant communities can be expected on the basis of the nutrient bal-
ance and toxin dilution hypotheses (e.g. Pulliam 1975; Singer et al. 2002),
which predict a beneficial effect of the higher diversity of secondary metabo-
lites in diverse plant communities, making a mixed diet advantageous
(Table 6.1).

Research into these hypotheses has mainly concentrated on agricultural
and silvicultural crop cultivars known to suffer from attacks of specialized
herbivores. These experiments usually only had two diversity-treatment lev-
els (e.g. Risch et al. 1983; Russell 1989; Andow 1991; Altieri 1995; Wilby and
Thomas 2002). There have been relatively few studies on these processes in
natural or semi-natural communities, and, among those, most have concen-
trated on single focal plant species (e.g. Kunin 1999; Hambäck et al. 2000;
Prieur-Richard et al. 2002, Hambäck et al. 2003).
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Table 6.1. Hypotheses on the response of monophagous, specialist and polyphagous,
generalist herbivores on increase in plant-species diversity. Bottom-up effects of herbi-
vores on predators are not considered in these hypotheses. Polyphagous herbivores were
expected to have distinct food preferences. + Increase in herbivore abundance; – decline
in herbivore abundance; ne no effect; (–) low probability of a negative effect

Specialists Generalists

Resource concentration hypothesis – (–)
Olfactory interference – (–)
Visual interference – (–)
Enemies hypothesis – –
Nutrient balance and toxin dilution hypotheses ne +



6.3.2 Responses of Specialist and Generalist Herbivores in Plant
Diversity Experiments

To test the resource concentration hypothesis, invertebrates were suction-
sampled twice a year in May and August for 2 years at the Silwood BIODEPTH
field site.We focused on abundant specialist herbivores, defined as those feed-
ing on a single plant species and represented by at least 30 individuals. We
investigated their abundance in relation to plant species diversity and host
plant biomass (Otway 2000). Nine herbivore species (seven weevils, a psyllid
and a leafhopper) met the criteria for inclusion in the analysis. For the reasons
discussed above, the resource concentration hypothesis predicts that
monophagous herbivores such as these should attain a disproportionately
higher density in pure versus mixed stands (Root 1973). We would therefore
expect a regression of insect density on plant biomass to have a slope greater
than one.

Figure 6.1 shows these regressions for each specialist-insect/host-plant
pair separately. When combined in one analysis, we found that the density of
specialist insects increased with increasing host plant biomass (F1,88=33.7594,
P=9.780e–08) and that differences in slope between different insect–plant pairs
were not significant (F8,88=0.5219, P=0.8371). The main impact of plant diver-
sity on the density of insects comes through changes in the biomass of their
host plants. However, counter to the resource concentration hypothesis, the
overall slope (0.22342, SE: 0.03865) was significantly less than one (t-
test=20.09, P <0.001, n=105). This ‘resource dilution’ effect has also been
found in previous studies (reviewed in Yamamura 2002). In addition to the
effect of host plant biomass there was a smaller but significant negative effect
of plant species richness when host plant biomass was fitted before as a
covariate (i.e. when corrected for differences in host biomass between the dif-
ferent plots; F1, 88=5.9934, P=0.01634; Fig. 6.1, solid vs open symbols). How-
ever, it is unclear how this secondary effect of diversity came about.

Similarly, at the Swiss BIODEPTH site, only one of the five groups of herbi-
vores collected by sweep net, pitfalls and suction sampling – the leafhoppers
(Cicadellidae) – showed a log-linear decrease in abundance as a response to
an increase in plant species number, whereas the other groups (Acrididae,
Aphididae, Miridae, Gastropoda) did not show the negative response pre-
dicted by the resource concentration hypothesis. Because leafhoppers are a
rather specialized family, mainly feeding on grasses and reproducing sexually,
it is likely that an increase in plant-species richness and hence a lower con-
centration of available food resources reduces the number of potential mates,
resulting in a lower abundance (Koricheva et al. 2000). In contrast, wingless
aphids, a group of rather sessile insect herbivores, increased in abundance
with increasing number of plant functional groups (grasses, grasses +
legumes or grasses + herbs, grasses + legumes + herbs) in both years sampled
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Fig. 6.1. Relationships between host-plant biomass and specialist-herbivore density in
the Silwood (UK) BIODEPTH plots (both transformed with natural logs). Insect density
is significantly positively related to increasing host plant biomass, but, contrary to the
resource concentration hypothesis, slopes are significantly less than one rather than
greater than one as predicted. Low-diversity communities are coded by solid symbols
(circles one-species plots; squares two-species plots) and higher-diversity communities
by open symbols (upward-facing triangles four-species plots; downward-facing triangles
eight-species plots; stars 11-species plots)

(Koricheva et al. 2000). Aphids are a speciose group with both specialists and
generalists. Hence, the higher total aphid abundance found may be due to an
increased likelihood that communities with higher plant diversity sustain a
higher number of aphid species and thus a higher overall aphid abundance
than species-poor plots.

True generalist herbivores are expected to be more abundant in diverse
plant communities because they may benefit from a mixed diet (Table 6.1), as



has been found in experiments comparing diets of two to three plant species
with diets consisting of just one species (Pennings et al. 1993; Bernays et al.
1994). Food mixing may allow generalists to balance intake of different nutri-
ents (e.g. Pulliam 1975) and to avoid ingesting toxic doses of particular sec-
ondary metabolites characteristic of individual host plant species (Freeland
and Saladin 1989; Singer et al. 2002). To test whether species-rich communi-
ties exert such complementary diet effects on polyphagous species, individu-
als of a native generalist grasshopper species (Parapleurus alliaceus Germar)
were caged and left feeding on the Swiss BIODEPTH plots for 2 weeks (Pfis-
terer et al. 2003). Even though plant-biomass consumption did not signifi-
cantly differ among diversity treatments and this grasshopper species is
known to have a preference for grasses that occurred in a lower relative abun-
dance in plots of higher species diversity, biomass gain of the grasshoppers
increased with a greater diversity of plant species (Pfisterer et al. 2003;
Fig. 6.2). A similar beneficial effect of a mixed diet was found in an experi-
ment looking at the mutual effects of plant diversity and the performance of a
hemiparasitic plant species (Joshi et al. 2000). Like generalist insect herbi-
vores, hemiparasites can be viewed as generalist consumers of plant produc-
tion (Atsatt 1977; Pennings and Callaway 2002).Although they are autotrophic
with respect to carbon, they attack roots of other plants and extract water,
nutrients and organic solutes from them. In the Swiss BIODEPTH plots,
mature weight of sown individuals of Rhinanthus alectorolophus (European
yellow rattle) increased linearly with the number of plant functional groups
present in the host communities. Total parasite biomass per plot was almost
three times as high in host communities with three functional groups as in
host communities with one functional group only (Joshi et al. 2000).

All of these hypotheses that predict the impact of plant diversity on insect
herbivores assume plant productivity to be fixed. However, one of the com-
mon features of plant biodiversity experiments is overyielding – plant species
in mixtures are able to achieve higher biomasses than expected due to
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Fig. 6.2. Effect of plant species richness on bio-
mass increases in caged female Parapleurus
alliaceus in experimental grassland systems at
the Swiss BIODEPTH site. Means of original
data ±1 SE are shown with regression line,
P <0.01



resource partitioning and other niche differentiation effects (Hector et al.
2002). For example, in the Swiss experiment, total plant biomass log-linearly
increased with increasing number of plant species or of functional groups
(Fig. 6.3). The nitrogen concentration and C/N ratio of plant biomass, how-
ever, did not change with an increase in overall plant diversity. Only the pres-
ence of legumes in plant communities positively influenced N content in veg-
etation at the Swiss and other BIODEPTH sites (Spehn et al. 2002). Therefore,
the observed effects of plant diversity on invertebrates and hemiparasites
might reflect direct diversity effects or indirect diversity effects mediated by
concomitant changes in plant biomass, but not by an increased N content of
the vegetation with higher plant diversity. An increasing trend in herbivory
and herbivore abundance with increasing net primary productivity in terres-
trial systems has already been described by Cyr and Pace (1993) and by Sie-
mann (1998). However, in the parasite experiment, the beneficial effect of
plant diversity on parasite biomass still remained significant, even if host-
community biomass was included as a covariate in the statistical model to
correct for differences in productivity among different plant communities
(Joshi et al. 2000). Hence, it can be concluded that host diversity itself, i.e.
probably the complementarity of resources provided by the different host
species, had a positive influence on parasite growth. Similarly, the increase in
biomass gain in grasshoppers was not the result of more food consumed, but
rather of more diverse food available in species-rich communities, which was
indicated by the positive diversity effect remaining even after including plant
biomass as a covariate (Pfisterer et al. 2003). The grasshoppers increased
dietary mixing in high diversity plots by increasing the consumption of
herbal plants compared to grasses, thus supporting the hypothesis that gener-
alist insect herbivores may benefit from a higher diversity of nutrients and
secondary compounds. For the majority of herbivores sampled at the Swiss
site, however, path analysis (Fig. 6.4) and analysis of covariance indicated that
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Fig. 6.3. Effect of plant species rich-
ness on aboveground biomass (g m–2)
at main harvest during the first 4 years
of the experiment at the Swiss
BIODEPTH site. Means of original data
±1 SE are shown



plant diversity effects were largely mediated by plant biomass and cover (or
by some factors that may be correlated with biomass and cover, such as micro-
climatic conditions, or nutritive quality), or in some cases by particular plant
species compositions rather than due to plant diversity per se (Koricheva et al.
2000).

Looking at aboveground herbivory from the plant side, i.e. by measuring
the total herbivore damage done to nine plant species in the Swedish and
Swiss BIODEPTH plots, plant biomass removed by herbivory increased with
plant diversity (Mulder et al. 1999). Even though patterns of herbivore damage
across species-richness levels differed between particular plant species, for all
species levels, damage in monocultures was relatively low (Mulder et al. 1999).

In the BIODEPTH plots at Silwood, herbivore diversity increased log-lin-
early with plant diversity (F32, 32=3.96, P <0.0001) with on average just under
five herbivore species collected in a suction sample per monoculture plot and
an additional 0.91 (SE ±0.15) species per doubling of plant species richness
(Otway 2000), supporting the view that more species of plants will provide
more diverse resources supporting more insect herbivores, both generalists
and those that specialize on particular species or plant parts.

6.3.3 Concomitant Responses of Natural Enemies of Herbivores

At the Swiss BIODEPTH site, natural enemies of herbivores were generally not
affected by changes in plant species diversity (parasitoid wasps) or effects
were inconsistent among years (spiders; Koricheva et al. 2000; M. Diemer,
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Fig. 6.4. Path diagram describing direct
and indirect effects of plant diversity on
abundance of different trophic groups of
invertebrates based on data from the
sweep net catches at the Swiss site in
1996 (n=64). Single-headed arrows rep-
resent causal effects of one variable on
another; double-headed arrow repre-
sents a correlation. U denotes propor-
tion of unexplained variance for each
dependent variable. The width of each
line is proportional to the strength of
the relationship and values next to
arrows indicate path-coefficient values
(* P <0.05, ** P <0.01, *** P <0.001). For
further details see Koricheva et al.
(2000). (Reprinted with permission,
Oecologia, Springer Verlag)



pers. comm.). Where significant effects were found, the direction of the diver-
sity effect was negative and hence opposite to the response predicted by the
enemies hypothesis (Koricheva et al. 2000). The number of generalist preda-
tors (carabid beetles and spiders) and the number of predators in pitfalls in
the second and third years of the experiment decreased with plant diversity,
providing little indication that herbivores were more strongly controlled by
predators in more diverse plant communities. However, it is difficult to assess
overall herbivore pressure, considering the many different types of insects
and the sample sizes for secondary consumers, which were rather small as
predicted by the various principles concerning trophic pyramids. Neverthe-
less, these results do not support the view that enhanced net primary produc-
tivity in species-rich plant communities translates into a clear bottom-up
effect along the short linear food chain from insect herbivores to their preda-
tors.

6.3.4 Insect Herbivores as Drivers of Ecosystem Processes

Insects may be drivers of ecosystem change themselves. They may change the
effect of plant species diversity on ecosystem processes by differentially alter-
ing community plant biomass at different diversity levels, by changing the rel-
ative abundance of plant species or by altering ecosystem processes directly
(see Mulder et al. 1999; Weisser and Siemann, Chap. 1, this Vol.; Hartley and
Jones, Chap. 2, this Vol.; Carson et al., Chap. 10, this Vol.; Schmitz, Chap. 14, this
Vol.). In the Swedish BIODEPTH plots (which had a substantially lower
annual biomass production than the Swiss plots; Hector et al. 1999) the pres-
ence of insects negatively affected plant evenness and the relationship
between plant-species richness and biomass production, which was more
strongly positive when insects were excluded (Mulder et al. 1999). In addition,
a recent experimental study in old-field ecosystems revealed top-predator
control of plant evenness and dominance structure (Schmitz 2003; Schmitz,
Chap. 14, this Vol.). However, top-down control on aggregate ecosystem
processes may depend on ecosystem productivity. Predators eat whole indi-
viduals and may thus control herbivores under some circumstances. Herbi-
vores, however, feed on plant parts, which may regrow (at speeds depending
on climatic, edaphic and biotic conditions), or select particular plant species,
allowing possible compensatory growth from unattacked neighbours. As a
result, we may expect aggregate ecosystem processes influenced by the pro-
ducer trophic level to be relatively resilient against top-down damage
imposed by herbivores.
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6.4 Effects of Plant Diversity on Pathogens

The same mechanisms proposed as possible links between aboveground pri-
mary consumers and plant diversity could also be applied to plant pathogens
(Kruess et al., Chap. 8, this Vol.). We expect low diversity to favour specialists
when the biomass of the preferred hosts is high, whereas high diversity might
favour generalists because of the variety present and the higher probability of
a steady presence of host plants. In the high diversity plots, we might also
expect to see more pathogen species that require more than one host for the
successful conclusion of their life cycles, and there might be more pathogen
species overall in the high diversity plots because of the availability of safe
sites, allowing escape from their enemies. Unfortunately, most plant
pathogens are specialists, and all of the 12 species we quantified were special-
ists, allowing no comparisons with generalists.

We were, however, able to look at the effects of plant diversity on attack
rates. As with specialist herbivores, monocultures are expected to be the most
susceptible to specialist pathogen attack because there a particular host
species is both frequent and dense, allowing easier transmission (Zwölfer and
Zimmermann, Chap. 7, this Vol.; Kruess et al., Chap. 8, this Vol.). In mixed
species assemblages, not only is density of an individual species lower, but
also there is interference from non-hosts; spores are trapped on species on
which they cannot grow. The prediction is thus that there should be a clear
relationship with diversity, with low diversity plots having more disease than
high diversity plots. However, our data from the Swiss BIODEPTH plots show
that plant diversity did not influence pest diversity in one predictable direc-
tion. Instead, four patterns occurred, depending on species and time of the
year censused: (1) a linear decrease with increasing plant diversity, (2) a linear
increase with increasing plant diversity, (3) a humped distribution in which
diversity was highest at intermediate plant diversity plots, and (4) no associa-
tion with diversity (Gächter 1997; Landolt 1997).

Contrary to theoretical predictions, some of the pathogens we studied were
more common in the high diversity plots (e.g. Pseudopeziza trifolii and one of
the pathogens on Taraxacum). Our best guess for these pathogens was that the
more diverse plots had greater cover and more diverse structure and thus
tended to trap moisture for longer periods. Many pathogens require free water
for germination on the leaf surface (Agrios 1997; Brewer and Smith 1997), and
we suspect that the higher humidity in the more diverse plots facilitated germi-
nation. Rust fungi, on the other hand, usually followed the expected pattern,
with Puccinia coronata on Lolium perenne and Puccinia rust on Poa pratensis
being significantly influenced by plant-species richness and number of plant
functional groups causing the highest damage in low-diversity plots. These
pathogens are wind-dispersed and are well known for their dependence on
both host frequency and density (Roy 1993; Brunet and Mundt 2000).
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6.5 Belowground Food Web

6.5.1 Plant Biomass and Microbial Response

It is likely that changes in plant diversity and concomitant changes in net pri-
mary productivity also have feedbacks to the associated soil communities.
Soil heterotrophic organisms regulate soil processes such as nutrient cycling
and carbon flow and thus may not only be influenced by plant diversity and
the diversity and abundance of insects, but also modify the relationship
between plant diversity and ecosystem processes (e.g. Bradford et al. 2002;
Catovsky et al. 2002; Wardle, 2002; Wardle and Bargett, Chap. 3, this Vol.;
Bonkowski and Scheu, Chap. 4, this Vol.). Subterranean communities of
decomposers, detritivores and herbivores depend on plants as primary pro-
ducers, i.e. on quantity (e.g. litter production, root turnover and root exuda-
tion) and quality of organic substrate (Hooper et al. 2000; Hartley and Jones,
Chap. 2, this Vol.). Thus, it can be hypothesized that a decrease in plant diver-
sity influences the biomass and also the compositional diversity of soil het-
erotrophic communities via reduced quantity of carbon input (Catovsky et al.
2002), via reduced biochemical diversity of root exudates or via a less constant
supply of food resources, leading to a drop in decomposer diversity and pos-
sibly to a decline in decomposition (Wardle and van der Putten 2002).Altered
abundances of the different constituents of the decomposer food web can be
crucial for the decomposition of organic material and thus for the mineral-
ization of nutrients (e.g. Bardgett and Shine 1999; Wardle 2002).

If a mixed diet is as beneficial for the decomposer community as it might
be for generalist herbivores (Table 6.1), then an increase in producer diversity
might translate into higher decomposer diversity. In turn, higher decomposer
diversity may lead to enhanced ecosystem processes, i.e. decomposition and
subsequent mineralization, through higher resource-use complementarity
(Hector et al. 2000). On the other hand, increased net primary productivity in
species-rich plant communities is also likely to influence all levels of soil
organisms through increased quantities of plant litter and root exudates
(Wardle and van der Putten 2002). If, however, higher net primary productiv-
ity in species-rich systems goes along with enhanced nutrient uptake by
plants, then a net negative effect on microbial biomass and soil fauna might
result due to increased competition for nutrients (Wardle and van der Putten
2002). To sort out the interplay between plant-species richness, ecosystem
processes and the soil food web, an array of components of soil heterotrophic
activity were monitored in the Swiss, German and British BIODEPTH plots
(Diemer et al. 1997; Hector et al. 2000; Spehn et al. 2000b; Gastine et al. 2003).
However, it was not possible to monitor changes in soil chemistry and biotic
activity regularly during the whole duration of the experiment. Therefore, our
results reflect only particular parameters at single points in time and might
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serve as an indication only of how plant-species diversity might affect the
belowground black box.

In contrast to the very clear increase in aboveground biomass production
with increased plant diversity at the Swiss site (Fig. 6.3), total root biomass
was influenced neither by plant diversity nor by the presence or absence of
legumes in the third year of the experiment (all P >0.3). Fine-root biomass,
however, tended to increase with species richness, in both the second and
third year of the experiment (F1, 24=3.19; P=0.087, and F1, 24=3.88; P=0.06,
respectively). Concomitant with the increase in aboveground biomass and
fine-root biomass with plant-species richness, an increase in diversity and
catabolic activity of culturable bacteria (measured by BIOLOG plates) was
found in the third and fourth year of the experiment (Stephan et al. 2000).
However, this increase in culturable soil bacteria was not significantly corre-
lated with fine-root biomass (Stephan et al. 2000). Total microbial biomass
also increased log-linearly with increasing plant-species diversity, with
monocultures having a 15 % lower biomass as compared with the most
species-rich mixtures (Spehn et al. 2000b). Here again, belowground or fine-
root biomass did not explain this increase if included as covariates in the
analysis. In contrast, aboveground biomass explained a major part of the vari-
ation among different diversity levels. Hence, the positive effect of plant diver-
sity on microbial biomass might have been due to enhanced input of litter
supply to the soil, especially due to the increase in legume abundance and
therefore higher resource quality, i.e. litter with lower C/N ratio (Spehn et al.
2000b).

Belowground processes are controlled by both biotic and abiotic factors at
any given site, so we may postulate that the relationship between the diversity
of primary producers and those processes varies depending on the abiotic site
conditions. For example, at the German BIODEPTH site, which is character-
ized by low soil nitrogen availability, contrasting results to those described for
the Swiss site were observed. At the German site, the presence and abundance
of nitrogen-fixing legumes, which increased the nitrogen availability for the
whole system (Spehn et al. 2002), had a major influence on the outcome of
plant diversity–ecosystem functioning relationships. In contrast to the Swiss
site, fine root biomass was not affected by plant diversity in four consecutive
years despite strong diversity effects on aboveground biomass production
(Gastine et al. 2003; Scherer-Lorenzen et al. 2003). Only in plots containing
legumes did an increase in species number result in increased fine-root bio-
mass and belowground processes, such as ammonification and nitrification
and the decomposition of plant litter and standard test materials (Scherer-
Lorenzen et al. 2003). Thus, we conclude that biodiversity effects on below-
ground processes are very much dependent on the nutritional status of the
communities and will differ according to different plant traits present, with
the ability to fix atmospheric nitrogen being one of the most important func-
tional traits. While our sites showed an overall positive relationship between
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diversity and aboveground productivity (Hector et al. 1999), these differences
in the details of their ecology also point out that there are major limits to our
ability to generalize and predict effects of biodiversity loss on belowground
processes.

6.5.2 Soil Animals That Feed on Microbes

Biogeochemical processes might also be influenced by soil animals that feed
directly on microbes (Wardle and van der Putten 2002; Bonkowski and Scheu,
Chap. 4, this Vol.). In the Swiss BIODEPTH plots, different functional groups
of nematodes responded in various ways to enhanced plant functional diver-
sity and the associated increase in microbial biomass. Total nematode density
(individuals per gram of dry weight) did not show any significant response to
changes in producer diversity, but the dominance (percentage of total nema-
tode density) among the different nematode functional groups changed con-
siderably. While omnivores, root-hair-feeding or predatory nematodes did
not change with enhanced plant diversity, plant parasites significantly
decreased with an increase in the number of plant species or functional
groups, respectively (F=4.0, P=0.0311; F=6.73, P=0.0046). In contrast, bacter-
ial and fungal feeders increased in dominance with higher plant functional
diversity. The decrease of plant parasitic nematodes with increasing diversity
of plant functional groups represents an especially interesting feedback that
merits more experimental attention in the future.

The clearest responses to changes in producer diversity and concomitant
changes in net primary productivity have been observed in feeders of fresh
organic matter. Voles as well as earthworms clearly increased either their
activity or in biomass, respectively, with increasing plant diversity (Spehn et
al. 2000b).Voles feed on roots and rhizomes. As the total biomass of roots did
not increase with plant diversity and as they showed a preference for plant
communities containing legumes, they could also have been attracted by the
mixed diet or a more steady food supply. The 84 % increase of earthworm bio-
mass from monocultures to 32-plant-species communities was mainly due to
a pronounced response of anecic earthworms (worms forming vertical bur-
rows in the soil) that predominantly feed on fresh organic matter (Spehn et al.
2000b). Here again, aboveground biomass explained a considerable part of
the variation in earthworm biomass – presumably due to increased litter
input – whereas neither total root nor fine-root biomass showed a significant
correlation with earthworm biomass (Spehn et al. 2000b).

At the German site, neither the abundance of predatory or non-predatory
nematodes nor the density, biomass or species diversity of earthworms was
influenced by plant diversity (Gastine et al. 2003).
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6.6 Conclusions

Testing for consistent patterns in the effects of plant diversity on higher
trophic levels is a major challenge because populations in all trophic levels of
an ecosystem may be regulated by a mixture of top-down and bottom-up
forces, often leading to idiosyncratic or opposing effects depending on
ecosystem type, climatic and edaphic conditions, and experimental setup (e.g.
Raffaelli et al. 2002; Schmid et al. 2002; Wardle 2002; Janssen and Sabelis,
Chap. 9, this Vol.). In addition, the constant non-destructive monitoring of
changes in species abundances and nutrient fluxes is an enormous and costly
task, which is difficult to achieve in well-replicated field experiments. All our
results represent snapshots as we lack continuous data on population dynam-
ics of primary and secondary consumers in response to changes in plant-
species diversity. Hence, we can draw preliminary conclusions only, based on
individual observations at several points in time. Moreover, we do not con-
sider strong feedbacks between above- and belowground components and try
to find the most parsimonious explanations for the phenomena observed in
our experiments (by including explanatory covariates in our statistical mod-
els or using path analysis).

Our data suggest that trophic levels cannot be treated as homogeneous
units since the response to changes in plant diversity of individual groups
within trophic levels was correlated with group-specific attributes such as
host specificity, mobility or different size classes of consumers at our experi-
mental scale. Among herbivores, only the abundance of the most sessile and
host-specific groups (wingless aphids and leafhoppers, respectively) was sig-
nificantly affected by plant diversity. We found some preliminary evidence
that species-rich plots harbour a higher invertebrate diversity. There was not
much support for disproportionately lower abundances of specialist herbi-
vores in species-rich communities, as predicted by the associational resis-
tance hypothesis. Evidence for the associational resistance hypothesis has
mainly been found in agricultural, intercropping systems with a much lower
range of species diversity as used in our experiments. Hence, these differences
between the two kinds of studies may stem from differences in experimental
design.

Part of the diversity effects observed on higher trophic levels both above
ground and below ground were indirectly driven by changes in aboveground
primary productivity with changing plant diversity. However, experimental
additions of generalist herbivores such as grasshoppers and a plant hemipar-
asite showed that some polyphagous groups within higher trophic levels ben-
efited from increased plant diversity not only by the higher quantity but also
by the higher variety of food compounds.

In general, however, effects of individual plant species and individual
species combinations at the Swiss, the Swedish and the British BIODEPTH
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sites were a more important determinant of invertebrate abundance than
plant species richness per se (Mulder et al. 1999; Koricheva et al. 2000; Otway
2000). In particular, the presence of legumes in a mixture led to higher num-
bers of most invertebrate groups above ground. There is growing consensus
that any biodiversity effect on ecosystem functioning will arise from pheno-
typic variation between species, i.e. from the diversity of their functional
traits or attributes, and from species interactions (Lawton 2000, Díaz and
Cabido 2001; Loreau et al. 2001; Hector et al. 2002). Differences in individual
species effects will thus be related to the size of their functional differences
(Schmid et al. 2002).

Overall, our results suggest that groups within higher trophic levels can be
directly affected by plant species diversity or indirectly via enhanced net pri-
mary productivity. On the other hand, the relationship between plant diver-
sity and ecosystem processes may be altered by a higher trophic level through
direct modification of ecosystem functions like aboveground biomass pro-
duction, or through altered abundances of plant species. A more exact analy-
sis of the interaction between higher trophic levels and plant diversity will
require experimental manipulations of different trophic groups – a logisti-
cally demanding job.Alternatively, we must develop and employ new methods
for teasing apart the complex web of trophic interactions. Both approaches
pose challenges if we want to gain a better understanding of the relationship
between biodiversity and ecosystem functioning from a multitrophic per-
spective.
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7 The Potential of Phytophagous Insects in Restoring
Invaded Ecosystems: Examples from Biological Weed
Control

H. Zwölfer and H. Zimmermann

7.1 Summary

Biological weed control attempts to reduce population densities of noxious
weeds to a level below thresholds of economic damage by introducing and
establishing foreign herbivorous organisms as control agents. Successful con-
trol of target weeds using phytophagous insects has so far been achieved in
more than 100 projects, but only a relatively small percentage of biologically
successfully established insect species have proved capable of substantially
reducing the densities of the target weed species. Comparison of the rates of
biological success (establishment) with economic success (resource utiliza-
tion) in biological weed control projects indicates that populations of many
phytophagous insects behave not merely as a function of bottom-up and top-
down processes, which could be assumed, as the introduced agents are con-
fronted with a surplus of food resources in a relatively enemy-free space.
Behavioural patterns, such as density-dependent dispersal, which prevent a
full exploitation of the host resource, may explain the failure of many intro-
duced and established phytophagous species to control weed species. We dis-
cuss weed situations and properties of phytophagous insect species which
have resulted in successful biological weed control and corresponding
changes of ecosystems, and list some of the prerequisites for such an insect-
mediated change in vegetation cover. The biological control of Carduus
nutans by the weevil Rhinocyllus conicus in North America, of Sesbania
punicea in South Africa after the introduction of three weevil species, and of
Salvinia molesta in Papua New Guinea are described as examples of how
insect–plant interactions may strongly affect the vegetation cover and com-
position and ecosystem properties dependent on them. Such projects demon-
strate the potential of certain phytophagous insects to restore floral diversity
and food webs in ecosystems where the flow of material and energy has been
blocked by pure stands of alien plants.
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7.2 Introduction

The aim of biological control projects is to permanently reverse, usually over
large areas, undesirable properties of modified invaded ecosystems by intro-
ducing and establishing foreign host-specific organisms. If properly executed
and evaluated, biological control projects can therefore be considered as
unique, large-scale, ecological experiments, in which certain specific, key
components of an ecosystem are manipulated. This applies particularly to
biological weed control (Myers 1987; Crawley 1989b; Kruess et al., Chap. 8, this
Vol.) which uses key phytophagous organisms, mostly insects, to restore
ecosystems modified by invading, alien plant species. As the vegetation is the
most important component in structuring ecosystems, a change of vegetation
cover and composition caused by alien plant invasions is also followed by
drastic changes in the structure and function of the ecosystem (e.g. floral and
faunal diversity, food chains and food webs, flow of energy and material, water
loss through transpiration, erosion). Many of these environmental impacts
worldwide are discussed by Parker et al. (1999), Van Wilgen et al. (2001) (for
South Africa) and Dukes and Mooney (2004) and include excessive changes in
the fire ecology and changes in soil properties.

There have also been proposals (DeLoach 1984; Pemberton 1985; Water-
house and Norris 1987; Harris 1993) and attempts to apply biological weed
control against native weeds, mainly if the latter have increased in density as
a consequence of overgrazing or other human influences, but these have sel-
dom been carried out and so far have not been successful. In this chapter, we
present data from three projects directed against introduced weeds which
have succeeded in restoring the invaded ecosystems.

We start with the available data on the success rates of projects and agents,
and discuss those weed properties and qualities of agents that have led to the
control of dense weed populations. As an example of a successful project, we
describe the biological control of Carduus nutans in North America by the
introduced seed weevil, Rhinocyllus conicus. We then compare the North
American situation to that in the country of origin. Another case study deals
with the biological control of a small tree, Sesbania punicea, in South Africa.
This was successfully controlled by the interaction of three introduced wee-
vils of South American origin. The third example is the successful control of
the waterweed Salvinia molesta in Papua New Guinea by the weevil Cyrto-
bagous salviniae. The chapter ends with a general discussion of the potential
role of phytophagous insects as a means to restore invaded ecosystems and
ecosystem functioning.
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7.3 Success Rates and Successes in Biological Weed Control

Worldwide, there is a steady increase in the number of biological control pro-
jects against weeds. Crawley (1989a) lists a total of 627 projects carried out
before 1981 and 130 in the following decade. The success rate of these projects
allows an estimation of the proportion of specialized phytophagous insects
having the potential to restore habitats invaded by an alien weed species.
According to a global analysis by Julien (1989), 24 % of the phytophagous
species released are effective biocontrol agents. Laing and Hamai (1976) eval-
uated 57 at least partially successful control projects and reported that 13
(22.8 %) were completely successful. Harris (1984a) estimates that one third of
the 30 biocontrol agents introduced into Canada inflicted major damage to
their target weed species. Crawley (1989a) examined 572 biological weed con-
trol projects and found that only 17 (~3 %) were completely successful while
another 106 (20 %) showed that the introduced agents had a marked impact.
More than 85 species of biocontrol agents have been released against 47 weed
species in South Africa and at least 22 species (47 %) are considered to be
under complete or substantial control (Olckers and Hill 1999).

Figures on the success rates of biological weed control projects vary greatly
and are often based on subjective estimates. Thus, the mass of information
accumulated in Biological Control of Weeds, A World Catalogue of Agents and
Their Target Weeds by Julien and Griffiths (1998) shows that success usually
varies greatly in different regions, and sometimes even in different years in
the same region. They also refer to case studies in which an initial success was
transitory, particularly when the biocontrol agents acquired native enemies
(e.g. Procecidochares utilis on Ageratina adenophora in Australia; Wilson
1969). Another difficulty is the variation in the amount of time required by
single control agents before they adapt to the local conditions in the country
of introduction and become effective, and the general long-term nature of
many projects. Harris (1997) demonstrated this delay effect for three intro-
duced phytophagous species (Chrysolina quadrigemina released in British
Columbia against Hypericum perforatum; Tyria jacobaeae released in eastern
Canada against Senecio jacobaeae; and Aphthona cyparissiae released in east-
ern Canada against Euphorbia cyparissias). It can take many years before
seed-destroying biological control agents show an effect on weed populations,
especially with perennial weeds which have a long-lived seed bank (Neser and
Kluge 1986). Additionally, in many control projects, not a single agent but a
complex of phytophagous species has to become established before an effect
on the target weed population can be achieved (Harris 1991).

However, in spite of these unavoidable inadequacies, the history of biolog-
ical weed control shows that even single phytophagous insect species may
have the potential to eliminate dense covers of single alien species and to
restore the original situation. Some striking examples are the control of

The Potential of Phytophagous Insects in Restoring Invaded Ecosystems 137



Opuntia stricta by Cactoblastis cactorum in Australia (Dodd 1940), of Hyper-
icum perforatum by Chrysolina spp. (Briese 1997), of Carduus nutans by
Rhinocyllus conicus in North America (Andres et al. 1976) and of the shrub
Clidemia hirta by Liothrips urichi in Fiji (Simmonds 1933). In these examples
the success of the biocontrol agent led to the re-establishment of the original
pasture ecosystems. The control of Salvinia molesta by Cyrtobagous salviniae
in Australia and Papua New Guinea (Thomas and Room 1986), and most
recently the dramatic control of Azolla filiculoides by the weevil Stenopelmus
rufinatus in South Africa (Hill 1999), cleared water surfaces formerly com-
pletely covered by alien aquatic weeds and restored the former conditions of
aquatic ecosystems.

About one third of the introduced agents [in Canada 34 % (Harris 1997),
worldwide 34 % (Julien 1989) or 37 % (Crawley 1989a)] fail to become estab-
lished. By far not all of the two thirds of successfully established insect species
in biocontrol projects are effective control agents, and many have only a lim-
ited impact at the ecosystem level. The percentage of effective control agents
varies according to the different authors and their interpretation of success,
and lies between 3 and 30 %. If all phytophagous insects would follow the bot-
tom-up vs top-down control model, the rate of economic success in biological
weed control should be higher since the agents are carefully selected and
introduced without their specific enemies into a new ecosystem where food
abounds and specialized enemies (particularly parasitoids) are absent or
rare. Based on an analysis of Canadian weed projects and supported by their
own investigations, Zwölfer and Völkl (1997) proposed, for phytophagous
insects, the replacement of the dichotomy of a bottom-up and top-down
process by a triangle scheme of population control. In addition to the two
components resource availability and mortality factors (parasitoids, preda-
tors, pathogens), specific stabilizing behavioural patterns, such as density-
dependent dispersal, determine the population densities of phytophagous
insects as the third component. Zwölfer and Völkl emphasized that the under-
utilization of local resources can be adaptive in the sense of ‘spreading the
risk’, i.e. of escaping enemies operating in a density-dependent manner or as
a trade-off between host quantity and host quality.

7.4 Weed Characteristics and Positive Traits of Insects in
Biological Control

The following two sections discuss plant types likely to be affected by insects
with respect to ecosystem functioning and life history features of phy-
tophagous insects, which are likely to have the greatest influence on plant
populations.
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7.4.1 Weed Species

There is a broad consensus among biological control practitioners that the
chances of success are greatest against weed species that are confronted with
many natural enemies in their country of origin, and which have escaped
these in their country of introduction, resulting in serious invasions (Huffaker
1964; Harris 1973b; Huffaker and Messenger 1976; Waterhouse and Norris
1987). In such cases, biological control attempts to substantially reduce the
density of the alien invader and to restore the competitive balance with the
native vegetation (e.g. range grasses), resulting in a shift back to the original
status of the ecosystem. Some new and spectacular successes against aquatic
weeds (Thomas 1985; Julien and Griffiths 1998) show, however, that under
certain circumstances an invading weed can even be controlled by a phy-
tophagous insect in situations in which it is not subject to interspecific com-
petition.

Crawley (1989a) analysed successes and failures in biological weed control
and lists among weeds successfully controlled by insect agents host species
such as Opuntia (cacti), a monocarpic thistle (Carduus nutans), a rhizoma-
tous, polycarpic herb (Hypericum perforatum) and a sterile polyploid floating
fern (Salvinia molesta). This shows that different types of plants can be con-
trolled by insects. An exception are annual weeds of arable land where the
short life span of the plants in combination with crop rotation and cultivation
measures reduces the impact of phytophagous insects. Many failures have
come from perennials with substantial powers of regrowth (e.g. Cirsium
arvense) or perennials with relatively low leaf-nitrogen content (e.g. members
of the Poaceae or Cyperaceae). Myers (1987) emphasized the role of the nutri-
tional status of the host plant and suggested that fertilization of weeds may
facilitate the initial establishment of control agents.

7.4.2 Insect Species

A general review of the influence of phytophagous insects on plant popula-
tion dynamics is given by Crawley (1989b). With regard to biological weed
control, for which only insect species with a narrow and predictable host
range can be used, the impact of monophagous or oligophagous specialists is
of interest. Several authors (e.g. Huffaker 1964; Harris 1973a; Goeden 1983;
Myers 1987; Crawley 1983, 1989a) have dealt with the problem of why among
phytophagous specialists certain species are successful weed control agents,
but others failed. They have proposed that mainly phytophagous insects with
the following attributes may have a substantial impact on target hosts:
– Species with a high intrinsic rate of increase (Harris 1973a; Myers 1987;

Crawley 1987, 1989a), or high voltinism (Harris 1973a).
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– Species that by their feeding activity cause substantial damage per individ-
ual (e.g. destruction of the vascular or mechanical support system; Harris
1973a).

– Gregarious feeders (Harris 1973a).
– Species with a prolonged attack or which attack the host plant in a partic-

ularly vulnerable phase (Harris 1973a).
– Species that damage their host by feeding and thus open the way for subse-

quent infection by fungi and bacteria (Harris 1973a; Moran and Zimmer-
mann 1984; Crawley 1989a).

– Internal feeders that may suffer relatively high rates of attack from para-
sitoids in their native environments but which are relatively safe from gen-
eralist, external natural enemies (Crawley 1989a).

– Species that are subject to extensive mortality from specialized enemies,
including diseases, and are relatively immune to non-specific enemies
(Harris 1973a).

– Species among the native guild of insects attacking a particular plant
species that have evolved under conditions of high mortality from inter-
specific competition and/or specialized natural enemies, a handicap that
makes them good invaders (Zwölfer 1973; Myers 1987).

With regard to host specificity, Harris (1973a) mentioned that oligo-
phagous species (associated with a number of closely related host species or
host genera) have a greater potential than monophagous species. This is par-
ticularly relevant when the target weed is genetically variable and consists of
a polyploid complex of varieties or morphotypes. In addition, species, mainly
leaf feeders, that induce acquired immunity in their perennial hosts are usu-
ally less successful biocontrol agents (Mattson et al. 1988).

7.5 Three Examples of Successful Weed Control

7.5.1 Rhinocyllus conicus on Carduus nutans

Carduus nutans (nodding thistle, musk thistle) and its subspecies are biennial
thistles of European origin which form dense stands on dry, uncultivated
grasslands in many part of North America. On pastureland they can reduce
the grazing area drastically. Stands tend to be self-perpetuating as the death of
the flowering stems in August creates a seedbed largely devoid of competing
vegetation (Harris 1984b). The weevil Rh. conicus, an agent that Crawley
(1989a) gives rank 4 in his list of the 11 most successful individual cases of
weed biocontrol, was introduced from Europe to control C. nutans in Canada
and the USA (Julien and Griffiths 1998). It is a suitable species to illustrate the
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latent potential of certain phytophagous insects to control populations of
their host plant. Zwölfer and Harris (1984) give details on this species that
belongs to a monophyletic group of weevil genera which co-evolved with the
flower heads of ‘thistles’ (i.e. members of the Asteraceae tribe Cynareae). The
species is a cluster of biotypes associated with hosts belonging to the genera
Carduus, Cirsium, Silybum and Onopordum (Zwölfer and Preiss 1983). Screen-
ing tests demonstrated that adult feeding responses were restricted to mem-
bers of the Cardueae subtribes Carduinae and Centaureinae, and that ovipo-
sition and full larval development of the biotype from C. nutans was only
possible on some Carduus and Cirsium spp. Additional tests in Canada con-
firmed these results and showed that the C. nutans strain may occasionally
oviposit on native North American Cirsium spp. In such cases, however, larval
mortality was high. Thus, Zwölfer and Harris (1984) concluded that it was
unlikely that the normally scattered native thistles would be adopted as prime
hosts by the C. nutans strain of Rh. conicus. Between 1992 and 1996, Rh. coni-
cus has increasingly attacked native thistles in the USA (Louda et al. 1997). As
more than one ecotype of Rh. conicus was introduced (Goeden et al. 1984), it
is so far not clear whether the attack on non-target thistles occurred as a con-
sequence of host-range extension or of the introduction of another Rh. coni-
cus biotype. The larvae of the weevil develop gregariously within the imma-
ture flower heads, where they feed on receptacle and callus tissue and destroy
the ovarioles. In our European study areas (Austria, Germany, France), the
impact of Rh. conicus on C. nutans was significantly weakened by the highly
specialized egg parasitoid Pterandrophysalis levantina, three larval and pupal
parasitoid species, intra-guild predation by larvae of pyralids (Homoeosoma
spp.) and by interspecific competition with larvae of the weevil Larinus stur-
nus and the gall-forming tephritid Urophora solstitialis. Nevertheless, Rh. con-
icus does survive within this complex food web. Adults are relatively long-
lived, have a high egg potential and are able to find scattered thistles (Harris
1986). Another advantage of Rh. conicus is its relatively high capacity for dis-
persal (Kok and Surles 1975). Rees (1977) reports flight distances between 7
and 19 km/year. An analysis of the oviposition pattern of Rh. conicus showed
that this species laid its eggs on a much broader proportion of available flower
heads than the other guild members and was therefore able to find competi-
tor-free resources (Zwölfer 1979). As long as its population densities are not
too high, Rh. conicus can adapt its egg load to the varying sizes of the flower
heads chosen for oviposition (Zwölfer 1985). We therefore assume that the
high pressure of mortality factors and its competitive inferiority in its guild of
flower-bud feeders is a selective force which has promoted the efficiency of
host utilization in Rh. conicus.

In Canada and the USA, the introduced Rh. conicus is not exposed to intra-
guild predation, interspecific competition or attack by specialized parasitoids.
It could therefore make full use of its potential as a herbivore and utilize a
much higher proportion of the tissues in flower heads of C. nutans. As an
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example, we compare in Fig. 7.1 the food web studied in 1971 at Munchhouse,
a locality near Mulhouse, Haut Rhin, France (one of the main collection areas
for the export of Rh. conicus to North America) and the situation in the
Galatin valley (Montana, USA) where Rh. conicus was introduced in 1969 and
was annually monitored by Rees (1977). For our comparison, we use his data
from 1977 (Rees 1978), describing the impact of the Rh. conicus 7 years after
its introduction on stands of C. nutans. As a measure of the efficiency of Rh.
conicus, we use the relation of its larval biomass (in milligrams) per dry
weight (grams) of C. nutans flower heads. The autochthonous Rh. conicus
population is integrated into a complex food web, whereas in the allochtho-
nous population in the Galatin valley Rh. conicus is the only consumer in an
extremely simplified food chain. If losses due to parasitoids are corrected
(hatched areas in Fig. 7.1), the Mulhouse food web produced an average of
17.5 mg biomass of surviving third-instar larvae of Rh. conicus per gram of
head dry weight. For corresponding values in the Galatin valley, the data of
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Fig. 7.1. The food web in heads of Carduus nutans, in 1971, near Mulhouse, Haut Rhin,
France (left) and in 1977, the Galatin valley, Montana, USA (right). Size of squares repre-
sents the biomass of living mature larvae of primary consumers (in mg) per flower head
dry wt. (DW) (in g). Hatched areas show proportion of consumer biomass lost to para-
sitoids and a facultative predator (H, Homoeosoma spp.). U, Urophora solstitialis; L, Lar-
inus sturnus; R, Rhinocyllus conicus; S, additional phytophagous insects of minor impor-
tance. Numbers represent the parasitoids: 1, Eurytoma tibialis; 2, E. robusta; 3, Torymus
sp.; 4, Pterandrophysalis levantina; 5, Pteromalus sp.; 6, Bracon minuator; 7, Bracon uri-
nator; 8, Tetrastichus crassicornis. Arrows show the flow of energy and nutrients and
indicate competitive interactions between the consumers. (Modified from Zwölfer 1980)



Rees (1978) allow an estimated 306 mg biomass for 1977. In the Mulhouse
area, the average number of mature larvae/head was 1.6, in the Galatin valley
this increased steadily (1974: 15.6; 1975: 17.8; 1976: 21.3 (Rees 1977) and
reached 28 in 1977 (Rees 1978).

Rh. conicus is attacked by a number of native parasitoids in North America
(Dowd and Kok 1982), but their impact is so far insignificant. The substantial
reduction of seed production in the attacked heads, and of flower production
later in the season, caused by Rh. conicus provided ‘good to excellent control
in many areas, resulting in 80–99 % reduction in the weed’ (Julien and Grif-
fiths 1998). Many authors (e.g. Kok and Surles 1975; Rees, 1977, 1978; Harris
1984a; Zwölfer and Harris 1984) showed that Rh. conicus is capable of restor-
ing the original vegetation in rangeland completely occupied by C. nutans. On
recently disturbed sites denuded of vegetation, C. nutans populations have
survived the attack by Rh. conicus because of a drastic reduction in the com-
petition with other plant species. This shows that the outcome of biological
control can be severely influenced by other ecological processes.

7.5.2 Interactions Between Three Weevil Species in the Biocontrol of the
Invader Sesbania punicea in South Africa

Monitoring the impact of introduced phytophagous insect species on the
dynamics of alien invading trees or shrubs has not been attempted often
because of the long-term nature of these studies. The case of the successful
biocontrol of the leguminous tree Sesbania punicea revealed some important
aspects that have consequences for other similar projects involving trees. The
most recent review of this project is by Hoffmann and Moran (1991b). S.
punicea has invaded many parts of South Africa, in particular rivers and
watercourses where it increases erosion and, through excessive transpiration,
depletes valuable water resources (Hoffmann and Moran 1999). S. punicea is
native to the Parana Delta of South America. It is a small deciduous tree that
lives for about 10 years, and which produces copious numbers of winged pods
containing about ten seeds per pod. Seeds disperse mainly by water. The seed
bank is relatively short-lived, up to about 4 years (Graaf and Van Staden 1984),
and maximum germination from seeds occurs after 2 years. In South America
it is utilized by at least 18 insect herbivore species (Erb 1980). The plant has
become scarce in its native range mainly because of extensive development in
that region. In South Africa, S. punicea suffered negligible damage from local
generalist insect feeders. Four species from its native range were selected for
further studies in South Africa with the intention of controlling large infesta-
tions of the invader, mainly along rivers and wetlands. One species was
rejected, but the remaining three species were eventually released and
included: a bud-destroying and leaf-feeding apionid, Trichapion lativentre, a
seed-feeding curculionid, Rhyssomatus marginatis, and a stem-boring weevil,
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Neodiplogrammus quadrivittatus (Hoffmann and Moran 1999). A post-
release monitoring programme spanning more that 10 years was imple-
mented to evaluate the impact of each biocontrol agent, alone and in combi-
nation with the others, at different time intervals (Hoffmann and Moran
1998). Values for plant and seed survival, seed-set and germination rates for
the various scenarios were used to describe the population dynamics of the
weed and its three natural enemies (Hoffmann 1988; Hoffmann and Moran
1989, 1992a, 1992b). These data were eventually used in simulation models to
predict the outcome of the project and to help in planning a long-term bio-
logical and integrated control programme (for a detailed account of the
model see Hoffmann 1990).

7.5.2.1 The Seed-Destroying Agents: Trichapion lativentre and
Rhyssomatus marginatus

The bud-feeding weevil T. lativentre consistently destroys 98 % or more of
the annual pod production when plants are growing in dense aggregations.
A smaller proportion of pods are destroyed in areas where the plants grow
isolated (Hoffmann and Moran 1992a). In spite of this significant impact on
seed production by T. lativentre, S. punicea still produces some seed pods
that replenished the seed bank and this ensures that the population persists.
The seed-weevil R. marginatus was then released to reduce seed production
even further. The weevil is able to locate and destroy between 49 and 86 %
of the isolated seed pods that have escaped T. lativentre. Its unique oviposi-
tion behaviour ensures that eggs are well dispersed over the available food
resource, which minimizes intraspecific encounters (Hoffmann and Moran
1992b). It is equally as effective on isolated as on aggregated trees. In field
observations, the bud-feeding weevil T. lativentre alone had no significant
effect on the density of mature S. punicea plants, although the density of
seedlings declined significantly with the number of years that T. lativentre
was present (Hoffmann and Moran 1999). However, in combination with R.
marginatus, the seed set was reduced by up to 99.7 % (Hoffmann and Moran
1992b), with one site showing a highly significant decline of mature plants.
When applying these data to the simulation model (Hoffmann 1990) with
and without these two seed-destroying agents, the population dynamics
showed that at year 25 the weed population equilibrates at a mean density of
about 25 plants/10 m2 and that the weevils have no impact on plant density
for the first 3 years after release. However, after 3 years, when the seed bank
is reduced because of reduced germination in combination with a reduction
of the seed-rain and natural mortality, the recruitment of new plants into the
population drops and the population declines as the older trees die. The
model shows that a reduction of less than 95 % does not adequately control
the weed within 25 years after release of the weevils and that satisfactory
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control is only achieved within 10 years when seed-set is reduced by 99 %
(Hoffmann 1990). The model reflects long-term field observations on S.
punicea. Similar conclusions were also made in areas where two seed-reduc-
ing agents were used in the biological control of another perennial invading
tree in South Africa, Acacia longifolia. In this case, a consistent reduction of
seed production of between 85 and 100 % since the late 1980s has been
achieved (Dennill and Donnelly 1991), and, in addition, the slow decline of
populations has recently been noted. The slow rate of decrease of weed pop-
ulations with such high levels of seed reduction was disconcerting at times,
especially with plants with long-lived seed banks. However, in combination
with the mechanical clearing of mature plants and/or in combination with
fire in the case of A. longifolia, the process of population decline was con-
siderably accelerated.

7.5.2.2 The Stem-Borer: Neodiplogrammus quadrivittatus

Initially, this univoltine weevil did not seem to be a promising biocontrol
agent because of its slow rate of increase and its poor dispersal abilities.
Females oviposit a single egg in a young branch or stem. The larvae feed
underneath the bark, destroying the vascular tissues as they move downward,
often reaching the root crown. Large S. punicea plants are often killed by a
small number of larvae. Hoffmann and Moran (1991a) have described the
impressive control of S. punicea caused by this weevil throughout the country,
particularly with large plants in dense infestations. The introduction of N.
quadrivittatus had a drastic effect on the population dynamics of the weed. In
long-term field observations (Hoffmann and Moran 1992b) the combination
of T. lativentre and N. quadrivittatus induced a significant reduction in the
density of mature plants. In the presence of all three weevils, there was a
highly significant decline in the overall density of plants. Although it was not
possible to measure the effect of either R. marginatus or N. quadrivittatus
alone on the population dynamics of the weed, evidence from the simulation
model (Hoffmann 1990) and from manual clearing operations showed that
neither agent on its own would have provided satisfactory control of the
invader. In combination, however, T. lativentre and N. quadrivittatus resulted
in a significant reduction of mature plants as was confirmed in 10-year-old
population studies (Hoffmann and Moran 1999). The killing of the older
plants by N. quadrivittatus in the simulation model enhanced the survival of
the younger plants, which more than compensated for the loss of the older
plants. Plant population levels consequently increased but only to be reduced
again by subsequent attacks of the stem-boring weevil. This accounts for the
initial large fluctuations in the model, which did not persist, as the population
of the weed eventually declined because of the destruction caused by the wee-
vil (Hoffmann 1990).
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When all three natural enemies were present in a weed population, there
was little seedling recruitment following the destruction of the larger plants
by the stem-borer and control was achieved much earlier and was more suc-
cessful. In practice, the combined effect of these biocontrol agents has
reduced populations of the weed to levels below economic thresholds. Even
where the seed-set is reduced by only 75 % by the two seed-destroying wee-
vils, control would still be achieved as indicated by the model. Hoffmann and
Moran (1991b) showed that predictions of the model were reflected in the
results of two detailed, long-term studies on S. punicea. The model as
described by Hoffmann (1990) allows prediction of the degree of control that
can be expected from a single census of the age structure of the weed popula-
tion approximately 4–5 years after the release of the weevils. Early detection
of effectiveness of biological control will be crucial to design overall manage-
ment operations and to decide whether other control methods, beside biolog-
ical control, will be needed.

Considerably more effort has been spent on post-release evaluations of
this biological control programme against S. punicea in South Africa than is
normally the case, and it can now be stated that S. punicea is under complete
control. Large scattered infestations have now changed to isolated plants and
occasional small clumps, which do not pose a threat to ecosystem functioning
or to agricultural resources. Unfortunately, the study did not include the suc-
cessive processes that lead to ecosystem restoration after biological control of
the invasive species.

Compared to other control methods, biological control has the advantage
that the course of control is gradual, allowing natural processes to drive reha-
bilitation without further intervention. The remarkable recovery of the Fyn-
bos vegetation in the western Cape after the successful control of Acacia
saligna using the rust fungus, Uromycladium tepperianum, (Morris 1999)
after a period of 10 years was significant. This study also supports the con-
tention that “agents that reduce seed set or destroy seeds of their host plants
should be used routinely as a first line of attack in the biological control of
weeds” (Hoffmann and Moran 1998). South African biocontrol programmes
rely heavily on agents that prevent seeding. It was more by good fortune
rather than by deliberate design that this particular sequence of releases of
biological control agents happened to be the ideal sequence. Ideally all new
biocontrol projects should be carefully designed around the biology of the
weed.

7.5.3 Aquatic Weeds

Over the last 20 years, some remarkable successes in biocontrol have been
achieved against aquatic weeds that form floating mats. An example is
Salvinia molesta, a water fern of South American origin, which is a serious
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weed outside its native range. Here, floating mats can reduce or prevent the
use of water for transport, fishing and watering of stock. They may cause
flooding where Salvinia reduces the flow of water after heavy rain. Mats of
Salvinia inhibit photosynthesis and oxygenation of submersed plants, they
taint water for human consumption and are a risk for the survival of native
plant and animal species (Harley and Mitchell 1981). During several surveys
in South America, where Salvinia is native, a total of 12 insect species were
found to feed on it. The release of the weevil Cyrtobagous salviniae in Aus-
tralia and Papua New Guinea resulted in the spectacular control of Salvinia
molesta. Between 1972 and 1980, continuous mats of Salvinia molesta occu-
pied about 250 km2 of the River Sepik area in Papua New Guinea, which led to
the abandonment of many villages. Releases of C. salviniae started in 1982. By
August 1985, the total area covered by the weed in the Sepik region had
dropped from about 250 to 2 km2 and village life had returned to normal
(Waterhouse and Norris 1987).

Whereas in Australia C. salviniae multiplied immediately after release, in
Papua New Guinea the nitrogen level in the Salvinia tissues was too low for
the nutritional requirements of the weevil. To start a population outbreak, an
initial and locally limited fertilization of Salvinia with urea was necessary.
The activities of Cyrtobagous then caused an abrupt rise in the nitrogen level
of any undamaged Salvinia buds and this enriched food enabled more wee-
vils to thrive (Waterhouse and Norris 1987). It is also remarkable that a closely
related sibling species, Cyrtobagous singularis, which in its native area is asso-
ciated with Salvinia auricularia, failed to build up populations on Salvinia
molesta, in spite of a very similar biology (Waterhouse and Norris 1987). This
shows the importance of subtle biological differences between agents which
can determine the success or failure of a biocontrol project.

7.6 Discussion and Conclusions

The influence of phytophagous insects on the structure and function of
ecosystems differs greatly from the clear impact of large herbivorous mam-
mals such as many ungulates. Thus, there is little doubt that the coevolution of
megaherbivores with the vegetation (McNaughton 1991) was one of the deter-
minants in the evolution of grassland ecosystems. In phytophagous insects,
the interactions with the plant community of terrestrial ecosystems are much
more subtle and are integrated into a much more complex system of ‘checks
and balances’. With regard to undisturbed ecosystems, only a few cases are
known in which native phytophagous insects have an obvious and profound
impact on ecosystem structure and function. An example is the North Amer-
ican spruce budworm, Choristoneura fumiferana, whose spectacular out-
breaks are a driving force in the dynamics of Abies balsamea forest ecosys-
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tems (Clark and Holling 1979). As projects of biological weed control operate
in ecological systems disturbed by man, they do not allow conclusions con-
cerning to what extent phytophagous insects are able to influence the ecology
and evolution of undisturbed ecosystems. However, the successes in the bio-
logical control of weeds demonstrate that certain allochthonous insect species
have the potential to clear sites from an invading allochthonous weed species
or to reduce the density of a weed to such an extent that the former vegetation
(and hence the former community structure) or a cleared water surface is re-
established.

Invasive alien weed species usually possess an increased reproductive and
competitive potential, as they have no specialized antagonists in their new
environment (Andres et al. 1976). Biological control projects use a similar
principle for the suppression of such species: the foreign agent is introduced
without specialized enemies and/or pathogens, which theoretically allows an
unrestricted utilization of its resource. This measure, however, is often not
sufficient, as incomplete adaptation to the abiotic and biotic conditions of the
new ecosystem may prevent the establishment of the agent. Furthermore,
even if an agent is successfully established, behavioural stabilizing mecha-
nisms (such as density-dependent dispersal) may reduce its impact on its host
plant to such an extent that it does not become a control factor. The example
of Rh. conicus on C. nutans shows that phytophagous species that have
evolved under extreme conditions of competition and enemy pressure may be
particularly successful in a new environment.

There is an important difference in the insect–plant interactions in the bio-
logical control of weeds in terrestrial ecosystems and of floating aquatic
weeds. The usual goal in biological control projects against terrestrial weeds
is to substantially reduce the density of the invader by weakening its repro-
ductive potential and its competitive stress on the vegetation of the ecosys-
tem. This can restore and stabilize the former community together with resid-
ual individuals of the invading weed species. In this way, the energy flow of the
ecosystem, which was formerly blocked by the invading population, is
restored and a multitude of food webs can form anew. Former pasture
grounds became again accessible and could be used again by grazing animals
(Holloway 1964; Zimmermann et al. 1986). Injury to livestock by the poiso-
nous alien weed Hypericum perforatum ceased, as the weed was reduced to
1 % of its former density by Chrysolina spp. In California, such biological con-
trol was successful on over 2 million acres of range land (Holloway 1964). If
the targets of a successful biological weed control were invasive shrubs or
trees, valuable water resources were regained (Hoffmann and Moran 1999),
soil properties restored and species diversity increased. Several studies in
South Africa have demonstrated these impacts and their effect on ecosystem
functioning caused by woody alien plant invaders (Musil and Midgley 1990;
Witkowski 1991; Le Maitre et al. 1996; Holmes and Cowling 1997). In contrast,
the biological control of floating aquatic weeds attempts simply to clear the
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water surface from an invader. In spite of initial skepticism, the recent suc-
cesses in the biological control of aquatic weeds (Waterhouse and Norris
1987; Julien and Griffiths 1998) show that certain phytophagous insect species
can eliminate dense mats of an invading floating weed species even if there is
no competing vegetation. This means that biocontrol agents exist which are
powerful enough to control a weed permanently by direct effects and not
indirectly by reducing its competitive capacity. The effect of initial fertiliza-
tion with urea on the control of Salvinia molesta corresponds with Australian
experiences during the control of prickly pear with Cactoblastis cactorum.
There, in an area with poor soil, successful control was achieved only after
nitrogen fertilizer improved the quality of the weed (Myers 1987). The results
of these fertilizer experiments are interesting examples of the ecological
‘paradox of enrichment’ (Rosenzweig 1971).

One of the major drawbacks in biocontrol of weed projects is the large
number of failures and the unpredictability of project outcomes. Some guide-
lines that could increase the chances of finding ‘winners’ were listed above,
but there are many exceptions that question the validity of each generaliza-
tion. The high cost of developing a biocontrol agent to the point of release is a
compelling reason why more research is warranted into the methodologies
and selection processes of new biocontrol agents. The new tools offered by
DNA analyses that allow us to do exact matching of host and predator will
certainly increase the success rate, as is the ability to select climatically
adapted biotypes of a species.

Reuniting neophytes with their key associated phytophages provides
unique and one–off opportunities to study plant–insect interactions, even
more so if the phytophages are released in sequence and in various combina-
tions, and with or without predation at higher tropic levels. The value of these
studies increases further when they can be supported with detailed studies of
the plant dynamics as affected by the complete set of associated phytophages in
the invader’s country of origin.The long-term project on the biological control
of thistles is one example (Harris 1984a; Kruess et al., Chap. 8, this Vol.).

Well-monitored biological control projects of weeds have certainly con-
tributed more than is generally realized to our knowledge on the impact of
insect phytophages on plant populations. Unfortunately, many countries, par-
ticularly in the developing world, do not have the capacity and means to cap-
ture all the processes in play after an alien plant has been reunited with one of
its key natural enemies. Most of the funding bodies for biocontrol projects are
also reluctant to finance long-term monitoring effects and usually insist on
quick results from ‘winners’. An increased emphasis on follow-up studies of
successful projects of biological weed control and systematically conducted
analyses of failures would certainly not only facilitate decision-making
processes for practitioners of biological weed control but also extend our
understanding of the impact of phytophagous insects on ecosystem function-
ing.
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8 Plant–Insect–Pathogen Interactions 
on Local and Regional Scales

A. Kruess, S. Eber, S. Kluth and T. Tscharntke

8.1 Summary

In many plant communities, weeds are important drivers of ecosystem
processes, but natural enemies may control their growth and population
dynamics. These enemies may directly reduce plant growth by grazing or
infection, or indirectly enhance plant susceptibility to other enemy species.
The role of insects as vectors of plant pathogens has thereby often been
underestimated but appears to be widespread and important. Crucial for the
understanding of such plant–enemy interactions is the consideration of
processes on local and regional scales. We analysed the effects of herbivore
and pathogen attack and their interactions using the weed creeping thistle,
Cirsium arvense, as a model system. Local thistle patches were limited by the
thistles’ low competitive ability in secondary succession, by pathogens and
insects and by the disturbance or management of habitats. The regional
dynamics of C. arvense were mainly driven by human activities and showed a
mosaic of increasing and decreasing local patches with low persistence. High
patch turnover rates and subsequent small average patch sizes limited the
success of herbivore populations.

Furthermore, we analysed thistle–herbivore–pathogen–parasitoid interac-
tions on different spatial scales in a landscape context. Interactions between
C. arvense and either insect herbivores or rust pathogens were related to land-
scape context at large spatial scales (3,000 m radius of landscape sector),
whereas herbivore–parasitoid interactions were influenced at smaller scales
(750 m). Hence, species at higher trophic levels appeared to have a smaller
range of dispersal than those at lower levels. These marked spatial differences
emphasize the need to consider both local and landscape management in bio-
logical control. In general, such an approach may help to explain the dynam-
ics of plant populations in dependence on possible control by insects and
pathogens which can affect the plants’ influence on ecosystem processes.
However, the potential of facilitation among the plants’ antagonists via plant-
mediated indirect interactions or with insects as vectors of pathogen spores
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and their dependence on species-specific spatial scales need much more
experimental evidence.

8.2 Introduction

No organism lives isolated, and the interactions between organisms and their
biotic and abiotic environment are the ecological functions determining pat-
terns and processes in ecosystems. The numerous complex, direct and indi-
rect, interactions often connect taxonomically remote organisms, which is
well known from a natural-history perspective. This real-world complexity,
however, has only recently been acknowledged by ecologists (Janssen and
Sabelis, Chap. 9, this Vol.). Thus the focus in ecology is switching from the tra-
ditional study of simple communities and interactions to approaches consid-
ering the effects of multiple trophic levels for the distribution and abundance
of populations (Gange and Brown 1997; Schmitz et al. 2000; Tscharntke and
Hawkins 2002; Schmitz, Chap. 14, this Vol.). Along with the incorporation of
the complexity found in nature goes the realization that local interactions and
community structure are directly affected by landscape structure, and that
populations therefore need to be studied at different spatial scales (Kareiva
and Wennergren 1995; Wiegand et al. 1999).

In this chapter, we analyse plant populations and their complex interac-
tions with natural enemies. In plant communities, weeds are well known to
greatly affect ecosystem processes. In Germany, more than half of the sprayed
pesticides are herbicides, indicating how fundamentally weeds influence
processes in man-made ecosystems. In the USA, invasive species have been
implicated for 49 % of the cases of endangered species and cause high costs of
about US$ 30 billion per year. Invasive plants contribute substantially to these
figures with 57 % of imperilled plants threatened by invasive species (Wilcove
et al. 1998; Zwölfer and Zimmermann, Chap. 7, this Vol.).

Plant competition is usually thought to be the dominant driving force of
plant community dynamics, but top-down effects by herbivory have also been
shown to alter plant community structure and ecosystem processes (Hulme
1996; Mulder et al. 1999; Wilby and Brown 2001). Although weeds are impor-
tant drivers of ecosystem processes, little is known about how their natural
antagonists feeding on vegetative or reproductive parts of the plant affect
plant growth and its overall population dynamics. The influence of these
antagonists, such as insects and pathogens, on weed performance will be an
important topic of this chapter. Starting with a more general overview on bio-
logical weed control and ecosystem processes we will give examples from
classical biological weed control and then shift to plant–pathogen–herbivore
interactions. The latter will lead to our own case studies on weed–herbi-
vore–pathogen interactions, which focus on one of the most important weeds
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worldwide, creeping thistle, Cirsium arvense (Asteraceae). We will deal with
the influence of weed population dynamics on local processes and with dis-
persal patterns and population dynamics of weed antagonists. Since local
processes depend not only on habitat factors, our focus will be on both local
and landscape scales. Data of a long-term study on the temporal dynamics of
a weed and weed antagonists are presented. This will also illustrate the impor-
tance of long-term studies – still in shortage in ecological research – for
analysing regional patterns and processes.

8.3 Biological Weed Control, Interactions 
and Ecosystem Processes

8.3.1 Classical Biological Control

Examples from classical biological weed control show that insects and
pathogens may have an important impact on individual plant species
(Zwölfer and Zimmermann, Chap. 7, this Vol.). The suppression of weed pop-
ulations by such antagonists can restore formerly weed-degraded ecosystems,
as was shown by the local eradication of Opuntia cactus in Australia through
feeding damage of the introduced moth Cactoblastis cactorum (Pyralidae)
and subsequent infection with bacteria and pathogens (Dodd 1940).

Given that insects are ubiquitous and numerous in plant communities, a
negative influence of insects on primary production is to be expected. How-
ever, their effects on net primary production (NPP) are controversially
debated (Crawley 1989a; Weisser and Siemann, Chap. 1, this Vol.). One argu-
ment for a limited effect of herbivores on NPP was the presumed population
limitation of herbivores by natural enemies (Hairston et al. 1960). In this
context, it has been suggested that the outcome of herbivory and herbivore-
control may depend on productivity (Oksanen et al. 1981; Coley et al. 1985).
More recently, this debate has shifted from top-down vs. bottom-up effects
towards hypotheses on how these different forces may work together in
structuring communities, altering complex food webs and maintaining bio-
diversity (Leibold 1996; Persson 1999; Dunne et al. 2002; Dyer and
Letourneau 2003).

Concerning weeds and invasive plants, there is clear evidence that both can
have negative effects on biodiversity and ecosystem processes (Gordon 1998;
Wardle 2002). For instance, the salt cedar Tamarix ramosissima, a Mediter-
ranean invader into the USA, can lower the water table due to its deep roots
and hence drain desert oases (Vitousek 1986). The nitrogen-fixing shrub
Myrica faya was introduced from the Azores to Hawaii, where it colonizes lava
flows. By enriching the soil with nitrogen, this species affects soil processes,
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productivity and the structure of the subsequent early-successional plant
communities (Vitousek and Walker 1989).

On the other hand, weeds and invasive plants can function as beneficials in
agro-ecosystems by providing nectar for insect pollinators, by attracting nat-
ural enemies (Root 1973), by reducing erosion, by conserving soil moisture
and enhancing nitrogen content in the soil (Gliessman et al. 1981; Marshall et
al. 2003). High quality biomass and litter produced by invasive plants can
improve decomposition or alter decomposer community structure, thereby
influencing the availability of nutrients. The European grass Agrostis
stolonifera, introduced to the subantarctic Marion Islands, affected several
components in the decomposer community. Thereby some species were sup-
pressed, others enhanced (Gremmen et al. 1998).

In most cases, herbivores and pathogens affect plant growth, reproduction
or other fitness parameters in a negative way. This is the case for most of the
economically important insect and pathogen pests attacking crops. Weeds
also suffer from their insect and pathogen load, but these effects are less rec-
ognized. Frequently the impact of natural enemies on weeds only becomes
apparent when the weed is released from enemy attack. The fact that many
alien plant species became important weeds after introduction was attributed
to this release from enemy pressure (Blossey and Nötzold 1995; Klironomos
2002) and was stated as the ‘enemy release hypothesis’ (Keane and Crawley
2002). The great success of some classical approaches of biological weed con-
trol by re-establishing weed–enemy interactions supports this idea. The
control of klamath weed (Hypericum perforatum) in California after the intro-
duction of two leaf beetles, Chrysolina hyperici and Chrysolina quadrigemina,
is one of the most impressive examples in the recent past, where insect herbi-
vores were able to suppress a weed (DeBach 1964). Another example is the
successful control of skeleton weed (Chondrilla juncea) by the rust Puccinia
chondrillae in Australia (Burdon and Marshall 1981), which was the first
intentional use of a plant pathogen for biological weed control.

Hence, depending on various factors, such as the spatio-temporal dynam-
ics of weeds and their antagonists, and on the outcome of species interactions,
biological control of weeds and invasive plants by their antagonists will result
in either positive or negative effects on biodiversity and ecosystem processes.

8.3.2 Plant–Pathogen–Herbivore Interactions

Low-level herbivory by herbivores or pathogens can induce compensatory
plant growth and thereby enhance both plant productivity and reproduction
(McNaughton 1983; Trumble et al. 1993). Although compensatory responses
tend to counteract the harmful effects of herbivory, there is no clear experi-
mental evidence for perfect compensation or even overcompensation (as has
been, for example, discussed with respect to grass–grazer mutualism: Owen
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and Wiegert 1976; Detling 1988). Symptom-less endophytic fungi are known
to attack grasses without reducing host vitality, and may even improve host-
plant tolerance to abiotic and biotic stress (Siegel 1993). There is evidence,
however, that acquired resistance against herbivory by endophytes is costly to
the plant, and that the production of alkaloids may be nutrient-limited (Chep-
lick et al. 1989; Faeth and Bultman 2002).

When herbivores and pathogens share the same host, the overall negative
effect on plant fitness will depend on the partial impact of each antagonist
and also on the outcome of interactions between them. These herbivore–
pathogen interactions can be classified as direct and indirect effects, whereby
indirect interactions are mediated by the shared host plant (Hatcher 1995).
For instance, plant growth changes in response to the attack of one natural
enemy may affect the performance of the other antagonists. A positive indi-
rect interaction occurs when a pathogen infection leads to an increase in the
nutritional quality of the host, for example when aphids on infected thistles
profit from increased levels of free amino-acids in the phloem (Kluth et al.
2002). Hatcher and Paul (2001) found a negative indirect interaction between
herbivory and pathogen infection: feeding of the leaf beetle Gastrophysa
viridula on Rumex obtusifolius induced a systemic resistance that reduced the
subsequent infection by the rust Uromyces rumicis. Stem-boring insects such
as flea beetles of the genus Phyllotreta can advance infection with Phoma
lingam (blackleg) because they create entry holes for the pathogen which is
hardly able to penetrate undamaged live tissue (Hoffmann et al. 1994).

Examples of direct interactions are the grazing of insects on fungal tissue
or spores which reduces plant disease caused by the pathogen. High densities
of larvae of the beetle Phalacropis dispar can completely consume the aecia of
the western pine stem rust fungus (Steiner 1984).

The combined attack of weed antagonists usually results in negative fitness
consequences. Hatcher (1995) classified four categories of possible interac-
tion effects: synergistic, additive, equivalent and inhibitory. Hence, the combi-
nation of weed antagonists in biological control does not generally lead to
better results than the use of a single agent, depending on the species-specific
interaction types.As pointed out by Hatcher and Paul (2001), the understand-
ing of these interactions is still limited and thus the success of biological weed
control is hardly predictable (Crawley 1989b).

In addition to this lack of local studies on plant–enemy interactions, valu-
able information gets even scarcer where larger spatial scales are concerned.
Little is known about landscape effects on biotic interactions (but see Didham
et al. 1996; With et al. 1997; Thies and Tscharntke 1999; Östman et al. 2001;
Kruess 2003a, b; Thies et al. 2003), except that populations of higher trophic
levels appear to be more susceptible to landscape changes (Kruess and
Tscharntke 1994; Roland and Taylor 1997; Holt et al. 1999; Steffan-Dewenter et
al. 2002). Success in the management of weeds requires more detailed analy-
ses of the mechanisms driving plant population dynamics (Müller-Schärer et
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al. 2000; Hatcher and Paul 2001) and needs to include studies on much larger
spatial and temporal scales. In the following chapter we present recent case
studies on the weed Cirsium arvense and its antagonists. We will illustrate the
complexity of this plant–herbivore–pathogen system and its spatio-temporal
dynamics with respect to local and regional habitat management in agricul-
tural landscapes.

8.4 Creeping Thistle, Insects, Pathogens and Processes

8.4.1 The Creeping Thistle (Cirsium arvense)

The notorious creeping thistle [Cirsium arvense (L.) Scop. (Asteraceae)] is one
of the most persistent, competitive and widespread weeds in Europe
(Schroeder et al. 1993). It is a perennial, dioecious, clonal plant typical of early
successional, ruderal communities (Hegi 1987). Its extensive seed bank
(Thompson et al. 1997), huge seed production and ability for clonal growth
promote a wide distribution in agricultural landscapes. Vegetative reproduc-
tion can arise from adventitious root buds or from old stem bases (Donald
1994), and may extensively expand horizontally. C. arvense can produce fertile
seeds in high abundance, but the importance of sexual reproduction and seed
dispersal has been discussed controversially (Heimann and Cussans 1996;
McClay et al. 2001). Population dynamics of C. arvense strongly depend on
management and disturbance frequency. In the first 3 years after successful
colonization, net primary production of C. arvense is very high so that the
thistle can build up large and dense populations within a few years. This is fol-
lowed by a gradual decline of the populations during the following years
(Denys and Tscharntke 2002; Kruess et al., unpubl. data) due to a shift from
sexual to asexual reproduction and a low competitive ability of the thistle
(Donald 1994). Thereby, grazing or mowing will promote the decline of C.
arvense in grasslands, along with increasing competition by perennial
grasses. In arable fields, the abundance of the thistle is influenced by crop
rotation and tends to be stabilized by continuing disturbances (Donald 1994).

The creeping thistle has been accidentally introduced into many countries
(Moore 1975), causing dramatic weed problems, particularly on arable land in
the temperate regions (Holm et al. 1977). In North America it is listed as a nox-
ious weed in 35 US states (Skinner et al. 2000). However, in a long history of
North-American trials of classical biological control introducing insects and
pathogens, little has been achieved (e.g. Peschken 1981, 1984; McClay et al.
2001). In Europe, problems with C. arvense are on the rise because changes in
land management and restrictions in chemical weed control promote the
spread of the thistle in ecological compensation areas and on organic farms.
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With little European tradition in the use of natural enemies for weed control
(Müller-Schärer and Scheepens 1997), the scientific interest in the biological
control of C. arvense has been limited (Schroeder 1980), but is now increasing.
Thereby, the main focus is on the use of indigenous insects and pathogens
(Frantzen 1994a, b; Frantzen and Van der Zweerde 1994; Völker and Boyle
1994; Guske et al. 1996; Friedli and Bacher 2001a, b; Kluth et al. 2001, 2002,
2003; Kruess 2002). One of the main questions is now how the biological con-
trol of C. arvense is influenced by spatio-temporal dynamics of the weed and
its antagonists on different spatial scales.

8.4.2 Interactions Between Pathogens and Insect Vectors on a Local Scale

Weed antagonists may show inhibitory or facilitating interactions mediated
by species-specific plant responses. Kruess et al. (unpubl. data) studied the
effects of the two pathogens Puccinia punctiformis and Phoma destructiva
and the leaf-feeding beetle Cassida rubiginosa. They found that leaf feeding
and subsequent infection with P. punctiformis or P. destructiva decreased the
weight of thistle flower heads, whereas in the non-infected, beetle-only con-
trols their weight even increased. This indicated a negative synergistic effect
of these antagonists on the development of reproductive thistle structures. A
systemic infection with thistle rust can also cause a reduction in the number
of flower buds of more than 90 % (Watson and Keogh 1980). Thereby, seed-set
is dramatically reduced. In addition to these negative effects on reproductive
structures, systemic rust infections alter the growth of thistle shoots: infected
shoots were up to 50 % thinner and smaller (Kluth et al. 2001), so that above-
ground biomass was significantly reduced. A systemic infection with the
pathogen P. destructiva also decreased thistle growth and biomass. Infected
shoots were significantly thinner and the number of leaves per shoot was
more than 30 % reduced (Kruess 2002).

Enhancement of pathogen infection by insect attack is a promising idea for
biological weed control. In a common-garden experiment, simulated her-
bivory (wounding of leaves) increased infection of the rust P. punctiformis,
evaluated by the number of uredosori on the leaves (Kluth et al. 2001). As
wounding of plants was carried out immediately before spore inoculation, the
impact of possible plant defence mechanisms might have been reduced.

These results show that herbivore attack may not only stress a plant, caus-
ing growth reductions, but also facilitate pathogen infection. In addition to
this mechanism of pathogen facilitation, insects may be effective vectors of
rust spores. The aphids Uroleucon cirsii L. and Aphis fabae ssp. cirsiiacan-
thoidis Scop. and the leaf beetle C. rubiginosa caused infection on formerly
healthy thistles when transferred from infected leaf tissue to healthy plants
(Fig. 8.1; Kluth et al. 2002). The aphids profited by an infection of their host
plant and formed larger colonies than on control plants, presumably due to an
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increase in free amino-acid concentrations in the phloem (Kluth et al. 2002).
However, insect facilitation of pathogens can also result in an antagonistic
interaction. The leaf beetle C. rubiginosa served as a good spore vector, but
was negatively affected by pathogen infections causing enhanced mortality
and development time (Kluth et al. 2002; Kruess 2002). Similarly, Friedli and
Bacher (2001a) observed insects as vectors of thistle rust.When females of the
weevil Apion onopordi were placed on potted experimental thistles, the per-
centage of systemic rust infection increased. Weevils profited from infecting
thistles, reaching higher weights when they hatched from the roots of infected
plants.

Hence, phytophagous insects may contribute to biological control in dif-
ferent ways. First, they often reduce plant growth by grazing. Second, they may
be important seed predators, also shown for thistles (Kruess et al., unpubl.
data). Third, insects may weaken plant defences or enhance food quality of
plants, thereby facilitating further antagonists such as pathogens (or vice
versa, pathogens may facilitate insect populations). Fourth, they are often vec-
tors of plant pathogens, thereby enhancing infection rates, as shown for sys-
temic thistle rust which greatly reduces thistle fitness. However, depending on
the species involved, the plant-mediated interactions between herbivores and
pathogens may range from mutualistic to antagonistic, causing higher as well
as lower damage of creeping thistle compared to the attack of a single agent
(see Sect. 8.3.2).
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Fig. 8.1. Insects as vectors of rust
spores. Sorus density on thistle
leaves with herbivores originating
from healthy plants (white bars) or
thistle leaves infected with uredin-
iospores of Puccinia punctiformis
(shaded bars); Mann-Whitney U-
test: Aphis fabae: U=52, n=32,
P=0.003; Uroleucon cirsii: U=42,
n=30, P=0.003; Cassida rubiginosa:
U=68, n=30, P=0.067. Comparison of
control with treatments with A.
fabae ssp. cirsiiacanthoidis, U. cirsii
and C. rubiginosa taken from healthy
leaves; Kruskal-Wallis-ANOVA, not
significant. (After Kluth et al. 2002)



8.4.3 Regional Dynamics of Cirsium arvense 
and an Associated Herbivore

The spatial and temporal dynamics of C. arvense in an agricultural landscape
typical of central Europe have been described in Eber and Brandl (2003).
Patches of C. arvense were found to be dynamic in space and time, whereby
both the population and spatial dynamics were related to patch size. There
was a characteristic patch size distribution, estimated as the number of plants
per patch, with a marked skew towards many more small than large patches.
Plant density within patches was fairly constant. The rate of increase of
patches decreased with patch size, whereby large patches tended to have rates
below one, and small ones rates above one with a net increase in their plant
number. There was considerable turnover of thistle patches with a mean
annual extinction rate of 28 %, which was negatively correlated with patch
size (Fig. 8.2) and mainly caused by mowing and other human influences, and
by apparently random events. Despite high extinction rates C. arvense patches
were common in the study area, suggesting a successful recruitment strategy
which provided about 36 % of the total number of patches found in any one
year. This ability to persist regionally is due to a high seed production, and to
a large and persistent seed bank (Thompson et al. 1997). Frequent distur-
bances, mostly caused by human activities, provide sites for recruitment from
seeds and establishment of new patches. Established C. arvense clones can
spread up to 12 m per year and ‘forage for good conditions’ (Chancellor 1970).
Hence the distributional pattern of C. arvense in the study area was very
dynamic, whereby large patches represented more persistent elements in the
landscape, whilst small patches appeared and disappeared with high turnover
rates.

These temporal and spatial dynamics of C. arvense typical for semi-natural
areas in central Europe are crucial for associated endo- and ectophagous her-
bivores. Following the spatial distribution of its host plant, the specialized
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Fig. 8.2. Annual extinction probability of
C. arvense patches with increasing patch
size estimated from a logistic regression
(P<0.001, n=1,264 in 5 years). Histogram
gives the distribution of patch size for all
patches recorded during the 5-year sur-
veys. (After Eber and Brandl 2003)



tephritid stem gall U. cardui forms a metapopulation consisting of local sub-
populations on spatially distinct thistle patches (Seitz and Komma 1984;
Jeltsch et al. 1992; Eber and Brandl 1994, 1996). Due to high rates of parasitism
and to stochastic events, subpopulations go extinct at an annual rate of
around 30 %. The risk of extinction showed a negative relationship with local
population size, as well as with patch size and neighbourhood density. Extinc-
tions are balanced by similar rates of colonization of unoccupied thistle
patches. The colonization rate was highest in years with low rates of para-
sitism, and was positively correlated with patch size and neighbourhood den-
sity.

The influence of the dynamics of C. arvense on the density and occurrence
of its herbivore was most obvious during a period of patch fragmentation
(Eber and Brandl 2003).As the number of C. arvense patches in the study area
almost doubled with a three-fold decrease in the mean patch size (Fig. 8.3A,
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Fig. 8.3. Number of Cirsium arvense
patches (A), mean patch size (B), as well
as occupancy (C) and total gall number
(D) of its specialist herbivore Urophora
cardui in the study area during the 5-
year survey period. (After Eber and
Brandl 2003)



B), there was a simultaneous decline in the occurrence and density of the her-
bivore. Occupancy of the tephritid fly U. cardui dropped from 26.8 % to
around 6 % (Fig. 8.3C) and the total number of galls decreased from 2,900
galls to a minimum of 150 galls (Fig. 8.3D). Patch size was the key factor in this
decline of the herbivore, reducing the colonization probability and increasing
the extinction rates of U. cardui populations. The dynamics of the host plant
exacerbated this effect in that small and newly founded patches had a higher
extinction probability and therefore increased turnover rates and extinction
of local thistle populations.

Consideration of such spatio-temporal dynamics and cycling processes is
important for the understanding of ecosystem dynamics and processes. Local
and regional patch dynamics have been already described in the classic
papers by Watt (1947) with respect to the so-called hummock-and-hollow-
cycle, and by Whittaker (1953) in his climax-pattern-hypotheses.

8.4.4 The Influence of Landscape Context at Different Spatial Scales

Landscape context at different spatial scales may play an important role in the
trophic interactions between weeds and their antagonists. In many agricul-
tural areas, the main thistle habitats are crop fields, field margin strips and
large perennial habitats such as grasslands and fallows (Kruess 2003a). Crop
fields are nutrient-rich but ephemeral habitats with a high disturbance fre-
quency, whereas perennial fallows are characterized by poorer soils but fewer
disturbances. Field margins are intermediate but differ from the other habi-
tats by a more linear shape and a smaller area. C. arvense density, diversity of
stem-boring thistle insects and their parasitoids and plant–insect interac-
tions were studied in these three habitat types and related to landscape con-
text, which was estimated as the percentage of non-crop area within 15 differ-
ently structured landscape sectors. Patch size of C. arvense was largest in large
perennial habitats (34,000±15,300 shoots, mean±SE, n=91) and smallest in
crop fields (1,080±300 shoots, n=68) and field margins (390±140 shoots,
n=186). Species richness and abundance of stem-boring herbivores were pos-
itively correlated with thistle patch size, and total herbivore abundance was
also related to landscape context (Kruess 2003a). The correlation coefficients
of the relationship between percent non-crop area and thistle attack were cal-
culated for eight spatial scales (radius of the landscape sector: 250, 500, 750,
1,000, 1,500, 2,000, 2,500 and 3,000 m). The result showed the strongest influ-
ence of landscape context on herbivore abundance at the largest scale
(3,000 m radius, Fig. 8.4A) with an increase of the strength of this correlation
with increasing spatial scales (Fig. 8.4D).

Habitat type and landscape context also had a significant influence on the
diversity of parasitoids associated with the insect herbivores. Parasitism of
the agromyzid fly Melanagromyza aeneoventris was affected by landscape
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Fig. 8.4. Landscape effects on stem-boring insects on C. arvense: A correlation between
total herbivore abundance and percentage of non-crop area in a landscape area with
3,000 m radius (F1, 43=5.2, r=0.32, P=0.03, n=45); B correlation between percent para-
sitism of the agromyzid fly M. aeneoventris and diversity of habitats in a landscape area
with 750 m radius (F1, 43=9.5, r=0.42, P=0.004, n=45); C correlation coefficients of the
regression between percentage of thistle shoots systemically infected with Puccinia
punctiformis and percentage of non-crop area in a landscape area with 3,000 m radius
(F1, 43=10.7, r=0.43, P=0.002, n=45); D–F correlation coefficients from the regressions
shown in A–C respectively, calculated separately for eight landscape scales (250–3,000 m
radius). Asterisks indicate significant correlations. (D after Kruess 2003b; E after Kruess
2003a) 



structure on a much smaller spatial scale (Kruess 2003a). Non-crop area and
percent parasitism were best correlated at a landscape scale with 750 m radius
(Fig. 8.4B) with a strong decline in correlation strength for larger spatial
scales (Fig. 8.4E). Parasitoids as an important group of the third trophic level
have smaller populations and tend to be more restricted in dispersal ability
than those of their hosts. Local extinction and recolonization processes
appeared to be driven by the landscape structure within a much smaller
radius (500–750 m) than their hosts. These results indicate that species from
different trophic levels may respond to landscape factors at different spatial
scales (Thies et al. 2003). Many theoretical and empirical studies have found
that phytophagous insects are better dispersers than their specific parasitoids
(Kruess and Tscharntke 1994, 2000; Holt et al. 1999; Tscharntke and Kruess
1999; Hassell 2000). However, mobile parasitoids may also block the spatial
spread of hosts (Roland and Taylor 1995; Brodmann et al. 1997; Maron and
Harrison 1997).

Fungal spores dispersed by wind are expected to spread further than larger
insects, but there is a general lack of information (Jules et al. 2002). As insects
are known to be important vectors of plant pathogens (Hoffmann et al. 1994;
Kluth et al. 2002, see above), both the local insect-mediated dispersal and the
regional dispersal as aerial plankton appear to be important.

In a recent study (Kruess, unpubl. data) the percentage of systemically
rust-infected shoots was <1 % in crop fields, 4 % in field margins and 6 % in
old perennial habitats. This indicated an influence of habitat type on the local
incidence of thistle rust, with an increase in rust infections from frequently
disturbed ephemeral habitats to near-natural and less disturbed perennial
habitats. Moreover, the percentage of systemically infected shoots per thistle
patch was positively correlated with patch size. Insect density on thistles,
which may be an indicator of local pathogen dispersal, also increased from
crop fields and field margins to fallows, and from small to large thistle patches
(Kruess 2003a). The analysis on a landscape scale showed that percent non-
crop area was positively related to infection rate (Fig. 8.4C). The correlation
was best at large spatial scales with radii between 1,500 and 3,000 m, obviously
due to the long-distance dispersal of this species (Fig. 8.4F). In both cases
landscape effects on thistle rust and thistle herbivores concerned large spatial
scales. It remains unclear whether this is due to similar dispersal abilities or to
mutualistic pest–insect interactions. Overall the results showed that the stud-
ied thistle antagonists were affected not only by host plant traits and habitat
characteristics but also by landscape context. Thereby, mainly large spatial
scales seemed to be crucial for herbivores and pathogens, whereas insect par-
asitoids, which may limit the biocontrol success of thistle herbivores, tended
to respond to landscape context at smaller scales.
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8.5 Conclusions and Future Outlook

In many plant communities, weeds are important drivers of ecosystem
processes, but their growth and population dynamics may be controlled by
natural enemies. These enemies may directly reduce plant growth by grazing
or infection, and thereby change the plant’s competitive ability (Hulme 1996;
Mulder et al. 1999; Wilby and Brown 2001; Zwölfer and Zimmermann, Chap. 7,
this Vol.). However, they may also indirectly enhance plant susceptibility to
further enemy species. The role of insects as vectors of plant pathogens has
often been underestimated but appears to be widespread. Further, under-
standing of plant–enemy interactions needs the consideration of processes on
local and regional scales.

In the creeping thistle Cirsium arvense, plant–herbivore, plant–pathogen
and herbivore–parasitoid interactions were affected by landscape context at
different spatial scales. Such differences in how species experience the sur-
rounding landscape may be one reason for the low predictability of the effec-
tiveness of biological weed control (Hatcher and Paul 2001). There is limited
evidence that combinations of herbivore and pathogen species may yield bet-
ter control of weed populations and better reduce their impact on ecosystems
than single-agent approaches (Hatcher and Paul 2001). The results in this
chapter provide evidence for such complementary and mutualistic effects in
that insects enhance pathogen infection by (1) the wounding of leaves as an
indirect, plant-mediated effect and (2) the direct interplant dispersal of
spores. Wilson’s (1969) demand for more research on the combined effects of
insects and diseases has only recently been taken up by several authors, so the
role of insect–pathogen interactions in weed control is still little known
(Hatcher and Paul 2001).

In addition, interactions among belowground and aboveground processes
are almost a ‘black box’. Belowground interactions in detritus-based food
webs are relatively well studied (Brown and Gange 1990; DeRuiter et al. 1995;
Mortimer et al. 1999), but few data exist for soil pathogen interactions with
plants and their effects on aboveground food webs (Van der Putten 1999; Van
der Putten et al. 2001). Only few recent studies show the importance of below-
ground processes on plant diversity, invasion success of weeds and above-
ground plant–insect interactions (Masters and Brown 1997; Van der Putten et
al. 2001; De Deyn et al. 2003; Wardle and Bardgett, Chap. 3, this Vol.;
Bonkowski and Scheu, Chap. 4, this Vol.; Masters, Chap. 5, this Vol.). Roots of
invasive plants (such as C. arvense in North America) were found to accumu-
late more symbionts than pathogens in non-native habitats, resulting in better
plant performance. In contrast, rare native plants suffered from higher
pathogen accumulation (Klironomos 2002). It is likely that interactions
between aboveground and belowground processes are a key to many still
unexplained or contradictory results.
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In conclusion, we still lack a good understanding of the many possible fac-
tors driving plant population dynamics. Both herbivores and pathogens may
exert effective control, but little is known of their manifold interactions
(including the role of insects in pathogen infections). Further, the great dif-
ferences in the spatial scale experienced by each species (with respect to both
below- and aboveground processes; Ettema and Wardle 2002) emphasize the
need to take local as well as landscape management into account. Such an
approach may help to better explain the complexity of plant population
dynamics in terms of a possible control by insects and pathogens which can
affect the plants’ influence on ecosystem processes. Possible facilitation
among the plants’ antagonists and their dependence on species-specific spa-
tial scales need much more experimental evidence from field studies.
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9 Food Web Interactions and Ecosystem Processes

A. Janssen and M.W. Sabelis

9.1 Summary

The effects of higher trophic levels such as herbivores and predators are usu-
ally not considered in studies of biodiversity and ecosystem processes. How-
ever, plants and organisms of higher trophic levels interact in many different
ways, resulting in effects of plants on biodiversity of higher trophic levels as
well as effects of higher trophic levels on plant biomass and diversity. We
review the effects of higher trophic levels on plant biomass, plant diversity
and ecosystem processes. Food web interactions such as apparent competi-
tion, omnivory, intraguild predation, interactions among plants, indirect plant
defences and behavioural effects are important for ecosystem processes.
Given the large variety of food web structures, generalizing rules relating
food web interactions to ecosystem processes probably do not exist. More-
over, such predictions will also be impeded by the occurrence of multiple
steady states in ecological systems.

9.2 Introduction

Most work on biodiversity and ecosystem functioning focuses on the correla-
tions between plant biodiversity and plant biomass and nutrient cycling
(Tilman et al. 1996; Hooper and Vitousek 1997; Hector et al. 1999; Hector et al.
2002; Tilman et al. 2002; Weisser and Siemann, Chap. 1, this Vol.). The effects
of higher trophic levels such as herbivores and predators are usually not con-
sidered. The underlying assumption is thus that herbivore and predator
diversity are the result and not the cause of plant diversity (Siemann et al.
1998; Haddad et al. 2001). However, this assumption is probably false; plants
and organisms of higher trophic levels interact in many different ways, result-
ing in effects of plants on biodiversity of higher trophic levels as well as effects
of higher trophic levels on plant biomass and diversity (Carson and Root
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1999; Schmitz et al. 2000; Bradford et al. 2002; Duffy 2002; Joshi et al., Chap. 6,
this Vol.; Schmitz, Chap. 14, this Vol.). It is therefore time to specifically study
the effects of trophic levels higher than plants on ecosystem processes such as
biomass production and nutrient cycling (Loreau et al. 2001; Raffaelli et al.
2002; Naeem and Wright 2003). By now, there are several examples of such
studies and we give a non-exhaustive review. We will first address the effects
of the selective removal of entire trophic levels and then discuss the various
indirect interactions that occur within trophic levels as well as their possible
consequences for ecosystem processes.

What kind of effects on ecosystem processes can we expect from the addi-
tion or removal of (species from) higher trophic levels? This question is diffi-
cult to answer. The many studies to date show that even the effects of plant
diversity on ecosystem processes are still not well understood, let alone the
effect of higher trophic levels. It is clear that biodiversity matters, but it is not
obvious how it matters (Naeem and Wright 2003). Many hypotheses and
mechanisms through which plant diversity affects ecosystem processes have
been proposed, but almost no manipulative experiments have been done to
test them (Schmid et al. 2002 but see Ruesink and Srivastava 2001). Ruesink
and Srivastava (2001) propose alternative scenarios for the effects of species
loss on ecosystem processes, based on the idea that remaining species may or
may not compensate for the effects of the lost species on ecosystem processes
(Naeem and Li 1997). If the species that is lost is responsible for the process-
ing of some resource, two things might happen. First, the remaining species
cannot process the resource that was utilized by the lost species. Hence, the
loss of a species leads to an irreversible change in ecosystem processes. Sec-
ond, the remaining species may be capable of compensating for the loss of
resource processing by the excluded species, and thus the ecosystem process
may be restored to some extent (Ruesink and Srivastava 2001). Ruesink and
Srivastava distinguish a short-term per capita compensation, caused by the
remaining species increasing their individual rate of resource processing, and
a longer-term numerical compensation, where the numbers of remaining
species increase, thus increasing the community rate of resource processing
after the decline caused by the loss of a species (McGrady-Steed and Morin
2000). However, the response of communities to species loss may well be a
combination of both short-term per capita compensation and longer-term
numerical compensation. Nevertheless, Ruesink and Srivastava (2001) offer a
hypothesis that can explain the variation in results among experimental stud-
ies. Hence, it now becomes important to assess the existence and the strength
of compensation within communities.

So when can we expect compensation of ecosystem processes after species
loss by remaining species? As long as there are other members of the func-
tional group of the lost species, there will be some level of compensation
within communities. However, Ruesink and Srivastava (2001) showed that
compensation does not always occur, not even within the same functional
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group. Compensation will be strongest when one or a few of the remaining
species affect ecosystem processes in a similar manner as the lost species did.
However, in general, species that are more similar are less likely to coexist
within communities. Local communities consist of coexisting species that are
drawn from a regional species pool; coexistence is the result of migration,
extinction and local interspecific interactions (Holt and Loreau 2001; Bond
and Chase 2002). Differences in characteristics among species may facilitate
coexistence of species because of reduced interspecific competition, but the
level to which species in a local community differ in characteristics will
depend on the type of population dynamics of the species in the local com-
munity (Armstrong and McGehee 1980; Huisman and Weissing 1999) and/or
on the relative importance of local interspecific competition versus immigra-
tion from the regional species pool (Loreau 2000; Holt and Loreau 2001; Bond
and Chase 2002). Nevertheless, we expect that species in a local community
will often possess different characteristics because exclusion of species with
similar characteristics by interspecific competition leads to communities of
species that differ at least somewhat. The idea behind this is that each species
is adapted in its own unique niche and there is a trade-off between being
adapted to different niches. Hence, we expect that compensation will not be
perfect in naturally formed local communities because species removal leads
to vacant niches that are initially occupied by species that are adapted to dif-
ferent niches. Only subsequent adaptation to the newly occupied niche could
restore ecosystem processes in the long run. This does not mean that the loss
of any single species will always lead to a significant decrease in ecosystem
processes, but we expect that, in general, ecosystem processes do initially
decrease and not increase with species loss (Loreau 2000).

The above argument does not apply to artificial communities; any pattern
may occur within communities that are randomly assembled from species
that do not coexist in nature. Because selection leading to niche segregation
did not occur within artificial communities, it is important to study the effects
of species diversity on ecosystem processes in natural communities in their
natural environment.

In conclusion, because all species in natural communities cannot com-
pletely compensate for the change in ecosystem processes resulting from
species loss, the general expectation is that species loss will lead to a
decrease in ecosystem functioning. This does not mean that communities
with higher diversity are more productive. Indeed, many ecosystems with
high productivity have low plant diversity (Huston and McBride 2002;
Schmid et al. 2002). The maximum number of species that can co-occur
locally is set by the number of species in the regional species pool (Huston
1997; Loreau et al. 2001). Hence, within each community in its natural envi-
ronment, we would expect a decrease in ecosystem processes with the loss of
species (although the loss of a single species may not have significant effects
under all circumstances).
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Having assessed that production of plant biomass, nutrient cycling and
other ecosystem processes in co-evolved local communities will decrease with
the loss of plant species, the question now becomes how species of higher
trophic levels will affect such ecosystem processes. Undoubtedly, higher
trophic levels will affect plant biomass, nutrient cycling and other processes
directly. For example, herbivores reduce the aboveground plant biomass by
grazing and affect nutrient cycling through the production of faeces. How-
ever, higher trophic levels can also affect ecosystem processes indirectly
whenever they affect the local plant community (Tilman et al. 1996, 2002;
Hooper and Vitousek 1997; Hector et al. 1999, 2002). Therefore, we will focus
on effects of higher trophic levels on ecosystem processes such as plant bio-
mass production, but also on effects on plant species composition.

9.3 Interactions Among Entire Trophic Levels

Including higher trophic levels in studies of ecosystem processes can in the-
ory be done in a variety of ways, depending on the sort of question to be
addressed. The most obvious way would be to assess the effects of entire
trophic levels, such as herbivores, omnivores, predators (including para-
sitoids) and hyperpredators (including hyperparasitoids) on ecosystem
processes. Hence, a first set of experiments would consist of a manipulation of
entire trophic levels, starting with the full natural diversity of a co-evolved
community of plants and all other trophic levels, and subsequently removing
the higher trophic levels, starting with hyperpredators and hyperparasitoids
and ending with herbivores. This will result in assessment of the effect of
entire trophic levels on plant species diversity and ecosystem processes. Such
manipulations could lead to trophic cascades, with the effect on plant bio-
mass, plant species composition and ecosystem processes depending on the
number of trophic levels (Oksanen et al. 1981; Hairston and Hairston 1997;
Schmitz, Chap. 14, this Vol.).

Although to date the full set of manipulations of trophic levels has not been
included in studies of ecosystem processes, there are experimental data on the
joint effects of several trophic levels on ecosystem processes. In aquatic
microcosms, the algal and bacterial biomass decreased when more trophic
levels were added (Naeem and Li 1997). In terrestrial communities, exclusion
of insect herbivores and higher trophic levels reduced plant species richness
(Brown and Gange 1992; Carson and Root 1999; Mulder et al. 1999), while it
increased plant biomass (Carson and Root 1999; Mulder et al. 1999). The few
experiments in which predators and higher trophic levels were excluded while
herbivores were included mostly showed a decrease in plant biomass upon
predator removal, whereas some showed positive or negative effects on plant
diversity (see Schmitz et al. 2000 for a review; Schmitz, Chap. 14, this Vol.). One
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study showed that a group of predator species suppressed a herbivore popu-
lation and increased plant biomass, while each predator separately did not
have a significant effect (Cardinale et al. 2003).

9.4 Effects of Diversity Within Trophic Levels

Having assessed the effect of entire trophic levels, the next step is to assess
how diversity within different trophic levels affects the diversity of other
trophic levels and ecosystem processes. Several studies have shown that plant
diversity is positively correlated to herbivore and predator abundance as well
as herbivore and predator species richness (Siemann et al. 1998; Haddad et al.
2001), although the effect per herbivore and predator species was highly vari-
able (Haddad et al. 2001). Herbivore diversity was also positively correlated
with diversity of predators and parasitoids (Siemann et al. 1998).

No experiments, to our knowledge, have addressed the effect of species
richness and species composition of herbivores, predators and hyperpreda-
tors, either separately or together, on plant diversity and ecosystem processes.
So what effects can we expect? The loss of some species of herbivores or
predators may cascade directly down to the plant level (Duffy 2002), thus
affecting plant biomass production, one of the ecosystem processes. However,
due to indirect interactions among species, more complex, reticulate food
webs show essentially different dynamics from linear food chains (Hulot et al.
2000; Mylius et al. 2001; Kuijper et al. 2003) and this may at times prevent the
occurrence of cascades. Even if removal of species of herbivores and preda-
tors or of higher trophic levels did not affect total plant biomass, the distribu-
tion of biomass over the different plant species could change, resulting in
changes in ecosystem processes.

Because interactions within trophic levels become important at this level of
detail, it will matter much for the outcome of experiments whether generalist
or specialist herbivores and predators are included or excluded. Hence, all
trophic levels need to be subdivided into functional groups, with the danger
that defining such groups will be rather arbitrary (Naeem and Wright 2003).
For example, depending on the quality of plant tissue, omnivores mainly feed
on prey or plant tissue, and should thus be treated as either predators or her-
bivores (Coll and Ridgway 1995; Coll and Izraylevich 1997; Agrawal et al. 1999;
Agrawal and Klein 2000; Eubanks and Denno 2000).Another problem of vary-
ing the diversity within trophic levels is that the effects of indirect interactions
within trophic levels become more important. The effects of indirect interac-
tions on species coexistence are often difficult to predict and depend on much
biological detail. This probably precludes the formulation of general rules
relating trophic interactions to ecosystem processes (Holt and Loreau 2001).
Yet, it is at this level of detail where the loss or addition of species is studied,
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and advancement of our knowledge of the relationships between diversity
and ecosystem processes is impossible without considering such indirect
interactions. We will therefore briefly review the various types of indirect
interactions that occur within trophic levels and discuss their possible conse-
quences for food web dynamics and ecosystem processes. The emphasis will
be on aboveground interactions on terrestrial plants (see de Ruiter et al. 2002;
Wardle and van der Putten 2002 for recent reviews of belowground interac-
tions and van der Putten et al. 2001 for a discussion of the links between
aboveground and belowground interactions).

9.4.1 Apparent Competition

Apparent competition is the indirect interaction between different prey species
via a shared predator (Holt 1977,1984).The mechanism behind this interaction
is that the density of one species of prey affects the density of a predator,which
subsequently affects the density of a second prey species. The effects are com-
parable to,and under field situations even difficult to distinguish from,those of
resource competition between two species; some of the examples of competi-
tive interactions among plants are likely to be attributable to apparent compe-
tition (Gurevitch et al. 2000). In theory, apparent competition may lead to
exclusion of prey species (Holt 1977,1984; Holt and Lawton 1994,van Rijn et al.
2002), and can therefore affect diversity.Apparent competition can occur at all
levels: between plant species that are attacked by the same herbivore species,
but also between herbivores that are attacked by the same predator and preda-
tors that are attacked by the same hyperpredator. This shows how species
within the same trophic level may differentially affect interactions between
species: in the presence of specialist herbivores, apparent competition among
plants will be unimportant, while the presence of generalist herbivores may
result in strong apparent competition (Sessions and Kelly 2002), with the pos-
sible outcome of plant species exclusion (Grover and Holt 1998) and changes in
ecosystem processes. On the other hand, when apparent competition between
herbivores leads to exclusion of a herbivore species, this will have a positive
effect on the host plants of the excluded species. Hence, the effects of apparent
competition can cascade down to the plant level where it affects species com-
position and consequently ecosystem processes.

9.4.2 Omnivory

Omnivory is a widespread phenomenon in terrestrial communities of arthro-
pods (Polis et al. 1989; Rosenheim et al. 1995; Polis and Winemiller 1996; Coll
and Guershon 2002). It blurs the distinction among trophic levels and may
prevent trophic cascades (Morin and Lawler 1995; Polis and Strong 1996). As
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remarked above, depending on diet choice, omnivores can be damaging to a
plant or act as a predator of herbivores. Their diet choice depends on food
quality (Coll and Ridgway 1995; Coll and Izraylevich 1997; Agrawal et al. 1999;
Agrawal and Klein 2000; Eubanks and Denno 2000; Janssen et al. 2003). When
plant quality is low, omnivores will feed more on non-plant food. It is there-
fore expected that the effect of omnivores will depend on the plant species;
when a plant is of poor quality to the omnivores, these may feed on herbivores
(Agrawal et al. 1999) or even on predators (Sabelis et al. 1999b; Janssen et al.
2003), thus functioning as predators or even hyperpredators. On the other
hand, when plant quality is high, omnivores may function as herbivores.
Hence, omnivores will differentially affect biomass of plant species that differ
in quality and this could affect competitive interactions among plant species,
leading to changes in plant species composition.

9.4.3 Intraguild Predation

Intraguild predation is defined as the killing and eating of species that other-
wise use similar resources, and are thus potential competitors (Polis et al.
1989). Intraguild predation is widespread, also among arthropod food webs
(Polis et al. 1989). Addition of an intraguild predator to a food web may result
in exclusion of other predators, the intraguild prey. In theory, the occurrence
of intraguild predation may lead to alternative steady states, to complex
dynamics or to exclusion of the intraguild prey or predators, and it thus
affects community structure (Holt 1977). Intraguild predation can also affect
ecosystem processes; if the intraguild prey is a herbivore, it is predicted to be
excluded at high ranges of productivity, while there are two alternative steady
states at intermediate levels of productivity, one with and one without herbi-
vores (Mylius et al. 2001; Kuijper et al. 2003). Exclusion of the herbivore leads
to increased plant biomass (Mylius et al. 2001; Kuijper et al. 2003) and may
also affect plant species composition and thereby ecosystem processes.

9.4.4 Plant-Mediated Indirect Interactions Between Herbivores

Plants defend themselves directly against herbivores by producing toxins,
spines, glandular hairs and digestion inhibitors. Some of these defences are
inducible, causing the first-arriving herbivore to experience gradually
increasing levels of plant defence, whereas herbivores that arrive later will
find an alerted and well-defended host plant (Voelckel and Baldwin, Chap. 17,
this Vol.). Attack by one herbivore species induces plant resistance, which
decreases the population growth rate not only of that herbivore, but also of
herbivores that attack the plant at a later date (English-Loeb et al. 1993;
Hougen-Eitzman and Karban 1995; Karban et al. 1997). Thus, plant defences
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lead to indirect interactions between herbivore species and these interactions
are different from resource competition and apparent competition. Moreover,
these defences can lead to indirect interactions among plants; plants can
become unpalatable as a result of attacks by herbivores and these may move
to less-defended neighbouring plants (van Dam et al. 2000). Hence, direct
plant defences can induce changes in diet choice of herbivores, resulting in
shifts in the distribution of biomass or changes in plant species composition,
which in turn lead to changes in ecosystem processes.

Because induced resistance decreases plant quality for omnivores, it can
also change the diet and functional role of omnivores in food web interactions
(Agrawal et al. 1999; Agrawal and Klein 2000). For example, the omnivorous
western flower thrips feeds more on eggs of herbivores on plants that are
induced by previous herbivory (Agrawal and Klein 2000). Hence, the effects of
this omnivore on plant biomass strongly depend on plant quality, which in
turn depends on the feeding activity of omnivores. Such feedback loops pre-
clude general predictions of effects of omnivores on plant biomass and plant
species composition.

9.4.5 Indirect Plant Defences

Plants can also defend themselves by facilitating the third trophic level (Price
et al. 1980; Voelckel and Baldwin, Chap. 17, this Vol.). For example, many
species of plants are known to provide shelter such as domatia that are inhab-
ited by predators (ants and mites) and fungivores (Beattie 1985; Turner and
Pemberton 1989; Walter and O’Dowd 1992; Walter 1996; O’Dowd and Willson
1997; Norton et al. 2000). Plants provide food, such as pollen and nectar, thus
increasing the survival and/or reproduction of predators (Bentley 1977; Pem-
berton and Lee 1996; van Rijn et al. 2002). Plants also convey information on
the presence of prey to predators by producing herbivore-induced volatiles
(Dicke and Sabelis 1988; Dicke et al. 1990; Turlings et al. 1990; Tumlinson et al.
1993; Dicke 1994; Sabelis et al. 1999a). This facilitates the searching of preda-
tors for prey and results in higher numbers of predators and lower numbers
of herbivores on plants (Drukker et al. 1995; Shimoda et al. 1997; De Moraes et
al. 1998; Janssen 1999; Kessler and Baldwin 2001).

Although it is clear that plants interact with the third trophic level, the
overall effects of these interactions on plant fitness are by no means clear
(Sabelis et al. 1999a; van der Meijden and Klinkhamer 2000; Janssen et al.
2002). This is partly because, once produced, the volatile signals, the food, and
the protective structures are not under the control of the plant and can be
used by other species, such as herbivores, hyperpredators and parasites. Nev-
ertheless, there are many examples of such interactions among plants and the
third trophic level and evidence is accumulating that the third trophic level
can have a positive effect on plant fitness (Thaler 1999; Turlings and Fritzsche
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1999; van Loon et al. 2000; Kessler and Baldwin 2001). Since plant fitness is
often linked to biomass of the plant and ultimately to the number of offspring,
indirect plant defences will affect the species composition and biomass of the
plant community.

The existence of interactions among plants and predators also suggests
that plants may compete for natural enemies by luring natural enemies from
neighbours, thus increasing their indirect defence while decreasing that of
plants nearby. On the other hand, if the foraging range of predators spans sev-
eral plants, neighbours may also profit from the attraction and/or arrestment
of predators (Sabelis et al. 1999a). In conclusion, plants affect the abundance
and possibly even the occurrence of herbivore species as well as predator
species through their indirect defences. This will result in changes in plant
biomass, and affects other plants in the neighbourhood as well.

9.4.6 Interactions Among Plants

While most of the theory on diversity and ecosystem processes has focused
on resource competition among plants, it is clear that plants can affect other
plants through shared herbivores (apparent competition), that induced resis-
tance of a plant can cause herbivores to feed on undefended neighbours and
that plants may compete for predators as their bodyguards. These indirect
effects of plants on neighbours will probably vary with spatial scale and with
the herbivores and predators involved. Because of the higher mobility of her-
bivores and predators relative to plants, the spatial scale of these indirect
interactions among plants is likely to be larger than the scale over which
plants typically compete for water, nutrients and light. Such openness of local
plant communities to invasion of herbivores and higher trophic levels will
obscure the rules of community structure derived from local exclusion,
because immigration allows for persistence of species inside the community
even when they would go extinct locally (Holt and Loreau 2001).

Another way in which plants can interact is plant-to-plant communication
(Bruin et al. 1992; Arimura et al. 2000, 2001; Dolch and Tscharntke 2000; Bruin
and Dicke 2001; Bruin and Sabelis 2001; Dicke and Bruin 2001a, b; Karban
2001). This phenomenon has not been taken seriously for a long time, but has
gained a steady foothold recently (Dicke and Bruin 2001a, b). In theory, plants
could benefit from receiving signals from neighbours that are attacked by
herbivores by switching on their own defence mechanisms, or, alternatively,
they could rely entirely on the defence mechanisms of their neighbours
(Augner 1994; Augner et al. 1991; Tuomi et al. 1994; Sabelis et al. 2002). What
is the best option probably depends on the relative mobility of herbivores and
higher trophic levels. How communication among plants affects species diver-
sity and biomass at various trophic levels is still an open question, let alone
how this affects nutrient cycling.
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9.4.7 Behavioural Effects

Species can also affect each other through the induction of changes in each
other’s behaviour. Although this is not an indirect interaction in a strict sense
(there is no third, intermediate species), it can also have strong effects on food
web dynamics. A good example is the predator-induced behaviour of prey
that results in lower predation risk (Sih 1980; Lima and Dill 1990; Lima 1998).
Such antipredator behaviour usually comes at a cost because time and energy
is spent in avoiding predation at the expense of other vital tasks (Lima and
Dill 1990; Lima 1998; Dugatkin and Godin 2002). Although such interactions
seem short-lasting and therefore possibly unimportant for species diversity
and ecosystem processes, an elegant study by Schmitz et al. (1997) shows the
contrary: a change in behaviour of grasshoppers that is induced by the pres-
ence of spider predators led to changes in consumption of the herbivores,
resulting in a shift in biomass distribution over grasses and herbs!

Arthropods avoid not only predation, but also competition (Janssen et al.
1995, 1997; Pallini et al. 1997). In particular, the presence of competing herbi-
vores on a plant can deter herbivores (Pallini et al. 1997) that can subsequently
concentrate their attack on other plants of the same or other species.

In conclusion, the response of animals to the presence of their predators
and competitors on certain plants will result in the attack of other plants,
leading to shifts in herbivory and this can affect plant species abundances and
plant biomass. Such shifts are expected to change ecosystem processes
because different plant species cannot completely compensate for changes in
ecosystem processes that result from the decrease or loss of other plant
species.

9.5 Conclusions and Perspectives

This short overview shows that a suite of interactions occurs in terrestrial
food webs of plant-inhabiting arthropods and these interactions may well
feed back to the plant level. Although there are few studies concerning the
effect of these interactions on plant species composition, plant biomass, nutri-
ent cycling and other ecosystem processes, it would be surprising if these
interactions would not affect ecosystem processes (Holt and Loreau 2001;
Duffy 2002). The lesson to be learned from this overview is that it is impossi-
ble to predict effects of species loss on ecosystem processes without much
more insight into the strength and magnitude of these interactions (Hulot et
al. 2000). Given the large variety of food web structures, generalizing rules
relating food web interactions to ecosystem processes probably do not exist
(Holt and Loreau 2001). Hence, predictions of how changes in biodiversity at
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any trophic level affect ecosystem processes are bound to be specific for the
system under study. Moreover, such predictions will also be impeded by the
occurrence of alternative steady states in ecological systems (Scheffer et al.
2001). Effects of such hysteresis are two-fold: first, a decline in numbers of a
species may initially not result in large shifts in biomass production, nutrient
cycling or other ecosystem processes, but a small further decline may result in
a sudden catastrophic shift in the state of the system (Scheffer et al. 2001, de
Roos and Persson 2002). Second, such shifts are often very difficult to reverse;
reintroduction of a species after its loss is often only possible after large
changes in conditions such as nutrient concentration in the environment
(Scheffer et al. 2001). As outlined above, several of the food web interactions,
such as intraguild predation and apparent competition, may lead to alterna-
tive steady states. Hence, a proper prediction of effects of removal of species
from a community as well as of the success of reintroducing species in a com-
munity is probably impossible without detailed knowledge of the interspecific
interactions in the community. Such knowledge can only be obtained by a
combination of experimental and theoretical work.

Whereas it is difficult to predict the effects of species loss or species addi-
tion, prediction of the effects of entire trophic levels on ecosystem processes
is more straightforward and can be assessed relatively easily both theoreti-
cally and experimentally. The theoretical analysis of Holt and Loreau (2001) is
a good example. They studied the effect of herbivory on ecosystem processes,
while varying the migration of species from the regional species pool into the
local community and concluded that the relationship between biodiversity
and ecosystem processes is determined by trophic interactions, biodiversity
within the trophic levels and on the migration of species into the system.
Extension of this type of model with higher trophic levels may prove complex
but is the way forward. Another promising way is the combination of practi-
cally oriented studies on the effect of biodiversity on biological control of
pests (Thies and Tscharntke 1999; Cardinale et al. 2003) with studies on bio-
diversity and ecosystem processes (Cardinale et al. 2003). The obvious advan-
tage of studying agroforestry food webs is their reduced complexity com-
pared to natural communities; the disadvantage is that agroecological
communities are often not coevolved and the effects of food web interactions
in artificial communities may differ from those in natural communities.
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10 A General Rule for Predicting When Insects 
Will Have Strong Top-Down Effects on Plant
Communities: On the Relationship 
Between Insect Outbreaks and Host Concentration

W.P. Carson, J. Patrick Cronin and Z.T. Long

10.1 Summary

We provide a new and general rule that predicts when native insect herbivores
will have a major influence on dominant native plant species in communities
and ecosystems worldwide. We argue that native insect herbivores will func-
tion as classic keystone species whenever their hosts become abundant and
form large, persistent, dense stands. Specifically, our Host Concentration
Model predicts that the impact of specialist insect herbivores will be more
severe on a per individual basis as host species build up to form large and
dense stands. The impact of these native insect herbivores, while important at
non-outbreak levels, will be most important during major bouts of defoliation
that occur during periodic insect outbreaks. Our review of the literature sug-
gests that such outbreaks are common from a phytocentric perspective. Con-
sequently, these insect outbreaks will have a major influence on ecosystem
function via their ability to regulate and reduce the abundance of host species
that may typically be the superior competitor across the landscape. Finally, we
believe that this Host Concentration Model will predict when specialist
insects will regulate plant communities and ecosystems better than resource
supply models that rely on gradients in fertility or productivity.

10.2 Introduction

“The role of rare events, such as outbreaks … cannot be ignored as a force
structuring ecological communities just because they are rare”

(Strong et al. 1984).
We propose a general rule that predicts when native insect herbivores will

have very strong top-down effects on plant communities and ecosystems in
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any terrestrial or wetland habitat worldwide. Specifically, native specialist
insect herbivores will function as a keystone species (sensu Paine 1969) when-
ever their hosts become abundant and form large, persistent, dense stands
(see also Carson and Root 2000; Long et al. 2003). This Host Concentration
Model results from a modification and extension of Root’s resource concen-
tration hypothesis (Root 1973), which states “...herbivores are more likely to
find and remain on hosts that are growing in dense or nearly pure stands”.
There is ample empirical evidence to support this hypothesis for plant popu-
lations (see a review by Andow 1991; Joshi et al., Chap. 6, this Vol.), but its
importance has only been recently extended to predict when insects will con-
trol vegetation dynamics (Carson and Root 2000; Long et al. 2003). This rule
will operate whenever insect herbivores can track host plant abundance and
should work in nearly any ecosystem at spatial scales from a few tens of
meters to thousands of square kilometers. While outbreaks of native insects
are not required for the rule to operate (see Long et al. 2003) or for insect her-
bivory to alter community dynamics (e.g. Bach 1994; Carson and Root 1999),
the influence of insects will be most pronounced and important during out-
break events at both the community and ecosystem levels (e.g. Carson and
Root 2000; Lovett et al. 2002). This rule leads to the conclusion that species-
level trophic cascades will commonly lead to community-level trophic cas-
cades in terrestrial communities whenever hosts are abundant, long-lived
perennial plant species (cf. Polis and Strong 1996; Polis 1999). Furthermore,
this rule means that as a superior plant competitor increases in density,
becomes widespread and suppresses the abundance of subordinate plant
species, it will not be long before it is found and attacked by its enemies. These
attacks will decrease the abundance of the dominant plant so as to promote
plant species coexistence, increase plant species diversity, lower standing crop
biomass for potentially long periods of time and likely alter successional tra-
jectories (e.g. Carson and Root 2000; Bach 2001).

10.3 The Significance of Insect Outbreaks

This general rule runs counter to much conventional wisdom and several the-
oretical lineages in ecology. First, outbreaks of native insects have often been
considered rare and unusual events (Hairston et al. 1960; Strong et al. 1984;
Faeth 1987; Owen 1987; Hartley and Jones 1997; Lowman 1997; Weisser and
Siemann, Chap. 1, this Vol.; but see Matson and Addy 1975). Consequently, a
prevailing view is that outbreaks are too infrequent and their effect too
ephemeral to cause substantial and enduring top-down effects on plant com-
munities. Consistent with this view, theories or discussions of trophic cas-
cades rarely give outbreaks a place of importance (e.g. Polis 1999). We dis-
agree with this perspective. Outbreaks of native insects appear to be nearly
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ubiquitous in ecosystems worldwide (Table 10.1). In addition, it is likely that
these outbreaks result in strong and lasting top-down effects on these com-
munities (e.g. Carson and Root 2000; Bach 2001).Also, these outbreaks appear
to be much more common and more devastating in dense host stands (see
below). Finally, outbreaks tend to occur repeatedly during the life span of
long-lived perennial plant species; thus these events are not uncommon from
a phytocentric perspective.

Second, outbreaks by their very nature are instances where plant defences,
enemies, intra- or interspecific interactions among insects, and other
processes (see Polis 1999) fail to prevent runaway consumption which results
in major food depletion for the outbreaking insect (Berryman 1987). These
bottom-up and top-down forces may ‘kick in’ during or following the out-
break and reduce herbivore numbers and their impact. By then, however,
insect damage already will have had a strong top-down effect on the plant
community. Consequently, theories regarding top-down control of insect her-
bivores by their enemies and bottom-up theories regarding plant defences or
nutrition do not apply or only ameliorate or modify the effect of the outbreak.
Below, we provide evidence for and explore the community- and ecosystem-
level consequences of the following observations: (1) insect outbreaks occur
in the vast majority of ecosystems and community types worldwide; (2) insect
outbreaks are more common and more devastating per host in large, dense
and continuous host stands; (3) outbreaking insects function as keystone
species by reducing the abundance of the dominant species and increasing
diversity; (4) insect outbreaks are common relative to host life span yet may
often go unnoticed; (5) chrysomelid beetles and lepidoptera seem to be
responsible for the majority of outbreaks. Finally, we briefly discuss and com-
pare the Host Concentration Model with resource supply models.

10.3.1 Insect Outbreaks Are Common 
in Numerous Community Types Worldwide

Very few terrestrial communities and ecosystems are spared from outbreaks
by native phytophagous insects (Carson and Root 2000; Table10. 1). Insect
outbreaks appear to be common in numerous ecosystems including grass-
lands, mangroves, old-fields, heathlands, dry tropical forests, Eucalyptus for-
est and even in some wetland communities. Overall, we have identified more
than 30 ecosystem and community types worldwide where outbreaks occur
and cause major defoliation, often over vast areas, of the dominant plant
species. Even relatively abundant species in diverse tropical forests may suffer
from repeated insect outbreaks (Wolda 1978; Wolda and Foster 1978; Janzen
1981). Insect outbreaks appear to be particularly devastating in forest ecosys-
tems. For example, numerous papers describe these outbreaks and their
impact in northern and boreal forests (Table 10.1; see also Berryman 1987;
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Carson and Root 2000). Lowman (1997) has suggested that outbreaks in
forests occur frequently but are overlooked because they are patchy and go
unnoticed high in the canopy (see also Wolda and Foster 1978).

10.3.2 Insect Outbreaks Are More Common and More Devastating Per
Host in Large, Dense and Continuous Host Stands

The Host Concentration Model provides a viable insect–plant feedback mech-
anism whereby insect impact and damage increases as dominant plant
species or superior competitors become more and more dense or concen-
trated (e.g. Long et al. 2003). If insect damage and subsequent impact are
greater (per capita) and insect outbreaks more common in larger and denser
stands of hosts, then insect herbivory may commonly exert strong top-down
effects on plant communities whenever superior competitors increase suffi-
ciently in density and area (cf. Strong 1992; Polis and Strong 1996; Polis 1999).
Indeed, there seems to be a growing consensus that outbreaks are more likely
and insect impact greater in natural vegetation where one or a few plant
species are dominant, abundant or aggregated, thereby forming large, contin-
uous host stands (Whitmore 1975; Morrow and Fox 1989; Bach 1994; Morris
et al. 1996; Schowalter 1996a; Bergeron and Leduc 1998; Cappucino et al. 1998;
Carson and Root 2000; Dymerski et al. 2001; Nair 2000, 2001; Schops 2002;
Long et al. 2003).

That insect outbreaks occur more frequently and do more damage per host
plant in large, continuous host stands comes as no surprise to ecologists who
study northern, boreal and subalpine ecosystems (see a review by McCul-
lough et al. 1998; Table 10.1). Indeed, Bergeron and Leduc (1998) concluded
that in balsam fir forests (Abies balsamea) “...mortality due to outbreaks
appears to be more important in regions where Abies balsamea is dominant”.
They further concluded that there was “...a direct correlation between mortal-
ity and the abundance of the host species”. This relationship between host
concentration and insect outbreaks appears to hold for numerous community
types. For example, insect outbreaks have defoliated hundreds of square kilo-
meters of mangroves in locations worldwide (Table 10.1; Anderson 1961;
Whitten and Damanik 1986). Mangroves are typically characterized by dense
stands of one or a few dominant species. Similarly, Australian Eucalyptus
forests are low-diversity forests dominated by the genus Eucalyptus. These
forests suffer heavy insect damage and outbreaks are common relative to the
life span of the hosts (Morrow and Fox 1989; Fox and Morrow 1992;
Table 10.1). Morrow and Fox (1989) concluded that the primary factor that
caused these forests to suffer heavy damage was host concentration. Likewise,
Nair (2000) concluded that in tropical Indonesian forests “...most outbreaks
have been recorded in tree species that occur gregariously....A high host den-
sity appears to be a key factor promoting pest outbreaks” (see also Nair 2001).
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Indeed, Nascimento and Proctor (1994) documented an outbreak event that
severely damaged a monodominant Amazonian rainforest and Wolda and
Foster (1978) documented an outbreak of a lepidopteran that attacked what is
by far the most abundant woody species – Hybanthus prunifolius – on Barro
Colorado Island in Panama. There are now numerous examples of insect out-
breaks attacking dominant or abundant species in natural vegetation
(Table 10.1).

10.3.3 Native Outbreaking Insects Function as Keystone Species 
by Reducing the Abundance of the Dominant Species and Increasing
Diversity

Insect outbreaks typically reduce the abundance or growth of the dominant
species within the community, subsequently freeing resources for subordinate
species and thereby increasing diversity (MacLean 1988; Bach 1994; De
Grandpré and Bergeron 1997; Carson and Root 2000; Dery et al. 2000;
Matouska et al. 2001; Parish and Antos 2002; Long et al. 2003). In this way, out-
breaking insects function as classic keystone species (e.g. Carson and Root
2000). Matouska et al. (2001) described the strong top-down impact of the
spruce beetle (Dendroctonus rufipennis) on boreal forest systems:

“Outbreaks varying in size and severity have occurred in the region at
approximately 30- to 50-year intervals since 1920. During large outbreaks,
spruce beetles can cause widespread changes to the structure of forests by
selectively attacking and killing the large diameter spruce (Picea sp.)....After
the canopy forming trees have died, understorey vegetation may be released
from competition for light, nutrients and water; this may result in the rapid
growth of the smaller, subordinate trees, shade-intolerant herbs and grasses.
As a result, plant communities following a large outbreak may be quite differ-
ent in structure and composition from those that dominated before the irrup-
tion”.

Unfortunately, with the exception of northern and boreal forests (e.g.
MacLean 1988; Veblen et al. 1991; De Grandpré and Bergeron 1997; Dery et al.
2000; Matouska et al. 2001; Parish and Antos 2002) and sand dune and old-
field successional communities in the USA and Canada (e.g. McBrien et al.
1983; Bach 1994; Carson and Root 2000), most studies have not considered the
consequences of outbreaks for non-host species, for plant species composi-
tion or for diversity. Nonetheless, large-scale outbreaks of native insect herbi-
vores often dramatically reduce the growth of their hosts and cause substan-
tial mortality of the dominant plant species (e.g. Carson and Root 2000). If
these outbreaks are common relative to host life span, then outbreaking
insects may typically function as keystone species, causing strong top-down
effects on plant communities. Indeed, Schowalter (1996a) concluded that
when hosts become abundant, “...high intensities of herbivory represent a
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major mechanism for reversing site dominance ...and increasing diversity” in
forest ecosystems.

10.3.4 Insect Outbreaks Are Common Relative to Host Life Span Yet May
Often Go Unnoticed

There is a general perception that outbreaks of native insect species defoliat-
ing native plant species are uncommon or rare events (Hairston et al. 1960;
Strong et al. 1984; Hartley and Jones 1997; Lowman 1997). Nonetheless, it is
clear that in many cases outbreaks will occur repeatedly over the life span of
long-lived hosts. For example, Root (1996) concluded that devastating out-
breaks would occur on goldenrods in goldenrod-dominated fields in central
New York, USA, every 5–15 years and goldenrod life span and period of dom-
inance is 10–30+ years. These outbreaks dramatically reduce community bio-
mass, increase plant diversity and alter successional trajectories for years fol-
lowing the outbreak (Carson and Root 2000). Outbreaks of insects in aspen
stands in Canada, mountain birch forests in Europe, Eucalyptus forest in Aus-
tralia, spruce-fir forests in North America and heathlands in Europe all expe-
rience outbreaks that occur at least once, if not repeatedly, during the life span
of the dominant species in the stand (Table 10.1; Hildahl and Reeks 1960;
Berdowski and Zeilinga 1987; Morrow and Fox 1989; Veblen et al. 1991; Fox
and Morrow 1992; Carson and Root 2000; Ruohomaki et al. 2000; Matouska et
al. 2001). For many community types, however, the frequency and scale of out-
breaks remain unknown. If the probability of an outbreak is high for domi-
nant or abundant plant species in a stand in any community type, then out-
breaks may commonly have a strong top-down effect on plant communities.
Unfortunately, in many community types, outbreaks are fairly short-term
events that appear and then disappear relatively suddenly. In addition, in
forests, outbreaks may occur high in the canopy and go unnoticed (e.g.Wolda
and Foster 1978; Lowman 1997). Consequently, outbreaks may be poorly doc-
umented, dismissed or overlooked.

10.3.5 Chrysomelid Beetles and Lepidoptera Seem to Be Responsible for
the Majority of Outbreaks

We found that Lepidoptera and Coleoptera accounted for approximately 58
and 36 % of outbreaking taxa respectively (Table 10.1). Thus, these two taxa
accounted for more than 90 % of the outbreaks categorized in Table 10.1. Sim-
ilarly, of the major defoliations described by Janzen (1981), Lepidoptera and
Coleoptera accounted for 65 and 30 % respectively. These percentages among
community types (Table 10.1) and within a community type (tropical dry for-
est, Janzen 1981) are strikingly similar and this may in part reflect the promi-
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nence of these two taxa among phytophagous insects (Strong et al. 1984) as
well as reflecting the characteristics of these groups that make them more
likely to outbreak (e.g. Schultz 1987).

Within the Lepidoptera, we found that 50 % of the outbreaks were caused
by noctuids, tortricids and geometrids (Table 10.1). Janzen (1981) found that
geometrids and noctuids accounted for 33 % of outbreaks in a dry tropical
forest, but he did not describe any outbreaks by tortricids, which seem to be
most important in northern and boreal forests (Table 10.1). Schultz (1987)
concluded that geometrids were prone to being pests. We found that among
the Coleoptera, a surprising 75 % of outbreaks were caused by chrysomelids.
We suggest that chrysomelid beetles may frequently function as keystone
species in plant communities (1) because they are a species-rich group, (2)
owing to their tendency to break out (Table 10.1; Root 1996; White 1996; Car-
son and Root 2000), (3) owing to their tendency to aggregate on host plants or
dense host patches (Bach and Carr 1990; Herzig 1995; Herzig and Root 1996;
Morris et al. 1996; Long et al. 2003) and (4) because they cause strong top-
down effects on biomass in plant communities (e.g. Carson and Root 2000).
Thus, we suggest that it may be more than pure coincidence that three most
‘spectacular cases’ of biological control have used chrysomelid beetles to con-
trol abundant exotic perennial plants (Hypericum perforatum, Senecio
jacobaea and Alternanthera philoxeroids; Huffaker 1964; Maddox et al. 1971;
Crawley 1989; McEvoy et al. 1993; Buckingham 1996; Zwölfer and Zimmer-
mann, Chap. 7, this Vol.). Overall, our findings lead us to the conclusion that
chrysomelid beetles along with outbreaking species of Lepidoptera may com-
monly exert strong top-down effects on numerous community types world-
wide. Lepidoptera appear to have their greatest impact on forest systems
whereas chrysomelids appear to have their greatest impact on herbaceous or
early successional systems, though exceptions to this generalization occur
(Table 10.1).

10.4 The Host Concentration Model May Predict Insect
Impact on Plant Communities at Multiple Spatial Scales
Better Than Resource Supply Theory

10.4.1 Resource Supply Theory

The bottom-up, top-down debate has been dominated by a single and very
important theoretical framework, called here Resource Supply Theory (RST;
also called Resource Dependent Foodwebs by Grover 1997). RST encom-
passes a variety of models that are all fundamentally based on the premise
that variation in the strength of top-down control by herbivores can be
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explained by changes in resource supply to primary producers (e.g. Oksanen
et al. 1981, 1995; Leibold 1989, 1996; Schmitz 1992, 1993, Holt et al. 1994;
Grover 1997). Much empirical work investigating top-down effects has taken
its lead from these theories and has investigated how resource supply influ-
ences herbivore abundance (e.g. Siemann 1998; Ritchie 2000) and herbivore
impact on communities (e.g. Fraser and Grime 1998). There is now a whole
array of these models (see Chase et al. 2000) with varying degrees of empir-
ical support.

We suggest that this theoretical framework may not accurately predict
when specialist insect herbivores will have a strong top-down impact on a
plant community. Specifically, RST models focus on how resource supply
affects plant defences or net primary productivity or both, which then directly
or indirectly (via predators) regulate herbivore control over primary produc-
ers. Alternatively, we suggest that insects will regulate vegetation dynamics
whenever dominant host plants become concentrated and abundant and that
this regulation will be most pronounced during outbreaks (but see Long et al.
2003 for a non-outbreak example). This means that to predict when specialist
insect herbivores will have a strong top-down effect it may be more important
to know the distribution and abundance of their hosts than to know how
resource supply affects their enemies or plant traits (e.g. defences). Because
the vast majority of insect herbivores are specialists (e.g. Fox and Morrow
1981; Thompson 1994; Janz et al. 2001; Nosil 2002), the Host Concentration
Model may typically predict when insect herbivores in general will impact
plant communities. We do not dispute the fact that resource supply and its
relationship to productivity, plant defences and enemies have important con-
sequences for insect herbivores. All we are suggesting is that host concentra-
tion may more accurately predict and determine when insect herbivores will
have a strong top-down effect on a plant community.

10.4.2 The Host Concentration Model (HCM)

HCM predicts that specialist insect herbivores will have strong top-down
effects on plant communities whenever their hosts form large, persistent
dense stands (see also Long et al. 2003; Carson and Root 2000). This impact
will be most pronounced and enduring following outbreaks. The host con-
centration model is more parsimonious than resource supply models (also
see Polis 1999). It makes assumptions neither about predators, plant defences
nor changes in resource supply. The only assumption of HCM is that the per
stem impact of herbivores increases with host plant density or area suffi-
ciently enough to have a top-down impact on plant communities. Further-
more, if native plants that are superior competitors are also widespread,
which is typical, then these plants will have a substantially richer herbivorous
insect fauna than inferior competitors that are more sparsely distributed
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(Strong et al. 1984). Consequently, widespread, superior competitors may
commonly have specialist insects that not only track their abundance but also
periodically outbreak (Table 10.1), thereby reducing the impact of these dom-
inant plant species on subordinate plant species within the community.
Finally, insect herbivores appear to be able to track host plant abundance
from spatial scales of a few tens of meters (e.g. Morrow et al. 1989; Herzig and
Root 1996; Carson and Root 2000; Long et al. 2003) to tens of thousands of
hectares (e.g. Bergeron and Leduc 1998; Cappucino et al. 1998; McCullough et
al. 1998; Kruess et al., Chap. 8, this Vol.). Consequently, the host concentration
model should apply across huge spatial scales depending upon the host find-
ing behaviour of the specialist insect.

10.4.3 Distinguishing Between the Two Models

It is important to note that RST and the HCM can make very similar predic-
tions about increasing regulation of plant communities with increasing
resource supply when both the density and productivity of the dominant host
plant increases with community productivity. If insect herbivores track host-
plant abundance but host-plant abundance and productivity are positively
correlated, then RST can make the correct prediction based on the wrong
mechanism. Alternatively, if insect herbivores track host-plant abundance but
host-plant abundance and resource supply are not correlated, RST can make
the wrong prediction. It is only when measures of both host plant density, host
plant productivity and host quality at both the population and community
level are available that we can distinguish among the models.

10.5 Relationship to Other Related Processes Proposed to
Promote Diversity

Our goal in this chapter was to provide a general rule to predict when special-
ist insect herbivores will have strong top-down effects on plant communities
across multiple spatial scales and to argue that such effects may be pervasive
and enduring from a phytocentric perspective. The current prevailing view is
that top-down (e.g. predation and parasitism) and bottom-up forces (e.g.
plant defences) in terrestrial food webs severely constrain the impact of insect
herbivores on plant communities.We believe this focus may miss the brief but
critical windows when insect herbivory will regulate plant communities:
specifically when hosts form large dense stands and when insects outbreak in
these stands.We recognize that the rule has many similarities to other general
processes where enemies respond and suppress their prey or hosts in a den-
sity-dependent fashion. For example, our rule has many parallels to the
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Janzen–Connell hypothesis that was originally proposed to explain the main-
tenance of tree diversity in tropical forests (Connell 1971; Janzen 1970). Our
hypothesis, however, is focused specifically on the impact of specialist out-
breaking phytophagous insects that attack large, dense concentrations of
hosts. It is not focused on seed predation, the impact of predators on juveniles
or the relationship between juvenile survivorship and distance to putative
adult parents. Nonetheless, inherent within our rule and the Janzen-Connell
hypothesis is that as host density increases the per host impact of predation
(or herbivory) increases.

10.5.1 Does Pathogen Impact Increase with Host Concentration?

There is growing evidence that pathogens, like specialist insects, can have a
strong top-down effect on plant communities (Dickman 1992; Van der Putten
et al. 1993; Van der Putten and Peters 1997; Olff et al. 2000; Packer and Clay
2000; Rizzo et al. 2000; Joshi et al., Chap. 6, this Vol.; Kruess et al., Chap. 8, this
Vol.). If the per host impact of these pathogens increases with host density
(e.g. reviewed in Burdon and Chilvers 1982; Augspurger 1988; Burdon et al.
1989; Alexander 1992), then we believe the Host Concentration Model will
also apply to many plant pathogens. Consequently, abundant plant species
may have to contend with not only periodic insect outbreaks but also periodic
pathogen outbreaks. Because of lack of empirical work at the community
level, it remains unknown which is more important or how the combined
impact of host-tracking insects and pathogens may interact to structure plant
communities.
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11 The Ecology Driving Nutrient Fluxes in Forests

B. Stadler, E. Mühlenberg and B. Michalzik

11.1 Summary

Phytophagous insects in the canopies of forest trees play a considerable role
in the cycling of nutrients and energy not only in outbreak situations, but
also at endemic density levels. However, nutrient fluxes through ecosystems
are often studied without a detailed knowledge of the biology of the organ-
isms that affect them. Here, we will address the key features of aphids, adel-
gids and lepidopterous larvae, which affect ecosystem processes via specific
life-history characteristics, fluctuations in population size and trophic rela-
tionships with other canopy organisms. For example, aphids and adelgids
produce large quantities of sugary excreta and wax wool respectively, which
are a source of organic carbon in the canopy. Aphids show erratic popula-
tion fluctuations, while an introduced pest species such as the hemlock
woolly adelgid kills its host within 10–15 years. The winter moth often shows
cyclic population fluctuations spanning several years without killing the var-
ious host species. These different features in the ecology of canopy insects
are expected to influence the availability of energy within the canopies of
trees and subsequent processes in nutrient cycling, which eventually affect
the forest floor. The availability of energy-rich excreta of canopy herbivores
significantly increased the growth of epiphytic micro-organisms, the organic
carbon concentrations in throughfall and decreased the nitrogen concentra-
tions beneath trees infested by aphids and lepidoptera. Beneath adelgid-
infested hemlock trees, however, significantly higher concentrations of nitro-
gen were found in the throughfall, which is due to a significant increase in
needle N content of infested trees. Therefore, we suggest that the many facets
in the biology of the herbivores need to be known to understand the direc-
tion of change in flows of nutrient beneath infested trees. Results on vertical
nutrient and energy flows are reviewed from different temperate forest
ecosystems, and new areas of research linking biotic processes and ecosys-
tem functions are identified.
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11.2 Introduction

It is increasingly being appreciated that phytophagous insects living in the
canopies of forest trees play an important role in the cycling of nutrients and
energy, and not only in outbreak situations (Stadler et al. 2001b; Hunter et al.
2003). However, it is not easy to quantify their short-term and long-term
effects on ecosystem processes, and insect biomass or leaf area consumed
inadequately represent their role and function in ecosystems. As a conse-
quence of these difficulties, nutrient fluxes through ecosystems are often
studied without a detailed knowledge of the biology of the organisms that
affect them. Such a simplified approach has nevertheless revealed several
interesting patterns in energy, nutrient and ion fluxes common to different
forest ecosystems (Qualls and Haines 1991; Currie et al. 1996; Michalzik and
Matzner 1999; Aber et al. 2002). For example, the forest floor and the canopy
are the main net sources of dissolved organic matter in forested ecosystems
and nitrogen losses are negatively correlated with the C/N ratio of the forest
soil. Finding patterns is at the heart of good science, but understanding the
mechanisms that produce them is equally important and valuable, especially
if the aim is the sustainable use of natural resources or maintenance of
ecosystem services. The mechanistic and flux-oriented perception of the nat-
ural environment has led to the well-known dichotomy in the approach to the
study of ecological processes (Jones and Lawton 1995; Weisser and Siemann,
Chap. 1, this Vol.).

The title of our chapter reflects this dichotomy. Currently, there are few
links between the ecology of insects and nutrient fluxes, but even so organ-
isms and their biological characters have a strong imprint on fluxes in every
compartment of an ecosystem. For example, a search for papers sharing the
terms ‘population ecology/community ecology’ and ‘nutrient fluxes’ in the
BIOSIS database did not yield a single publication. This does not imply that
there are no studies on the effects of insects on ecosystem processes and
ecosystem functions (for recent reviews see Schowalter 2000; Hunter 2001),
but it does indicate that there is no thorough understanding of the temporal
and spatial processes linking insect ecology (life history aspects and popu-
lation biology) with ecosystem processes. Because of this limited under-
standing of the role of insects in ecosystem processes, we opted for a rather
simple approach. For example, we are not concerned with whether insects
regulate nutrient fluxes, or their amount of biomass per square meter, but we
are interested in their effects via specific life histories, population dynamics
and trophic links with other organisms. Also, we do not address the effects
of insect diversity on ecosystem functioning because the cascading effects of
individual species within their trophic framework are not sufficiently quan-
tified to warrant such an approach. Our specific objective is to identify the
important life-history characters and population features of key phy-
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tophagous insects in forests that are likely to affect ecosystem processes; in
particular, those of sap feeders, such as aphids and adelgids, the latter of
which is an example of an exotic pest species introduced into North Amer-
ica, and leaf feeders such as lepidopterous larvae. Exotic pest species are
included because they might not only pose threats to ecosystems, but also
offer the opportunity to unravel hidden connections between different com-
ponents/processes. We try to quantify the impacts of these species and offer
suggestions on what research is needed for a better understanding of how
insects affect ecosystem functioning.

11.3 Life Histories of Canopy Insects

11.3.1 Aphids

The life cycle of most aphids usually consists of several asexual and a sexual
generation. Most species live on one or a few species of a particular genus of
plant. Only about 10 % are heteroecious, spending their life on a primary host
plant during winter and on a secondary host during summer (Dixon 1998).
Aphids feed on the phloem sap of their host plants, which is a nutritionally
poor diet. They may show an enormous degree of phenotypic plasticity in
response to changes in environmental conditions such as food quality (Honek
1991; Stadler 1995; Stadler et al. 2002), amount and quality of excreted honey-
dew (Fischer and Shingleton 2001; Yao and Akimoto 2001, 2002) or predator
pressure (Dixon and Agarwala 1999; Kunert and Weisser 2003). They can be
either winged or wingless and have a range of associations with ants from
close attendance to unattendance (Bristow 1991; Stadler et al. 2003). Ants may
collect their sugary excreta (honeydew), but aphid–ant associations are highly
variable in space and time (Cushman 1991; Cushman and Whitham 1991),
which affects the amount of honeydew consumed. Honeydew may be excreted
in large droplets crystallizing on needle and leaf surfaces, or flicked away
resulting in a shiny coating to the leaves. The amount of honeydew excreted
per hour might be equivalent to the body mass of an aphid. The absolute
amount of honeydew excreted increases with aphid development and declin-
ing plant quality (Stadler and Müller 2000) and may reach up to 700 kg fresh
mass ha–1 year–1 on 60- to 80-year-old spruce (Zoebelein 1954).

11.3.2 Scale Insects

In contrast to leaf feeders, but similar to aphids, the damage done to forest
trees by native scale insects is often not apparent because of their feeding
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habit. Immature scales, upon hatching from eggs, are soft-bodied and mobile
(crawlers). These crawlers seek suitable feeding sites on a tree, secrete a pro-
tective shell, and develop to maturity. The adult females are immobile,
whereas the males are small, fly-like, mobile and relatively rare. Scale insects
usually produce one to two generations per year. Soft scales generally secrete
a thin waxy layer over themselves. They typically move between branches and
leaves during their life cycle. They also produce honeydew, but in smaller
quantities than aphids although remarkable exceptions are known (Gaze et al.
1983; Beggs 2001).

Some scale insects damage their hosts by removing cell fluids. Leaf and
needle stunting and yellowing, needle, shoot and branch dieback as well as
plant death can occur depending on population size. In some instances, scales
weaken plants, making them susceptible to damage from secondary pests
such as borers or environmental extremes, which may ultimately kill the
plant. Their population dynamics is often characterized by a gradual increase
in infestation rates followed by a sudden crash in numbers (Franz 1956;
Karafiat and Franz 1956). Several scale insects, like the balsam woolly adelgid
(Adelges piceae Ratz.) and the hemlock woolly adelgid (HWA, Adelges tsugae,
Annand), have become pests when introduced into new environments
(Pschorn-Walcher and Zwölfer 1958; Eichhorn 1969). HWA was introduced
from Asia into North America in the 1920s and is now a destructive pest of
hemlock [Tsuga canadensis (L.) and T. caroliniana Engelm.; McClure 1991). It
attacks trees of all age classes and may cause the trees to die within
10–15 years. There are two phenotypes, with the winged morph migrating to
spruce, but they are unable to survive on these summer hosts in eastern North
America (McClure 1989). They feed at the base of the needles by inserting
their stylets into the parenchyma cells of the xylem rays (McClure et al. 2001).

11.3.3 Lepidopterous Larvae

Lepidoptera, like Lymantria dispar (L.), L. monacha (L.), Operophtera bru-
mata (L.), Zeiraphera diniana (Gn.) and Choristoneura fumiferana
(Clemens), sometimes become pests and have attracted attention because
their feeding damage is immediately and easily recognized. There are good
long-term population census data on these species (Royama 1984; Bal-
tensweiler and Fischlin 1988; Klemola et al. 2003) and a detailed understand-
ing of the mortality factors operating on the different developmental stages
(Den Boer and Reddingius 1996). They usually produce a single generation
per year and changes in abundance often follow regular cycles (Royama
1984). Much effort was invested in identifying potential regulatory mecha-
nisms and their response to environmental or climate change (Varley and
Gradwell 1970; Ludwig et al. 1978; Williams and Liebhold 1995, 2000; Hunter
et al. 1997; Liebhold et al. 2000; Visser and Holleman 2001; Haukioja 2003). In
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spite of the focus on outbreaks, the effects of leaf feeders are visible even at
nominal infestation levels (Seastedt et al. 1983).

11.4 Population Ecological Background of Nutrient Fluxes

The three insect groups mentioned above show three types of population
fluctuations/cycles (Fig. 11.1), which could affect the carbon and nitrogen
cycling in the canopies of forest trees. Due to their short life cycles and
parthenogenetic reproduction, aphids quickly become abundant. While
plants are expanding their leaves they usually are of high quality, allowing
rapid multiplication. In addition, aphids associated with ants might be closely
attended and sheltered from natural enemies. During mid summer, plant
quality deteriorates and ants are often less interested in sugar resources (Sudd
and Sudd 1985), which might lead to ants abandoning aphids. Subsequently,
aphids disperse or are killed by natural enemies, causing a crash in local aphid
abundance (Fig. 11.1a). This pattern is repeated almost every year and
observed for many species of aphids (Scheurer 1964; Kidd 1990; Kindlmann
and Dixon 1996; Stadler et al. 2001b). Initially, in a year, there are indications
that some trees in forests are heavily infested (hot spots) while others are
uninfested.After dispersal, virtually all trees become infested. For example, in
the Waldstein area in northern Bavaria, Germany, the infestation of Norway
spruce by Cinara pilicornis (Hartig) shows the following pattern: in spring:
53.2 % of all trees are uninfested, 42.6 % are infested with up to 100 aphids m–2

and 4.2 % are heavily infested (hot spots, >100 aphids m–2). After dispersal,
almost all of the trees (97.5 %) became infested with aphids, however, only in
low numbers. Thus, the infestation pattern is characterized by a clumped dis-
tribution in spring and an even distribution during summer. It is reasonable
to assume that this change in infestation pattern is reflected in ecosystem
processes (see below).

Pest species such as the hemlock woolly adelgid, which was introduced into
North America, show a different infestation pattern. Because winged migrants
are unable to find suitable secondary hosts in eastern North America (McClure
1983), dispersal is mainly by crawlers, moving within a tree or forest stand.
Other means of dispersal are wind, birds and humans. Currently, the spread is
about 15–30 km year–1 (http://www.fs.fed.us/na/morgantown/fhp/hwa/hwa-
site.html). HWA multiplies rapidly on newly infested trees, and due to its
destructive feeding on all host age classes,hemlock becomes extinct in infested
stands after 10–15 years (Fig. 11.1b). Thus, a climax species is eliminated and
replaced by hardwood trees such as black birch and maple.Again, it is reason-
able to assume that the decline in the vitality of the trees and changing trophic
relationships between canopy organisms should affect ecosystem processes
and become increasingly more pronounced as the infestation progresses.
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Fig. 11.1. Simplified conceptual model of changes in infestation patterns for a aphids on
Norway spruce, b hemlock woolly adelgid (HWA) on hemlock and c lepidopterous lar-
vae on beech and oak. Aphids usually show rather erratic changes in densities in succes-
sive years, while HWA increases in numbers and kills the host tree within 10–15 years.
All age classes are attacked and eventually succumb. Lepidopterous larvae like Operoph-
tera brumata or Lymantria dispar show a more cyclic infestation pattern spanning sev-
eral years but do not necessarily reach outbreak densities. Within a forest stand aphids
initially are very patchily distributed with some trees heavily infested, but after dispersal
in June typically all trees become infested. In contrast, HWA gradually builds up in num-
bers within a stand until all hemlock trees are infested. Due to the relatively poor migra-
tory ability of female lepidoptera, infested forest stands are patchily distributed and the
infestation radiates out from the centres of infestation

Lepidopterous larvae, even those that do not achieve outbreak levels, often
show a gradual increase and subsequent decline in numbers spanning several
years (Fig. 11.1 c). The gradual increase and decline in abundance are conse-
quences of their annual life cycle, and most likely a combination of different
environmental conditions such as precipitation, natural enemies and patho-
gens, induced defence in the host plants, long-range dispersal or recruitment
rates. The debate about which mechanism, or combination of mechanisms, is
important in regulating local abundance is far from over (Royama 1996; Selås



1997; Zhang and Alfaro 2003). Females are often less likely to disperse, thus
creating epicentres of infestations in favourable environments. Radiating out
from these spots, neighbouring trees and stands suffer increasing herbivore
pressure. Again, the assumption is that infested stands should differ from
uninfested stands if leaf feeders affect the nutrient cycling in the canopies of
trees.

In summary, the expectation is that aphids increase variability in ecosys-
tem processes and the pattern is repeated each year. Especially early in a sea-
son, differences in energy and nutrient flows beneath infested and unin-
fested trees should be apparent on a local scale. Hemlock infested with HWA
should show a progressive decline in vitality, which might have a pro-
nounced effect on ecosystem processes at the stand level. Leaf feeders
directly damage foliage and produce more solid faeces, which are less solu-
ble in rain water. Their effects should be visible in successive years and unin-
fested and infested trees are likely to be close to one another. However,
within stands effects on nutrient flow should largely depend on the feeding
activity of the larvae.

We do not know of any long-term investigation in which the between-year
and local to regional variability in herbivore-mediated changes in nutrient
fluxes were measured. Therefore, we shall present the results of short-term
investigations on these three types of phytophagous insects and try to deduce
potential long-term trends. The experiments we report span the period from
1996–2002.

11.4.1 Sites and Experimental Setup

At our main experimental site in the Waldstein area (50° 09¢N, 11° 52¢E)
throughfall was collected in 1996 by placing standardized throughfall sam-
plers (5-l polyethylene bottles, 20 cm in diameter) beneath five 10-year-old
Norway spruce [Picea abies (L.) Karst.] trees infested with Cinara spp. The
same number of samplers were installed beneath uninfested control trees.
Because it is difficult to predict which trees are going to be heavily infested in
the field, we simulated heavy infestation during a cage experiment in 1998, in
which 10-year-old spruce trees were artificially infested with Cinara spp. The
cage prevented natural enemies from preying on the aphids. When aphid
numbers peaked in the field, the cage was removed, allowing the winged
aphids to disperse and natural enemies to attack the aphids. Three uninfested
control trees were treated in the same way.

In 2002 the same method was used to collect throughfall beneath hemlock
trees with heavy and medium infestations of HWA and beneath uninfested
control trees. Sites were located on a south–north gradient from southern
Connecticut (heavy and medium infestations) to central Massachusetts, Har-
vard Forest (uninfested control stands). In order to capture the spatial vari-
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ability in throughfall concentrations beneath individual trees, three samplers
were placed beneath a tree, one close to the periphery, one close to the trunk
and one in between. Because these sites received different amounts of precip-
itation it is not sensible to compare fluxes directly; rather we present the con-
centrations of different energy and nutrient compounds collected beneath
infested and uninfested trees.

The third experimental site was a 130-year-old mixed beech (Fagus sylvat-
ica L.) oak [Quercus petraea (Matt.) Liebl.] stand situated in the Steigerwald
area, northern Bavaria (49° 52¢N, 10° 27¢E). In some stands the beech and oak
trees are attacked mainly by the winter moth Operophtera brumata L. which
consumed between 25 and 40 % of the leaf area during the main feeding
period from bud burst to mid July. In 1998, throughfall was collected at the
periphery of the canopies of five trees where the number of damaged leaves
and leaf area loss were monitored regularly (Stadler et al. 2001b). Only some
300 m away from this infested stand we collected throughfall from beneath
uninfested trees. During a field experiment, it is not possible to exclude the
activities of other leaf feeders. Therefore, our ‘control trees’ also experienced a
small loss of leaf area, ranging between 1 and 5 %. However, we expected the
effects of the winter moth to be large enough to be identified in ecosystem
processes.

During the summer months throughfall was collected at biweekly intervals
at all sites and immediately filtered through a 0.45-μm cellulose acetate mem-
brane. Dissolved organic carbon was determined as CO2 by infrared detec-
tion, after persulfate UV oxidation using a DOC analyzer (Liqui TOC, Foss
Heraeus, Hanau, Germany). Ammonium nitrogen (NH4-N) and nitrate-N
(NO3-N) were measured by ion chromatography (Dionex, Idstein). Dissolved
organic nitrogen (DON) was calculated by subtracting NH4-N plus NO3-N
from total dissolved nitrogen (Ntotal). Total dissolved nitrogen was measured
as NOx after thermo-oxidation at 700 °C (Abimed: TN-05).

11.4.2 Results

The DOC concentration in throughfall collected beneath heavily infested
trees increased with increasing aphid numbers and declined after the cage
was removed and the aphids dispersed in early July (Fig. 11.2a). Beneath
uninfested trees DOC concentrations were always lower than 10 mg l–1. The
same trends were observed for DON. The large peak in DON beneath unin-
fested trees does not appear to be an artefact of caging because it was also
observed in the field trial. Initially, there was a large difference in the inor-
ganic nitrogen in throughfall concentrations collected beneath infested and
uninfested trees, but with the decline in aphid numbers concentrations
beneath infested trees returned to the levels in the throughfall collected
beneath uninfested trees.

B. Stadler, E Mühlenberg, and B. Michalzik220



Medium-infested trees in the field basically showed the same trends, with
higher DOC concentrations in throughfall beneath infested trees (Fig. 11.2b).
The correlation between aphid numbers above throughfall samplers and the
DOC concentration in throughfall is highly significant (r=0.72, n=30, P
<0.001). With declining infestation DOC concentrations declined while DON
concentrations showed a marked peak beneath infested trees in mid July.
Inorganic nitrogen species were lower in throughfall as long as aphids were
present but similar to that collected beneath uninfested trees after aphid dis-
persal. Thus, depending on population size the effects of aphids on carbon
and nitrogen cycling might be reflected in throughfall compounds during
summer (e.g. hot spots) or decline quickly because honeydew is readily con-
sumed by ants or other canopy organisms (see below).

Throughfall concentrations beneath hemlock are also strongly dependent
on the abundance of HWA (Fig. 11.3). Compared to aphids, the differences in
DOC concentrations in throughfall were less pronounced, with the overall
concentrations beneath trees with medium and heavy infestations 1.6 times
larger than beneath uninfested trees. It is likely that other processes blur a
simple cause–effect relationship. First, uninfested control trees had much
more foliage than infested trees, which show a progressive decline in vitality
when needles are shed (Orwig and Foster 1998). Thus, DOC leaching from the
foliage of uninfested trees is likely to be higher. Second, wax wool remains in
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Fig. 11.2a, b. Concentrations of dissolved organic carbon (DOC), dissolved organic
nitrogen (DON), ammonium-N (NH4-N) and nitrate-N (NO3-N) in throughfall collected
beneath Norway spruce infested with aphids (Cinara species). a Cage experiment simu-
lating heavy infestation; b field experiment at the Waldstein site (mean ± SE). Arrow-
heads indicate concentrations in the artificial rain water



the canopy for a longer time because it is not readily soluble in precipitation
like honeydew. These opposing effects only lead to a moderate increase in
DOC concentrations beneath infested trees.

Concentrations of DON and total nitrogen were significantly higher in
throughfall collected beneath HWA-infested trees compared to uninfested
trees (Fig.11.3),with average throughfall concentrations (in mg l–1) for the con-
trol of DON 0.73 and Ntotal 3.00,for medium-infested trees of DON 1.26 and Nto-

tal 4.49 and for heavily infested trees of DON 1.51 and Ntotal 4.98.The total nitro-
gen was higher than observed in the aphid study.The explanation is that unlike
aphids, HWA significantly increases the nitrogen content of newly developing
and 1-year-old needles by an average of 29.0 % during summer (Stadler et al.
2004). This implies that the small amount of foliage on infested trees affects
throughfall more strongly than the large mass of foliage of uninfested trees.

The spatial variability in throughfall volumes, between trunk and periph-
ery of the canopy, was less beneath heavily infested than medium- and unin-

B. Stadler, E Mühlenberg, and B. Michalzik222

Fig. 11.3. Concentrations of dissolved organic carbon (DOC), dissolved organic nitro-
gen (DON) and total nitrogen (Ntotal) in throughfall collected beneath hemlock (Tsuga
canadensis) at three sites in eastern North America. Left Heavily infested site in south-
ern Connecticut; middle medium-infested site in northern Connecticut; right control
site in central Massachusetts. Concentrations were separated according to position of
the throughfall samplers (mean ± SE)



fested trees. This is a direct consequence of progressive needle loss due to the
HWA infestation. In spite of their low needle biomass heavily infested hem-
lock shed significantly more needles than medium- and uninfested trees,
which indicates the accelerating loss in vitality with duration of infestation
(Stadler et al. 2004).

Lepidopterous larvae feeding on beech and oak affected throughfall by
increasing DOC concentrations and decreasing inorganic nitrogen concen-
trations (Fig. 11.4). High DOC concentrations at the end of May were attrib-
uted to pine pollen, which cannot clearly be separated from the effects of her-
bivores. Beneath infested trees the decline in concentrations of most
throughfall compounds were pronounced up until the end of July when feed-
ing by caterpillars declined. Thus, the effect of leaf feeders was similar to that
observed for aphids. The effect on DON concentrations in throughfall was less
clear and higher beneath infested trees only in June.

In conclusion, differences in the energy content and the nutrient com-
pounds in throughfall collected beneath infested and uninfested trees were
pronounced and reflected the abundance and specific life history features of
the canopy herbivores. Aphids produce honeydew, which is readily soluble
and results in an immediate flush of energy when it rains, while the effects of
lepidopterous larvae and HWA were detectable over a longer period of time.
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Fig. 11.4. Concentrations of dissolved organic carbon (DOC), dissolved organic nitro-
gen (DON), ammonium-N (NH4-N) and nitrate-N (NO3-N) in throughfall collected
beneath mature beech/oak stands at the Steigerwald site in 1998 (mean ± SE)



These effects were even apparent in throughfall collected at the periphery of
the canopy, where there are few needles and herbivores.

11.5 Trophic Effects and Organic Pathways

Dissolved organic nitrogen is an important constituent of the total nitrogen in
throughfall in many forested ecosystems, accounting for 15–30 % in temper-
ate forests (Matzner 1988; Currie et al. 1996; Michalzik and Matzner 1999) and
up to 60 % in boreal forests (Piirainen et al. 1998).Within the forest floor DON
as a proportion of the total N ranges from 20–60 % at temperate sites and is
around 80 % at boreal sites. Therefore, it is reasonable to try to identify poten-
tial mechanisms that are likely to influence the concentrations of organic
compounds in throughfall. An obvious starting point is the trophic interac-
tions of canopy herbivores with epiphytic micro-organisms, especially of
species that are abundant, fast growing and potential consumers/sources of
organic compounds. We studied the links between aphids, HWA and lepi-
dopterous larvae and the epiphytic bacteria on needle and leaf surfaces. At
each of the three sites described above three shoots comprising three needle
age classes were cut from the periphery of the lower canopy in July, prior to
which it had not rained for at least 1 week.

For the microbial analyses 5 g of beech and oak leaves and spruce needles
and 3 g of hemlock needles were cut off with sterile scissors and blended with
145 ml of distilled water for 2 min. To enumerate the numbers of aerobic het-
erotrophic bacteria in each sample these washings were logarithmically
diluted in 1/4 strength Ringer’s solution and spread-plated onto 1/10 strength
tryptic soy agar (Merck; pH 7.2), supplemented with 0.4 g l–1 cycloheximide
(Merck). All plates were incubated at 25 °C for 5 days. Results were expressed
in terms of colony forming units (CFU) per gram of fresh matter. In addition,
to follow the effect of aphid infestation on the composition of the bacterial
community, direct cell counts and fluorescence in situ hybridization (FISH) of
bacteria from needle washings were carried out for shoots unaffected by
aphids and those contaminated with visible amounts of honeydew. At the
Waldstein site two shoots per sample, with 1- to 2-year-old needles, were cut
from the periphery of four infested and four uninfested spruce trees using
sterile scissors and blended 1:10 (fresh mass:solution) with 0.9 % NaCl solu-
tion. After shaking (8 h at 5 °C) and sonication (2¥1 min) cells were enriched
on polycarbonate membranes, fixed, washed, hybridized with specific rRNA
binding probes and stained with a DNA binding dye (DAPI: 4¢,6-diamidino-2-
phenylindoldihydrochlorid).

The number of CFU of epiphytic bacteria was always significantly higher
on infested trees irrespective of the type of herbivore or tree species
(Fig. 11.5). The differences were often of two to three orders of magnitude.
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The differences between medium and heavily infested hemlock were not sig-
nificant. Thus, different functional groups of herbivores (sap feeders, leaf
feeders, cell feeders), with different modes of excreting waste products and
damaging leaves/needles, affect the epiphytic microbes similarly. This result
is very robust and corroborated by all our studies carried out over several sea-
sons and involving several groups of micro-organisms, such as yeasts and
fungi (Stadler and Müller 1996). In addition, the foliovores on beech and oak
affected not only the abundance of epiphytic bacteria but also their diversity
(Müller et al. 2004). On spruce, FISH of bacteria from needle washings
revealed fewer gamma-proteobacteria on infested needles, and a slightly
higher proportion of active cells relative to all cells (Table 11.1). However, the
differences were not statistically significant. Only active cells with their high
rRNA content are detected by an rRNA binding probe. Honeydew seemed to
enhance the growth of groups of bacteria that were not determined, since the
ratio of alpha- and beta-proteobacteria based on total cell numbers remained
unchanged. It is likely that changes in the composition of the bacterial com-
munity or changes in activity patterns will affect nutrient cycling in the
canopy and in the forest floor, especially the organic fraction in throughfall
(Figs. 11.2–11.4).
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Fig. 11.5. Log number of colony forming units (IgCFU) of heterotrophic, epiphytic bac-
teria per gram of needle fresh mass (FM), collected from different tree species experi-
encing different infestation regimes. Samples were collected in July and only from the
periphery of the canopy. Columns separated with an asterisk indicate significant differ-
ences (Mann and Whitney test, P <0.05) in numbers of bacteria between infested and
uninfested trees



11.6 Herbivore-Mediated Changes in Quality and Quantity
of Nutrient Fluxes

In all systems studied the herbivores in the canopy positively affect the
organic portion in the throughfall. In addition, several studies indicate that
canopy herbivores affect the inorganic compounds, ion fluxes and needle lit-
ter eventually reaching the forest floor (Table 11.2). Here, basic qualitative
effects on soil processes, especially on inorganic N dynamics, become evident
and appear to be quite diverse. While some authors observe increased N
mobilization, attributable to enhanced litter and frass input, at both the plot
and catchment scale (Swank et al. 1981; Hollinger 1986; Pedersen and Bille-
Hansen 1995; Christensen et al. 2002), others report N immobilization, espe-
cially in response to elevated inputs of labile C compounds (Grier and Vogt
1990; Lovett and Ruesink 1995; Michalzik and Stadler 2000), which are mainly
provided by sap feeders. The fact that there is no consistent trend in soil nutri-
ent availability in herbivore-infested stands might be due to specific site prop-
erties such as nutrient status (e.g. N saturation), litter quality, herbivore
species and microbial soil community. Nevertheless, the effects on the nutri-
ent dynamics in the soil mediated by canopy herbivores are pronounced, and
the majority of ecosystem studies focus on element and nutrient fluxes of the
dissolved fraction, which is defined as those solutes that pass through filters
with pores sizes <0.45 μm.

It is reasonable to assume that leaf feeders contribute significantly to
fluxes, of which the size classes are >0.45 μm, due to their frass and green lit-
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Table 11.1. Bacteria in the washings from needles collected from aphid infested and
uninfested spruce branches at the Waldstein site in June 2003. Shown are means ± SD of
the target cells expressed as percentages of all cells resulting from samples of four dif-
ferent trees. P values give the level of significance for differences in infestation (Mann-
Whitney U-test). Target groups were identified using fluorescence in situ hybridization
(FISH) in which the probes bind specifically to the rRNA of particular cells. Total bacte-
rial cells were counted by staining with DAPI, which binds to the DNA of all cells

Target group Probe Percentage of all cells
Infested Uninfested P

Alpha-proteobacteria ALF968-CY3 11.21±2.97 10.57±3.25 0.773
(except Rickettsiales)

Beta-proteobacteria BET42a-CY3/GAM42a 1.30±0.38 1.38±0.28 0.773

Gamma-proteobacteria GAM42a-CY3/BET42a 1.54±0.33 2.08±0.16 0.083

All bacteria EUB338-CY3/EUB338-
II-CY3/EUB338-III-CY3 56.66±6.89 46.66±6.18 0.083
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ter production; however, data on particulate organic matter (POM) (0.45 μm
<POM <2 mm) fluxes are rare. The only study we are aware of is that of
Carlisle et al. (1966) on oak, who found for the size class up to 200 μm
(0.2 mm) an annual input of particulate organic carbon (POC) in throughfall
of 227 kg C ha–1, including a carbohydrate input of 89 kg ha–1. Compared to
DOC throughfall inputs of up to 130 kg C ha–1 year–1 in hardwood forests
(Qualls and Haines 1991), the additional amount of organic carbon trans-
ported via the particulate pathway is about 100 kg ha–1 year–1. Nevertheless,
organic matter fluxes covering the size class >0.45 μm and <2 mm (fine par-
ticulate matter) are not measured in routine sampling and used to budget
matter and energy fluxes in forest ecosystems, nor is their origin studied.

The extent to which throughfall fluxes of POM (hexose-C) are affected by
different groups of phytophagous insects (leaf feeders/sap feeders) is evident
in the laboratory, where leachates from needle and leaf washings can be mea-
sured. Leaf feeders (winter moth larvae from the Steigerwald site) on beech
produced frass larger than 0.45 μm; therefore, this particle size class is most
obvious during the period of herbivore feeding. In the filtered leachates (leaf
washings) from infestation and control treatments there was no difference in
the amount of hexose-C, whereas it was significantly higher in unfiltered solu-
tions for beech, in both the control (38 % increase, P=0.002, t-test) and
infested treatments (65 % increase, P <0.001, t-test). Aphids, in contrast,
excrete honeydew, which is readily soluble in water and therefore affects
mainly the dissolved fraction. As expected, infestation with aphids resulted in
significantly higher amounts of hexose-C (a factor of about 180) in filtered
and particulate form in the leachates from infested compared to control
spruce shoots (Michalzik and Stadler 2004).

11.7 Synthesis and Conclusions

Why should we want to understand fluxes from a life history and population
biology perspective? The answer, we believe, should address four aspects.

11.7.1 Understanding the Temporal Dynamics 
of Energy and Nutrient Fluxes

There is now a good understanding of the annual concentrations and fluxes of
nutrients and matter in the different compartments of forested ecosystem
(Qualls and Haines 1991; Likens and Bormann 1995; Currie et al. 1996). For
example, fluxes of DOC and DON in the forest floor are correlated with pre-
cipitation and with DOC and DON fluxes with throughfall (Michalzik et al.
2001), indicating a significant role of the forest canopy in soil processes
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(Lovett et al. 1989; Prescott 2002). Organic material is a large component of the
C and N cycle in forest ecosystems; however, its origin is often unclear.Annual
averages of the concentrations and fluxes at local sites only offer a coarse-
grained picture of the environment and little understanding of the mecha-
nisms that produce these patterns. In most forested ecosystems there is a
marked temporal variability in fluxes of energy and nutrients in throughfall,
soil solutions or stream water export (McDowell and Likens 1988; Michalzik
et al. 2001). For example, Guggenberger and Zech (1994) recorded peak DOC
and carbohydrate C concentrations in throughfall solution around June in
2 years in two spruce stands. The interpretation of the results vary but usually
favour abiotic mechanisms, like the amount of precipitation (Lovett et al.
1996) or plant-related features, such as leaching (Tukey 1970) and stand struc-
ture (Prescott 2002). This is understandable because trees dominate forests in
terms of visible biomass. However, there is growing evidence that insects have
a considerable effect on the nutrient dynamics of forests (Seastedt et al. 1983;
Stadler et al. 2001b). The strength and duration of these effects vary according
to the ecology of the insect, and all are seasonal (Figs. 11.2–11.4). DOC in
throughfall beneath infested trees usually peaks with the maximum in aphid
abundance or with the peak in the feeding activity of lepidopterous larvae.
HWA, as a non-native species, must be considered separately, but the results
corroborate the point that the ecology of canopy herbivores is identifiable in
throughfall fluxes. For example, even though the medium-infested trees had a
lower infestation density (number of egg sacks/shoot) the DOC concentra-
tions were as high as beneath heavily infested trees. This is because recently
infested trees still have a large foliage biomass and therefore the total HWA
biomass on medium-infested trees exceeds that on heavily infested trees,
which have lost more than 50 % of their foliage. In addition, HWA changes the
chemistry of the needles, which possibly accounts for the more nitrogen in
throughfall collected beneath infested hemlock. Producers of large quantities
of faeces, like aphids and lepidopterous larvae, significantly decreased the
inorganic nitrogen concentration in throughfall, possibly because their exc-
reta fuel the rapid growth of epiphytic micro-organisms, which in turn immo-
bilize the N compounds in the leachates. The effect of HWA on bacteria is also
pronounced, resulting in a two to three orders of magnitude increase in their
abundance (Fig. 11.5). In conclusion, these trophic interactions have a strong
imprint on the temporal dynamics of nutrient cycling in forest canopies.

11.7.2 Understanding the Spatial Variability in Fluxes

The three insect taxa described in this chapter have very different population
dynamics, with aphids able to travel large distances via their winged morphs.
HWAs and lepidopterous larvae, in contrast, are likely to migrate much
shorter distances, but are more persistent in infested patches (Fig. 11.1).
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Therefore, the expectation is that the effect of aphids on within-stand vari-
ability in DOC/DON throughfall fluxes should be larger within and between
years compared to that of HWA and lepidopterous larvae. At the end of July
the aphid effect was largely invisible because the aphids are then sparsely and
evenly distributed between trees. The honeydew they excrete is consumed
entirely by other canopy organisms, and little reaches the forest floor at that
time. During spring, however, heavily infested trees (‘hot spots’ of infestation)
may be situated next to uninfested trees, leading to local differences in
throughfall DOC concentrations of several orders of magnitude (Fig. 11.2a).
We are not aware of any study of the local and regional population dynamics
of canopy insects in non-outbreak years that correlate their life history strate-
gies and throughfall fluxes. The biggest problem is gaining access to the
canopy of mature trees to identify the sources of variability in throughfall
fluxes. Our preliminary analysis of aphid abundance on mature Norway
spruce strongly indicates that our understanding of variability in the spa-
tial/temporal DOC dynamic in throughfall is considerably improved if the
local abundance of aphids is considered (Kindlmann and Stadler 2004).

A good example of the spatial variability of throughfall concentrations
within infested and uninfested trees is presented for HWA (Fig. 11.3). Heavily
infested hemlock showed little variability in throughfall concentrations, irre-
spective of whether collected close to the trunk or at the periphery of the
canopy. This is owing to the fact that HWA is evenly distributed in the canopy
and the patchy nature of needle loss. Precipitation is relatively unaffected by
the needles and passes through the canopy unimpeded. Medium-infested
trees, in contrast, which still retain most of their needles, showed a much
larger spatial variability in the energy and nutrient fluxes recorded at differ-
ent locations beneath a tree, especially when the amount of precipitation is
high. For example, close to the trunk 41.2 % of the total DOC flux passed
through the canopy, while at the periphery only 26.7 % did so. Beneath heav-
ily infested trees the differences in DOC fluxes between trunk and periphery
declined to only 4.8 %. Identical results were obtained for the spatial variabil-
ity in nitrogen fluxes. Therefore, in the case of HWA the result appears to be a
progressive decrease in the spatial variability in nutrient fluxes within the
canopy with duration of infestation. The demise of hemlock and the increased
input of nitrogenous compounds into the forest floor eventually lead to a
gradual development of extensive and relatively homogeneous stands of an
uncommon forest type that is dominated by black birch, a nitrophilous
species.

11.7.3 Understanding the Mechanisms That Regulate Fluxes

Ecosystem ecology is dominated by studies that seek to identify patterns and
correlations in energy and nutrient cycling. This mass perspective approach
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assumes that the functioning of a system is controlled by those organisms
with the largest biomass and by the abiotic environment. It emphasizes phys-
ical and chemical constraints and regulation and predictability at the system
level. We appreciate that this approach has produced some interesting results,
e.g. that water fluxes are one of the most important driving forces in DOC and
DON mobilization, accumulation and transport between organic matter
pools. However, dilution occurs when small pools are depleted, resulting in
non-linear and therefore non-predictable matter concentrations and fluxes
(Currie et al. 1996; Michalzik and Matzner 1999; Schulze 2000). Population
and community ecology offers an historical perspective and treats variability
as a necessary precondition for the development of biological systems. Such
studies are more likely to identify mechanisms that lead to certain patterns on
the small to medium scale. Therefore, we believe these approaches are com-
plementary in their contribution to our understanding of the behaviour of
ecological systems and support calls to merge these different perspectives of
our natural environment. However, the identification of mechanisms that pro-
duce patterns at the ecosystem level is much more difficult, because they
operate at a multitude of different temporal and spatial scales.

Our results on canopy herbivores indicate that it is important to appreciate
the role of small herbivores, because, e.g., aphids can excrete daily an amount
of honeydew equivalent to their own body mass and low numbers of adelgids
can change the flow of water and nutrients in the canopy by affecting needle
loss and needle nitrogen content. In addition, in order to identify ecosystem
changes well before irrevocable damage is done, it is necessary to develop
indicators that are more sensitive than annual averages in fluxes or through-
fall concentrations. Potassium is one of the elements that repeatedly is found
to indicate early stages of herbivore activity, well before macroscopic damage
is visible (Seastedt and Crossley 1984; Stadler et al. 2001a). For successful
management strategies early indicators of increases in herbivore abundance
and a better understanding of the individual ecology of herbivores need to be
developed.

11.7.4 Generating Testable Hypotheses

There is a long history in population/community ecology and life history the-
ory of hypotheses development and testing. The relatively young discipline of
ecosystem science often seems to be less concerned with the development and
testing of theories or experimental manipulations because of the difficulty of
manipulating whole ecosystems. A few notable exceptions, however, do exist.
Thus, ecosystem ecology is largely based on observations, correlative and
modelling approaches. An ecological approach to the study of energy and
nutrient fluxes offers the additional advantage of combining patterns identi-
fied on a large scale with mechanisms operating at and below the popula-
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tion/community level. Both approaches are intertwined because the abiotic
features of an ecosystem set the limits for the evolution of species traits, and
ecosystem properties are constrained by the ecological and evolutionary his-
tory of the interacting species. For example, the adoption of a metapopulation
approach to the study of throughfall fluxes might offer a theoretical frame-
work for predicting the seasonal, temporal and spatial variability in through-
fall concentrations and fluxes. The patch colonization/extinction perspective
(Wiens et al. 1993; Wiens 1995; Wu and Loucks 1995) essentially captures
many biological features that are relevant to ecosystem studies. For example,
different species of herbivore in the canopies of trees show different abilities
to migrate to adjacent patches, or periods of infestation in local patches
(Fig. 11.1). The identification of the key players and their direct and indirect
trophic effects within patches of infested stands should help to explain the
variability in nutrient cycling.

An evolutionary perspective of ecosystem ecology (Loehle and Pechmann
1988; Loreau 2001) will enable the prediction and provide a mechanistic
understanding of the effects of climate change on ecosystem processes and
function. This does not mean that there is consensus on the direction of
change, e.g. in insect abundance (Lawton 2000), phenological synchronicity
between insects and host plants (Koricheva et al. 1988; Watt and McFarlane
2002; Dixon 2003) or frequency of pest species outbreaks (Buse et al. 1998;
Cannon 1998; Bezemer et al. 1999), but a blend of approaches makes it more
likely that the chain of mechanisms that link the different types and scales of
ecological processes involved in ecosystem dynamics will be identified and
understood. Opportunistic species are likely to benefit most from environ-
mental change irrespective of whether this change comes in the form of
increased temperature, introduction into new environments or larger fluctua-
tions in weather conditions. A promising road to a better understanding of
the patterns of change is to link ecosystem processes with food web interac-
tions and evolutionary aspects of phenotypic adaptation to environmental
change. A combination of approaches appears to be better suited to answer
questions on how to best recognize changes in ecosystem function or direc-
tions of change in the ecology of nutrient fluxes.

Although we realize that the results and ideas presented in this chapter are
far from comprehensive, it is likely to be the first paper found in a literature
search when entering the terms ‘population ecology/community ecology’ and
‘nutrient fluxes’.
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Section IV
Methods: Reducing, Enhancing 
and Simulating Insect Herbivory



12 Simulating Herbivory: Problems and Possibilities

J. Hjältén

12.1 Summary

Much of our knowledge of plant–herbivore interactions are based on results
from experiments applying mechanical damage to plants. However, in recent
years, the use of simulated herbivory has been criticized and several problems
identified. The aim of this chapter is therefore to identify the most obvious
advantages and disadvantages of using simulated insect herbivory and sug-
gest ways to avoid some of the problems or alternative ways to conduct the
experiments, e.g. by using natural herbivores caged on specific plant parts
(clip cages).

It is clear from the literature that simulated herbivory often fails to induce
plant responses that are important for complex biotic interaction, e.g. interac-
tions between plants, different insect herbivore species and their predators/
parasites. This strongly suggests that if the aim of a study is to identify and
understand the ecological role of these complex interactions and ecosystem
processes we need to use natural herbivory. Simulated herbivory may, how-
ever, still be an appropriate method for investigating simple biotic interac-
tions, e.g. the effects of herbivory on plant growth and survival or physiologi-
cal processes in plants that deter or limit further herbivory by the same
herbivore. Simulated herbivory might also be a useful tool for dissecting dam-
age into its functional parts, i.e. mechanical wounding and elicitor applica-
tion.

The study of more complex biotic interactions, e.g. plant-mediated compe-
tition or interactions involving a third tropic level, requires the activity of real
herbivores. Nevertheless, we should be aware that even the use of natural her-
bivory is associated with potential problems, e.g. clip cages can reduce radia-
tion, increase leaf temperature, reduce leaf expansion and restrict realistic
interactions with predators and parasites, and this should be taken into
account when designing experiments and interpreting results.
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12.2 Introduction to the Problem

Numerous studies have used simulated herbivory to mimic natural damage
caused by herbivores (for references see also Lehtilä and Boalt, Chap. 13, this
Vol.). Mechanically induced damage has been used to determine the effects of
both insect and mammalian herbivores on plant growth, biomass partition-
ing, reproduction, morphology and survival (e.g. Paige and Whitham 1987;
Bach 1994; Hjältén et al. 1993; Escarré et al. 1996; Bergman 2002; Pilson and
Decker 2002). Furthermore, simulated herbivory has been used to determine
physiological responses of plants following damage, and the resulting effects
on biotic interactions (Danell et al. 1985; Hjältén 1999; Honkanen et al. 1999;
Krupnick et al. 2000; Tscharntke et al. 2001). Thus, studies involving simulated
herbivory have had a profound influence on our understanding of plant–ani-
mal interactions. The use of simulated herbivory is popular because it has sev-
eral advantages over natural herbivory in empirical studies, the principal ben-
efits being that it is simple to perform, and both the damage itself and the
confounding factors are much easier to control (Tiffin and Inouye 2000).

However, in recent years, the validity of using simulated herbivory has
been questioned (Baldwin 1990; Tiffin and Inouye 2000). Plant responses to
herbivory are very complex and there are several problems associated with
simulating herbivory, including doubts about the ability of researchers to
mimic natural damage well enough to induce ‘natural’ plant responses, e.g.
responses affecting plant growth, survival and simple defensive reactions that
may reduce further herbivory by the same herbivore. In this respect, there is a
considerable difference between the relatively simple form of damage im-
posed by browsing and grazing mammals and the diverse methods by which
phytophagous insects exploit their food plants (e.g. leaf-feeders, phloem and
xylem suckers, gallers, leaf-miners, stem-borers and seed-eaters). Further-
more, in recent years, it has become apparent that simulated herbivory may
fail not only to induce plant responses that are essential components of more
complex natural biotic interactions between plants, different insect herbivore
species and their predators/parasites (Baldwin and Preston 1999; Agrawal
2000b), but also to capture essential ecosystem processes related to, e.g., nutri-
ent cycling. Thus, reliance on studies of simulated herbivory could lead to
conclusions that are not valid under natural conditions.

In this chapter I will try to identify the most obvious advantages and dis-
advantages of using simulated insect herbivory as a tool to study biotic inter-
actions, and suggest ways to avoid some of the problems associated with the
use of mechanical damage.
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12.3 Advantages of Simulated Herbivory

The reason why simulated herbivory has been (and still is!) used so exten-
sively in studies of plant–herbivore interactions is, of course, that it has sev-
eral advantages compared to natural herbivory (Table 12.1). These advantages
are briefly described below.

One obvious advantage is that mechanical damage enables the experi-
menter to control the type, timing and degree of damage to the experimental
plants. Different types of herbivore damage have different effects on plant
growth, biomass partitioning and plant chemistry (Strauss 1991; Hjältén et al.
1993; Agrawal 2000a; Fig. 12.1). In natural environments, plants are usually
damaged to different degrees by several different herbivore species simulta-
neously, which makes it very difficult to evaluate the relative effects of differ-
ent herbivores on plant characters and biotic interactions. By simulating her-
bivory by different herbivores both separately and collectively this problem
can be solved.

Even more important is that use of simulated herbivory makes it possible
to obtain an exact measurement of the degree of damage (e.g. biomass
removed) simply by weighing the removed biomass. Consequently, the plants’
compensatory abilities or tolerance can be measured exactly (Oesterheld and
McNaughton 1991; Hjältén et al. 1993; Bergström and Danell 1995; Sadras
1998), which is much more difficult with natural herbivore damage (Tiffin
and Inouye 2000). Other studies have used simulated damage to evaluate the
importance of the timing of damage on plant growth, reproduction and con-
centration of secondary metabolites (Obeso and Grubb 1994; Escarré et al.
1996; Krupnick et al. 2002). For example, Obeso and Grubb (1994) found that
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Table 11.1. Summary of the advantages and disadvantages of simulated herbivory

Advantages – Simple to perform
– Control of the type of damage
– Control of the magnitude and timing of the damage
– Control of biotic and abiotic confounding effects

Disadvantages – Difficult to mimic many types of natural herbivore damage
– Difficult to mimic the distribution and timing of natural herbi-

vore damage
– Often impossible to induce natural plant responses without

detailed knowl – edge of system-specific biotic and abiotic
interactions

– May not capture complex biotic interactions
– May not capture herbivore effects on soil processes that are

important for ecosystem function



late defoliation was much more detrimental for the annual Senecio vulgaris
than early defoliation.

Nevertheless, one of the biggest advantages of using simulated insect her-
bivory is that it makes it possible to avoid bias resulting from unmeasured
biotic or abiotic microenvironmental variables that can affect plant charac-
ters, herbivore density and/or preference, and higher trophic interactions
(Rand 1999; Tiffin and Inouye 2000). For example, in situations where plant
fitness and herbivore abundance vary in different types of microhabitat, esti-
mates of plant responses to natural herbivory might be biased because plants
growing in favourable microsites may receive more damage, but still grow
better, than plants subjected to less herbivory that are growing in less
favourable microsites (Tiffin and Inouye 2000).

Furthermore, resistance to insect herbivory varies among genetic plant
families (genotypes) and different families will therefore receive different
amounts of damage (Hjältén and Price 1996; Orians et al. 2000). If plant fami-
lies also differ in characters other than resistance (e.g. growth and reproduc-
tion), or if the relative effect of herbivory on plant characters changes with the
degree of damage, or differs between plant families, correlative measurements
of herbivore effects on plant characters could lead to erroneous conclusions.
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Fig. 12.1. Effects of different types of
simulated herbivory on morphology
and growth of juvenile birches. Bars
with different letters denote statistically
significant differences (P <0.05)



However, by randomly assigning mechanical damage to plants it is possible to
avoid many of the problems discussed above (Baldwin 1990).

Finally, an important and obvious advantage of simulated herbivory is its
convenience: it is simpler and less time-consuming to damage plants mechan-
ically than to find naturally damaged plants or to introduce herbivores to
selected plants. This might not be an advantage from the purely scientific per-
spective, but it may allow researchers to use bigger sample sizes in their stud-
ies.

12.4 Disadvantages of Simulated Herbivory

12.4.1 Simple Biotic Interactions

Although there are several advantages of simulating herbivory, the similarity
of the observed effects of mechanical damage to natural responses and
processes is highly debatable. Even simulating the effects of natural herbivory
on simple biotic and abiotic interactions, e.g. the direct impact of herbivory
on plant growth, survival, physiology and defensive responses against the her-
bivore causing the damage, is not straightforward since it must be properly
mimicked with respect to both the nature and timing of the damage caused
(Table 12.1).

Damage by mammalian herbivores on winter-dormant trees and shrubs is
usually well defined and relatively easy to mimic compared to the diverse
types of damage imposed by various functional groups of insects (e.g. leaf-
feeders, phloem and xylem suckers, leaf-stem- and bud-gallers, leaf-miners,
stem-borers, seed predators and frugivores) to parts of growing leaves or
shoots. Among these functional groups of insects, the damage by externally
chewing insects is, relatively speaking, the least difficult to simulate, but still a
difficult task.

The response of winter-dormant trees and shrubs will probably to a lesser
extent depend on the timing of the damage, or on the presence of herbivore
saliva, which can be important in plants in a growing phase (Kahl et al. 2000;
Agrawal 2002; Bergman 2002; Musser et al. 2002). This is mainly due to the
physiological processes in plants slowing down during dormancy and basi-
cally stopping altogether in plants at high latitudes. This does not imply that
timing is totally unimportant in dormant plants, but numerous studies have
shown that timing of insect damage during the growing season influences the
growth, reproduction and chemical expression of plants (e.g. Tolvanen et al.
1993; Honkanen and Haukioja 1994; Obeso and Grubb 1994; Sadras 1998;
Thaler et al. 2002; Tiffin 2002) whereas similar studies on dormant plants are
basically lacking. Although it is commonly assumed that the timing of dam-

Simulating Herbivory: Problems and Possibilities 247



age is less important if trees are dormant, this still remains to be rigorously
tested.

Even when the timing of the damage is not crucial, the problem of mimic-
king natural damage still remains, albeit for herbivores with sharp incisors,
such as hares and voles, cutters may be appropriate (Hjältén et al. 1993) and
for ungulates with less sharp teeth the herbivores’ jaws can be used to inflict
mechanical damage (Bergman 2002).

In contrast to vertebrate damage on winter-dormant plants, herbivore
damage by insects to growing plant parts is often highly variable with respect
to type, distribution, timing and severity. This makes herbivore damage to
growing plant parts much harder to mimic. Several studies have also shown
that plant responses to simulated and natural insect herbivory differ in terms
of growth and chemical changes (Baldwin 1990; McCloud and Baldwin 1997;
Agrawal 2002; see also Lehtilä and Boalt, Chap. 13, this Vol.). There are two
major problems with mechanical damage: mechanical damage does not
always accurately mimic natural damage, and some insect herbivores alter
plant physiology by injecting growth substances during oviposition (e.g. gall
formers) or saliva components while feeding (McCloud and Baldwin 1997;
Agrawal 2000b). Even if damage by leaf chewers is relatively well defined, the
use of special scissors or cutters has proven inadequate to properly mimic
natural damage by such insects (Baldwin 1990; McCloud and Baldwin 1997;
Agrawal 2000b).Agrawal (2000b) found that Lepidium verginicum individuals
damaged by Pieris rapae were more resistant to damage by aphids and had
higher rates of survival than mechanically damaged individuals. Bergman
(2002) reported that willows subjected to mechanical damage grew signifi-
cantly more branches if moose saliva was added to the wound. Furthermore,
Agrawal (2002) found that natural herbivory by Pieris rapae on wild radish
not only induced greater resistance to herbivory compared to mechanical
damage, but also influenced the growth of progeny plants, probably because
the naturally damaged plants produced larger seeds. Herbivory by gall-form-
ers, miners, sucking and root-feeding insects is probably even harder to
mimic, suggesting that in most cases it is very difficult or even impossible to
accurately mimic natural damage, except (possibly) for very specific herbi-
vores like seed-feeding or flower-head clipping insects (see, for instance, Pil-
son and Decker 2002).

Simulated herbivory makes it possible to control the distribution of dam-
age, but we still need to consider the intra-plant distribution of natural dam-
age when applying mechanical damage, because damage caused by herbi-
vores is not randomly or regularly distributed (as is often the case with
simulated herbivory) on plants. Instead, specific plant parts are preferred
(Price et al. 1994; Waltz and Whitham 1997; Gomez and Gonzáles-Megías
2002). The distribution of damage also influences plant responses, probably
due to plant modularity and source/sink regulations within the plants
(Honkanen and Haukioja 1998). For example, Honkanen et al. (1999) found
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that variation in intra-plant distribution of defoliation in Pinus sylvestris, e.g.
damage to apical or basal parts of the shoot, resulted in large differences in
responses in both growth and secondary chemistry. Furthermore, depending
on the plant parts consumed, one herbivore species might indirectly reduce
the density of other herbivore species, either by unintentional predation or
simply by removing valuable plant parts for other herbivores (Gomez and
Gonzáles-Megías 2002). Unless the distribution of simulated damage is con-
sistent with the distribution of natural herbivory, the obtained results could
lead to incorrect or misleading conclusions.

The timing of damage and/or the length of time over which damage is
done are also important factors to consider when applying mechanical dam-
age. Simulated herbivory is often only applied once or on a few occasions,
whereas natural insect herbivory, in most cases, is a continuous process that
occurs throughout the growing season (and in many cases also during plant
dormancy). Damage usually has the strongest effect on plant characters when
it occurs early in the season (Krupnick et al. 2000), but in some situations late-
season herbivory can also have strong effects (Tiffin 2002).

12.4.2 Complex Biotic Interactions

In recent years, it has become apparent that one of the main problems with
mechanical damage is that it often fails to induce specific plant responses that
play important roles in complex biotic interactions For example, McCloud
and Baldwin (1997) convincingly showed that insect regurgitants play a pro-
found role in the induction of defensive responses in native tobacco. Many of
these responses are species-specific, i.e. different herbivores induce different
plant responses (Voelckel and Baldwin, Chap. 17, this Vol.). For instance,
Agrawal (2000a) found a high degree of specificity of induced resistance in
wild radish to four caterpillar species. Some caterpillar species induced a gen-
eral plant resistance to all herbivores, whereas at the other extreme, some
caterpillar species did not induce any defensive plant responses at all. In addi-
tion, plants have been found to release volatiles that attract natural enemies
(Turlings et al. 1998): a potentially very significant indirect response. Some
plant volatiles may even induce defensive responses in neighbouring plants
(see, for instance, Tscharntke et al. 2001; Baldwin et al. 2002). This clearly illus-
trates the immense complexity of interactions between plants, their herbi-
vores and predators/parasites. Clearly, therefore, if mechanical damage fails to
mimic natural damage sufficiently well, incorrect conclusions may be drawn
regarding many complex biotic interactions, as well as the potential effect of
herbivory on plant fitness in the system studied.

It is important to note that these complex interactions, involving plant-
mediated competition between insect herbivores or indirect defences (herbi-
vore-specific volatile signals released from the plant) involving a third tropic
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levels, would never have been detected if we had relied solely on simulated
herbivory. Thus, it is absolutely essential that we use natural herbivory if we
aspire to detect and understand these complex biotic interactions. Further-
more, we must realize that if we, e.g., fail to correctly estimate the relative
importance of specific herbivores on plant population, due to simulated her-
bivory treatments failing to induce direct or indirect (mediated by a third
trophic level) defensive responses in plants, this could lead to basic misinter-
pretation of ecosystem processes, such as whether or not plant populations
mainly are top-down or bottom-up regulated.

Insect predators can have strong indirect effects not only on the popula-
tions of specific plant but also on plant diversity. Schmitz (2003) found that
exclusion of spiders resulted in increased evenness in the plant community.
However, it is also important to realize that different insect predators can gen-
erate contrasting trophic cascades. Snyder and Wise (2001) reported that dur-
ing spring lycosid spiders reduced the densities of herbivorous beetles, thus
increasing plant fruit production, whereas predatory beetles had much
smaller effect. By contrast, during summer lycosid spiders strongly reduced
plant yield possibly by intraguild predation on other predators, resulting in
increased herbivore densities. These examples clearly show that if experi-
ments relying on simulated herbivory fail to induce responses that affect com-
plex biotic interaction, e.g. involving a third trophic level, we might end up
with the wrong conclusion not only with regard to biotic interaction but also
with respect to the basic questions on how the study system is regulated.

12.4.3 Basic Ecosystem Processes

One rarely addressed problem that could occur when applying mechanical
damage to plants is that we may fail to consider herbivory effects that act on
basic ecosystem processes. For example, selective browsing by mammalian
and insect herbivores has been suggested to influence ecosystem functioning
by changing species composition and soil processes, thus influencing nutrient
availability (Pastor et al. 1993; Hobbs 1996; Kielland and Bryant 1998;
Belowsky and Slade 2002). Furthermore, herbivory in itself can change the
chemical properties of a plant, thus affecting litter properties and decomposi-
tion (Bardgett et al. 1998; Belowsky and Slade 2000; Hättenschwiler and
Vitousek 2002; Hartley and Jones, Chap. 2, this Vol.; Wardle and Bardgett,
Chap. 3, this Vol.). It has also been suggested that urine and faeces of mam-
malian as well as insect herbivores can have a strong effect on soil processes
and by that also influence plant communities (Hobbs 1996; Reynolds and
Hunter 2001). In some ecosystems, for example subarctic marshes, goose
droppings might be very important since they can accelerate nutrient cycling
and thus stimulate primary production (Cargill and Jefferies 1984). This effect
is probably most important in systems with large losses of limiting nutrients
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during recycling, or where herbivores bring in nutrients from outside sources
(see, for instance, de Mazancourt et al. 1998), but it is an important issue to
consider in all ecosystems (Reynolds and Hunter 2001; Belowsky and Slade
2002). Part of these problems has been solved in some studies by simply
adding natural faeces or urine, or synthetic alternatives (Reynolds and Hunter
2001; Persson 2003). Unfortunately, most studies involving simulated her-
bivory have ignored this potentially important feature of plant–animal inter-
actions. This means that we may not capture effects that are essential for
ecosystem processes and ecosystem function.

Finally, adult insect in taxa with phytophagous larvae may be important for
ecosystem processes due to their role as pollinators (e.g. Després 2003), the
most extreme case being Ficus–Agaonidae symbiosis and the Yucca–Tegetic-
ula moth relationship (Dodd and Linhart 1994; Nefdt and Compton 1996).
Thus, by simulating herbivory, we may overestimate the effect of herbivory on
plant reproduction simply by missing the important role of herbivores as pol-
linators.

12.5 Conclusions and Suggestions for the Future

The appropriateness of using simulated herbivory largely depends on the
question addressed or hypothesis tested. Simulated herbivory may be an
appropriate method for investigating simple biotic interactions, e.g. the
effects of herbivory on plant growth and survival or physiological processes
in plants that deter or limit further herbivory by the same herbivore. Simu-
lated herbivory might also be a useful tool for dissecting damage into its func-
tional parts, i.e. mechanical wounding and elicitor application. However, it
must be clearly acknowledged that results from experiments using simulated
herbivory may not be generally applicable to herbivore effects on plant char-
acteristics in all cases, or to complex biotic interactions under natural condi-
tions. In the latter case, simulated herbivory is even more problematic (unless
used in combination with natural herbivory) and alternative methods should
be considered. The use of simulated herbivory may lead to misinterpretation
regarding the importance of induced response in plants, affecting competitive
interactions between both herbivores and higher trophic levels. This may lead
to erroneous conclusion regarding the effect of herbivores on plant fitness,
plant communities and ecosystem processes.

One of the principal reasons why researchers use simulated herbivory is,
unfortunately, probably its convenience. It is simply much easier to control the
degree, timing and distribution of damage using simulated herbivory com-
pared to performing the same experiments with natural herbivory. Neverthe-
less, many studies, in both the field and experimental settings, have shown
that herbivore damage can be controlled even if natural herbivores are used,
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by caging insect herbivores (e.g. in clip cages) on specific plant parts, or
caging plant parts to keep out herbivores. The advantage of clip cages is, of
course, that the damage is natural but also that the distribution, degree and
timing of damage can be controlled. Assuming that the distribution and tim-
ing of damage in the natural environment are well documented and that the
experiments are designed accordingly, the herbivory treatment should ade-
quately mimic natural herbivory, inducing ‘natural’ responses and allowing
conclusions to be drawn regarding both simple and complex biotic interac-
tions. This method is, of course, more time-consuming, but allows more gen-
eralizations to be made regarding the effects of herbivory on plant character-
istics as well as on other plants, herbivores and parasites/predators (cf.
Schmitz, Chap. 14, this Vol.).

However, even the use of clip cages has disadvantages that we should be
aware of. Clip cages reduce radiation and increase leaf temperature, thus
increasing chlorophyll content and reducing leaf-soluble protein content,
which could alter insect nutrition (Craft-Brandner and Chu 1999). In addi-
tion, clip cages can reduce leaf expansion which could lead to erroneous con-
clusions of herbivore effects on plant growth (Moore et al. 2003) and clip
cages will probably also restrict realistic interactions with predators and par-
asites. These potential problems with clip cages should be taken into account
when designing experiments and interpreting results.

In spite of this, the use of natural herbivory, by clip cages or otherwise, still
has many advantages over simulated herbivory, since it potentially provides
more detailed and accurate information on biotic interactions and ecosystem
processes. It is therefore recommended that if the aim of a study is to explore
and understand complex biotic interactions and ecosystem processes,
researchers should at least always first consider using natural herbivory and
only use simulated herbivory as a second option. Nevertheless, simulated her-
bivory should not be discarded from use in ecological research since it has
several advantages over natural herbivory and as long as we are aware of the
drawbacks/ limitations and restrict our conclusions accordingly it might still
be a useful method.

However, it is recommended that mechanical damage should mainly be
used to evaluate direct effects of herbivory on basic plant processes such as
growth, reproduction and general physiological responses (e.g. changes in
nutrient concentration and plant overall allocation to secondary compound)
and not for processes involving complex biotic interactions (except as a com-
plement to natural herbivory). Simulations should only be considered for
insect herbivores inflicting well-defined damage to plants that is possible to
mimic with accuracy (and great effort should be made to achieve this!), i.e.
damage from externally leaf-feeding insects or seed-feeders. Finally, and most
important, mechanical damage should only be used after natural herbivory
has been considered and found to be more problematic, from a scientific per-
spective, than the use of mechanical herbivory.
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13 The Use and Usefulness of Artificial Herbivory 
in Plant–Herbivore Studies

K. Lehtilä and E. Boalt

13.1 Summary

Artificial damage is a popular method in plant–herbivore studies, because the
use of real herbivores is often laborious and because it may be virtually
impossible to use herbivores in many experimental setups. We made a litera-
ture search of studies that tested whether natural and artificial damage have
similar effects on plants. Of 46 studies found, 33 (72 %) reported a significant
difference between responses to artificial and natural herbivore damage in at
least one of the statistical tests included. The studies contained 280 statistical
tests, of which 99 (35 %) showed a significant difference between artificial and
natural damage. Phytochemical responses to artificial and natural damage
were different in 41 % of the statistical tests and 75 % of the studies found at
least one significant difference. Plant resistance, measured as secondary dam-
age, herbivore performance, fungal growth in damaged tissue or plant attrac-
tivity to parasitoids of herbivores, differed in 60 % of the statistical tests and
85 % of the studies had significant differences. Growth, reproduction and
physiological responses to artificial and natural damage differed in 20–30 %
of statistical tests and 50–83 % of studies had significant differences. Thus,
studies on plant tolerance (growth and reproduction after damage) more
often showed similar effects for artificial and natural damage than studies on
plant resistance to herbivory, but even in tolerance studies artificial and nat-
ural damage often have different effects. Some studies indicated that applica-
tion of herbivore saliva and careful imitation of timing and spatial pattern of
damage helped in reaching the same effect with simulations and natural dam-
age.

Ecological Studies,Vol. 173
W.W. Weisser and E. Siemann (Eds.) 
Insects and Ecosystem Function 
© Springer-Verlag Berlin Heidelberg 2004



13.2 Introduction

In many experimental settings, artificial damage has several practical benefits
over the use of real herbivores (Hjältén, Chap. 12, this Vol.). The extent of dam-
age and the location of damaged parts can easily be controlled, and collateral
damage to other than target tissues can be minimized. The removed biomass
can be collected and measured. Furthermore, there is no need to collect and
rear herbivores. The use of artificial damage enables efficient experimental
designs, with balanced sample sizes of experimental groups and a low varia-
tion of treatment intensity within each experimental group. For these reasons,
artificial damage is used more often in herbivory research than real herbi-
vores.

Artificial damage does not, however, always adequately mimic natural
damage (Baldwin 1990; Hjältén, Chap. 12, this Vol.). Many types of herbivory
are not applicable for simulations. Damage by stem borers, miners, galling
insects, root feeders or sucking insects is seldom tried to simulate. However,
even when the apparent damage pattern is easy to reproduce, several charac-
teristics of natural herbivory may be difficult to simulate, such as the timing
of damage, herbivore host choice, location of damage within a plant, and sub-
tle details of damage by herbivore mouth parts. Herbivore saliva can also play
a role in plant responses (Walling 2000). The effects of trampling, defecating
and urinating, dispersal of plant pathogens by herbivores, herbivore enemies
and competitive release due to damage of neighbouring plants are seldom
taken into account in herbivore simulations. The study of these and other
effects of herbivory on plant community and ecosystem processes requires
specific experimental designs. Indirect effects are often outside the scope of
herbivore studies that use artificial damage, which usually concentrate on the
hierarchical level of plant individuals.

In spite of many potential pitfalls, artificial damage continues to be a pop-
ular method in much of herbivory research. To control whether the effects of
natural and artificial damage differ, several studies have included both types
of treatments in experiments. Our aim is to review the tests that compare the
plant response to natural and artificial herbivory.We examine how frequently
natural and artificial damage give different responses. We also discuss what
traits show differential responses to artificial and natural damage, and how
the difference in response is affected by the type of herbivore and plant.

13.3 Material and Methods

We carried out a search from the Institute for Scientific Information (ISI) Web
of Science database (www.isiknowledge.com, 1975–2002) with search words
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‘artificial damage’, ‘artificial herbiv*’, ‘simulated herbiv*’, ‘simulated damage’,
‘natural herbiv*’ and ‘natural damage’. We extended the search further by
checking the reference lists of relevant articles that we found from the ISI
database.

From articles, we recorded the method of artificial damage and the herbi-
vore species of natural damage, type of response variables used, target tissue
and sample size. We classified response variables as physiological and phyto-
chemical responses, growth and reproduction responses, and resistance to
secondary herbivory (other than chemical defence). From each statistical test,
we checked whether there were pairwise significant differences among con-
trol, natural damage and artificial damage groups. In cases where there were
several types of artificial damage, we chose the one that was closest to natural
damage in pattern and timing. If there were no a posteriori tests, the results
could usually not be used, but in some cases, a multiway ANOVA design
enabled us to deduce the pairwise comparison among experimental groups.
When applicable, we also used information from the studies that did not have
any undamaged control group. We used treatment means and standard devi-
ations to calculate the effect size as a standardized mean difference statistic

, where and are the means for natural and artificial
damage, respectively, s is the pooled standard deviation and J is a correction
term that removes the bias due to small sample size (Gurevitch and Hedges

1993).The equation ,where N is the total sample size,was

used for frequency data. The sign of d was assigned as negative if artificial
damage had a stronger effect than natural damage to the expected direction
from the control group, and positive otherwise.

We recorded whether the statistical tests of the same study belonged to the
same experiment or to several independent experiments. Independent exper-
iments were defined as distinct experiments with their own plant individuals,
herbivores and separate statistical tests. Multiple years of data were consid-
ered as separate experiments if each year was tested separately, and one
experiment if there was a common test of the whole data set. One experiment
usually consisted of tests of many traits that were measured from the same
plants. We made a general evaluation for each study and for each experiment
of whether a significant difference in response to artificial and natural dam-
age was found in any of the statistical tests. Thus, if one of the tests was sig-
nificant, the whole study was assigned as showing a significant difference.
When original studies discussed results of artificial and natural damage, dif-
ferences were sometimes considered as irrelevant or minor, although they
were statistically significant.We do not necessarily disagree with the interpre-
tation of original tests, but to be consistent we followed the results of the sta-
tistical analyses.

The results are reported with studies, experiments and statistical tests as
sampling units. It should be noted that only at the level of study, and possibly

The Use and Usefulness of Artificial Herbivory in Plant–Herbivore Studies 259

d J X X sN A= ( )– XN XA

d J N= ( )2 2 2c c–



at the level of experiment, do the sample units represent observations that are
independent in a statistical sense. Statistical tests belonging to the same
experiment are associated, which has to be kept in mind when interpreting
the testwise results. Testwise reports, however, give important insights into
many of the questions discussed in the text. Furthermore, different experi-
ments in the article are not independent in a strict sense, and the same caveat
applies even to different studies with the same plant species. Similar to many
ecological reviews, there is only a limited number of species in the data set
and some popular model species are used in many studies. The only real solu-
tion to this problem of representativeness is to carry out more studies to cover
a broad scale of taxa.

In some cases, the authors have known before or expected that the effects
of artificial and natural damage differ. In the case of Nicotiana–Manduca
sexta, Baldwin (1988) showed that artificial damage induces a stronger nico-
tine production than natural damage. Two later studies that continued to elu-
cidate the system are included in this review (McCloud and Baldwin 1997;
Kahl et al. 2000). Agrawal (1998), Agrawal et al. (1999) and Agrawal and Sher-
riffs (2001) compared real herbivory and rapid leaf clipping because earlier
data suggested that clipping does not induce resistance. Turlings et al. (1990)
used natural herbivory and artificial damage, with or without caterpillar
regurgitants, to study volatile release and parasitoid attraction. These studies
present a further test of natural and artificial damage, but there is a tendency
for them to show a significant difference between the two damage types.A less
clear case is the series of articles on birch herbivory (Haukioja and Neuvonen
1985; Hartley and Lawton 1987, 1991; Neuvonen et al. 1987; Hartley 1988;
Hartley and Firn 1989; Hanhimäki and Senn 1992). Early studies showed a
difference in response to artificial and natural damage. This was often con-
firmed in later studies, although it is not clear whether a specific result was a
priori predicted. For some of the comparisons of the effect of natural and arti-
ficial herbivory, we present results with all studies included and with a data set
without the studies where the authors apparently had a clear prior expecta-
tion of the result. In general, the results were approximately similar with both
data sets.

13.4 Commonness of Differences Between Natural 
and Artificial Herbivory

We found 46 papers that tested the difference between responses to artificial
and natural herbivore damage (Table 13.1). Thirty-three of the studies (72 %)
reported a significant difference between responses to artificial and natural
herbivore damage in at least one of the statistical tests included. Thirteen of
the studies found no difference between responses to different damage meth-
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ods. Many of the papers presented results from several independent experi-
ments.When each experiment is evaluated separately, 50 of the total 73 exper-
iments (68 %) showed a difference between artificial and natural herbivory
and there was no difference in 23 experiments (32 %) in any of the tests of the
experiment. Finally, we checked how many statistical tests showed a signifi-
cant difference in responses. Of 280 statistical tests, 99 (35 %) showed a differ-
ence and 181 (65 %) showed no difference between responses to natural and
artificial herbivory. The pattern was similar even if studies where a significant
difference between natural and artificial damage was a priori expected (see
Sect. 13.3) were not taken into account. Of the tests with no specific expecta-
tion of the result, 23 of 34 studies (68 %) and 77 of 238 statistical tests (32 %)
showed a difference between natural and artificial damage. It is thus common,
although not ubiquitous, that responses to natural and artificial herbivory dif-
fer.

Obviously, with a higher number of statistical tests within a study or an
experiment, the probability that at least one of the tests is significant is
increased. The studies including tests with a significant difference in response
to artificial and natural herbivory contained more statistical tests than stud-
ies without any difference [Wilcoxon rank sum test, W=304.5, P=0.027;
median and range of number of tests: studies showing a difference 4 (1...37)
tests, studies with no difference 2 (1...5) tests].

Another factor potentially affecting the likelihood of finding a significant
difference is the sample size. Ultimately, all ecological experiments would
show a significant (although possibly biologically irrelevant) difference
among experimental groups if the sample size is high enough, since there are
always differences among ecological samples. Some of the studies had aston-
ishing sample sizes, e.g. 2200 plants in Juenger and Bergelson (2000), showing
a significant difference. There was no significant difference in sample sizes of
experiments with negative and positive results [Wilcoxon rank sum test,
W=587.5, P=0.886; median and range of sample size: significant difference 44
(12...2200), no difference 44 (12...105)].

The analysis of effect sizes (Table 13.1), however, suggested that there is a
publication bias for too many studies with a low sample size showing a differ-
ence between artificial and natural damage. The relationship of sample size
vs. effect size should reveal in a scatterplot a funnel-type pattern, with small
sample sizes displaying more variation around the mean effect than large
studies, but without any decreasing trends or without any large holes on the
left side of the plot near the x-axis (Palmer 1999). There was a decreasing
trend between sample size and effect size (Spearman correlation, Rs=–0.268,
P=0.001, N=149). Further examination revealed that the publication bias was
due to chemical response variables (Rs=–0.541, P=0.001, N=35). The other
types of response variables did not show any association between sample size
and effect size (resistance Rs=–0.136, P=0.465, N=31; growth Rs=0.005,
P=0.977, N=45; reproduction Rs=0.046, P=0.791, N=35; physiological traits:
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too low sample size for the test). It was not possible to further isolate a specific
type of chemical studies behind the publication bias. Chemical studies with a
high effect size and low sample size included several types of plants such as
birch (Hartley and Firn 1989), pine (Litvak and Monson 1998), barley
Hordeum vulgare (Cabrera et al. 1995) and the brown alga Ascophyllum
nodosum (Pavia and Toth 2000). The response traits ranged from volatile
compounds and phenolics to primary metabolites such as protein and carbo-
hydrate content. The publication bias of chemical studies remained signifi-
cant even if we removed the studies with prior expectation of a difference
between natural and artificial damage (see Sect. 13.3). There may thus be
missing chemical studies with a low sample size and negative result that have
not been published.A negative result in this case means that artificial damage
has a stronger effect on the expected direction than natural damage. Due to
publication bias of the chemical studies, other results, where the whole data
set is included, could also be biased. The results remained, however, very sim-
ilar even when the chemical studies were removed from the analysis (differ-
ence of at maximum three percentage units; results not shown).

13.5 Strength of the Effect of Natural and Artificial Damage

Of 280 statistical tests, 155 showed a difference between the control and either
natural damage, artificial damage, or both. In 56 tests, both damage types
resulted in a similar and a significant difference to the control group. Assum-
ing that statistical power of the experiments was sufficient to reveal biologi-
cally important differences, these 56 cases with a difference to the control
group but no difference between damage methods are ideal to support the use
of artificial damage. There were 106 tests with no differences between artifi-
cial damage, natural damage and the control group, and an additional 19 tests
with no difference between two damage types but where the control group
was missing. These results can be used to support the use of artificial damage.

Other types of test results are more problematic. In several tests, both dam-
age methods resulted in a significant difference from the control group, but
one of the treatments was significantly stronger than the other one. Whether
this is acceptable depends on the goals of the study and on the actual differ-
ence between the treatments. In cases where both treatments differed from
the control, natural damage had a significantly stronger effect in 30 tests and
artificial damage in 10 tests.

Also, in other respects, natural damage often had a stronger effect than
artificial damage. Of the total of 99 statistical tests showing a difference
between natural and artificial damage, natural damage had a significantly
stronger effect in 77 tests. In 43 of these 77 tests, there was no significant dif-
ference between the control group and the artificial damage treatment. There
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were only six tests where artificial damage produced a significant effect but
natural damage did not. Thus, there was a considerable proportion of tests
where the effect of herbivory would not have been detected if only artificial
damage had been used.

Perhaps the most problematic cases are those where natural and artificial
damage have an effect in opposite directions from the control group. Six tests
(2 %) produced this result. Two of the tests used a chemical response variable,
one test dealt with growth and three tests with reproduction.

13.6 Responses of Different Types of Response Traits to
Artificial and Natural Damage

The effect of herbivory is mediated to other plant characteristics through
physiological and chemical processes (Voelckel and Baldwin, Chap. 17, this
Vol.). It is thus possible that physiological and phytochemical traits are more
sensitive in showing the difference between responses to artificial and natural
damage than other plant traits such as growth and reproduction. The review
results give some support to the hypothesis that phytochemical response
often differs between artificial and natural damage. Phytochemical response
differed between artificial and natural damage in 75 % of the studies, 75 % of
the experiments and 41 % of the tests. It must be noted, however, that chemi-
cal studies are difficult to interpret due to publication bias (see Sect. 13.4). It is
possible that when sample size has been low, significant results have been
published more often than non-significant results.

Most chemical traits used in the tests were secondary compounds with
putative defensive function or enzymes involved in their biosynthesis. We
found only three studies that tested the response of other types of chemical
traits. Davis and Boyd (2000) did not find any difference between the effects of
artificial and natural damage when studying nickel, carbon and nitrogen con-
tent and the carbon:nitrogen ratio after damage. Ni, C and N were studied for
their possible role in resistance to herbivory. Faeth (1986) tested how leaf pro-
tein content is affected by damage. He found no difference in responses to
artificial and natural damage. Cabrera et al. (1995), on the other hand, found a
difference between the effects of different damage types on soluble protein
content in leaves, and also on the levels of soluble sugar, free proline and
chlorophyll. However, the method of artificial damage of Cabrera et al. (1995)
was not an especially close imitation of natural herbivory. They used aphids as
natural herbivores and artificial damage consisted of wounding leaves with
microcapillary tips twice a day.

Physiological responses were more often similar for artificial and natural
damage than phytochemical responses. Response variables included extraflo-
ral nectar production (Heil et al. 2001), photosynthetic rate (Poston et al. 1976;
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Welter 1991) and water status (Ostlie and Pedigo 1984; Cabrera et al. 1995).
Production of extrafloral nectar was higher after artificial damage, or after
jasmonic acid spraying, than after natural damage of similar extent (Heil et al.
2001). Otherwise physiological responses were closely similar after natural
and artificial damage. Ostlie and Pedigo (1984) found a difference in water
loss in the comparison of one of two herbivore species, but the difference dis-
appeared 16 h after damage. Cabrera et al. (1995) also found differences in
water status, but, again, wounding with microcapillary tips can hardly be
expected to have the same effect on water potential as aphid damage.

Resistance to secondary herbivory was often different after artificial and
natural damage. In 85 % of the studies, 84 % of the experiments and 60 % of
the statistical tests, induced resistance of the damage methods was signifi-
cantly different. Resistance studies include several cases where the test was
replicated in several papers using the same study system, with a high proba-
bility of observing a difference between natural and artificial damage (see
Sect. 13.3). However, significant differences between artificial and natural
damage were even more common in the studies without a prior expectation of
the result (results not shown). Resistance studies included herbivore bioas-
says of plant quality after damage (Haukioja and Neuvonen 1985; Hartley and
Lawton 1987; Neuvonen et al. 1987; Hanhimäki and Senn 1992; Anderson and
Alborn 1999; Anderson et al. 2001), fungal growth in damaged tissue (Hatcher
et al. 1994, 1995), secondary damage on plants exposed to herbivores (Agrawal
1998; Agrawal and Sherriffs 2001) and plant attractivity to parasitoids of her-
bivores (Turlings et al. 1990; Mattiacci et al. 1994).

There may be an adaptive basis in the ability of plants, herbivores and her-
bivore enemies to discriminate between artificial and natural damage. From a
plant’s point of view, herbivore repellents are important after herbivore dam-
age but not after other types of damage. Herbivores may benefit from either
avoiding or favouring previously damaged leaves. For enemies of herbivores,
it is even important to discriminate between damage types of different herbi-
vore species (Takabayashi and Dicke 1996).

Plants often have a good tolerance to herbivory in terms of growth and
reproduction (Strauss and Agrawal 1999; Stowe et al. 2000). It is expected that
tolerance buffers growth and reproduction responses so that artificial and
natural damage have more similar effect than other types of response vari-
ables. As predicted, growth and reproduction were less sensitive to different
damage methods, but even for these response variables together, 59 % of stud-
ies and 26 % of tests showed a difference. Growth (23 % of the tests signifi-
cantly different) seemed to be somewhat less sensitive to the choice of the
damage method than reproduction (30 % of the tests significantly different).
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13.7 Simulations of Mammalian and Invertebrate Herbivory

Because human tools are more of the size of mammalian jaws than insect
mouthparts, one would expect that mammalian herbivory is easier to simu-
late than insect herbivory. The data set gives a possibility to test this hypothe-
sis for tolerance traits, i.e. growth and reproduction after damage. For the
other types of response traits, only invertebrates were used as natural damage
agents in the papers of the data set. There were 7 studies, containing 57 statis-
tical tests, with mammalian herbivory. In 5 studies and 22 statistical tests
(39 %), there was a significant difference between the damage methods. Inver-
tebrate herbivores were used in 10 tolerance studies; half of the studies
showed a significant difference in a response to artificial and natural damage.
Of 72 statistical tests of tolerance traits in invertebrate studies, 11 (15 %)
showed a significant difference in a response.

According to these results, it is not easier to simulate mammalian damage
than invertebrate damage. It must be noted, however, that only a few
plant–vertebrate systems have been used in the studies of the data set. Four
mammalian studies dealt with compensation and overcompensation of two
Ipomopsis species, I. aggregata and I. arizonica. Natural and artificial damage
often had a differential effect on growth and reproduction of Ipomopsis
species, but it is not clear whether there were problems in sampling or in the
experimental treatments of mechanically damaged plants (Bergelson et al.
1996; Paige 1999). The effect of natural damage may also be biased if the pos-
sibility that herbivores choose large plants could not sufficiently be taken into
account in the statistical analysis (Bergelson et al. 1996). Mammalian saliva
may, similar to insect saliva, affect plant growth and metabolism (Bergman
2002), but the effect of mammalian saliva was not tested in the current papers.

Invertebrate studies of tolerance consisted of a broader scope of
plant–herbivore systems. Half of the studies did not observe any difference
between artificial and natural damage. Simulated damage and natural her-
bivory of tobacco hornworm Manduca sexta had similar effects on growth
and photosynthesis of tomato (Welter 1991). The effects of European pine
sawfly Neodiprion sertifer on the growth of lodgepole pine (Britton 1988)
and the effects of gastropod damage on the growth of the kelp Laminaria
hyperborea (Toth and Pavia 2002) were similar to the effect of artificial dam-
age. Quinn and Hall (1996) could artificially simulate the defoliation and
denodulation of the legume Medicago sativa by alfalfa weevil Hypera postica
and Hodge et al. (2000) showed that artificial damage and herbivory of Cle-
ora scriptaria¸ a geometrid moth, had the same effect on leaf loss of
Macropiper excelsum. In some of the studies, the lack of significant differ-
ences may be due to low sample size and few and insensitive response vari-
ables compared to mammalian studies. In two of the studies, a significant
difference between two damage types was anticipated (Agrawal 1998;
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Agrawal et al. 1999). Agrawal and Sherriffs (2001) studied the combination
of vertebrate and insect herbivory. The damaging agents were lepidopteran
larvae, whereas the response trait was secondary damage by Pieris rapae, flea
beetles and rabbits. Although induction had a somewhat different effect on
rabbit and insect herbivory, the general result was that artificial damage was
a poor proxy of natural herbivory.

13.8 Attempts of Exact Simulation

Some studies have tested several methods of artificial damage to find the
most adequate simulation. Gavloski and Lamb (2000) studied how damage by
three herbivores of cruciferous plants with different damage patterns can be
simulated. They used concentrated or dispersed defoliation of cotyledons of
Sinapis alba and Brassica napus, with or without meristem removal, to simu-
late damage by the flea beetle Phyllotreta cruciferae, diamondback moth
Plutella xylostella and bertha armyworm Mamestra configurata. There were
some significant differences in leaf growth between artificial and natural
damage when the appropriate artificial damage pattern was compared with
natural damage, but only for the low damage level of Mamestra configurata
and only for the first of the four observation dates, 8–9 days after damage. For
the other herbivores and the later observation dates, responses to artificial
and natural damage were similar. Both damage methods resulted in similar
compensation in leaf growth, less compensation for the flea beetle damage
than the other two herbivores, and better compensation by S. alba than by B.
napus. Gavloski and Lamb (2000) thus showed that, in their system, when the
amount of biomass removal and the pattern of removal (dispersed or concen-
trated, with or without meristem removal) are reproduced by punch or scis-
sors, artificial damage produces acceptable results.

Gavloski and Lamb (2000) did not try to mimic the temporal pattern of
herbivory. In contrast, Baldwin (1988) simulated the temporal, in addition to
spatial, pattern of herbivory when he studied the effect of Manduca sexta
damage on Nicotiana sylvestris. The response variable was the alkaloid con-
tent, which appeared to be more sensitive to the damage method than the
growth and reproduction traits used by Gavloski and Lamb (2000). Damage
increased the alkaloid content, and the increase was larger after simulated
damage than after real herbivory. The response of artificial damage was clos-
est to natural herbivory with a careful imitation of temporal and spatial pat-
tern of M. sexta damage, where leaf removal was performed with microscis-
sors at the same pace as damage by larvae. Later work has shown that both
artificial and natural damage increase jasmonic acid concentrations in the
leaves, but chemical compounds in herbivore saliva block the induction of
alkaloids (McCloud and Baldwin 1997; Kahl et al. 2000; Musser et al. 2002).
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After applying saliva to wounded tissue, artificial and natural damage
resulted in similar induction of alkaloids.

In addition to alkaloid induction, oral secretions are important for the
release of volatile compounds that attract enemies of herbivores to damaged
plants (Turlings et al. 1990; Dyer et al. 1995; Alborn et al. 1997; Kahl et al.
2000). For instance, Turlings et al. (1990) studied whether plant odours from
damaged plants attract Cotesia marginiventris parasitoids. They observed
that plants damaged by Spodoptera exigua caterpillars released volatiles that
were better attractants than volatiles from artificially damaged plants. When
larval regurgitant was added to artificially damaged leaves, they were as
attractive to parasitoids as Spodoptera-damaged leaves. The use of herbivore
saliva in combination with artificial damage is thus a potential method to
improve the quality of herbivore simulations. It is very difficult to collect
enough insect saliva for large experiments, but treatments may become easier
if the bioactive chemicals of saliva are identified (Moon et al. 1994; Alborn et
al. 1997; Musser et al. 2002).

13.9 Conclusions

The literature review shows undeniably that artificial damage often has a dif-
ferent effect on plants than natural damage. Should ecologists for this reason
avoid using artificial damage? Our review indicates that it is worthwhile to
make an effort to use real herbivores whenever possible (see also Hjältén,
Chap. 12, this Vol.). Our opinion, however, is that artificial damage still has its
place in the toolbox of the ecologists. There were only a few cases, about 3 %,
of the worst possible outcome where artificial and natural damage had oppo-
site effects on plants. Furthermore, the difference in the effects of artificial
and natural damage is not always undesirable but may give interesting insight
into plant responses to herbivory. For instance,Agrawal (1998) and Agrawal et
al. (1999) noted that clipping with scissors did not induce the production of
secondary compounds, but natural damage did. Artificial damage can then
represent the effect of biomass removal and natural damage the effect of both
biomass removal and induction. Jasmonic acid spraying can be used to induce
resistance without any biomass removal (Agrawal et al. 1999). Studies on the
effects of oral secretions of herbivores (Dyer et al. 1995; Alborn et al. 1997;
McCloud and Baldwin 1997; Musser et al. 2002; Voelckel and Baldwin,
Chap. 17, this Vol.) are other examples of the importance of artificial damage
as an experimental method.

At the community and ecosystem level, the most important effects that
artificial damage should succeed in simulating correctly are often the ones
affecting biomass and population dynamics of interacting species. Variation
among response variables is important in this respect. The differences
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between artificial and natural damage were somewhat smaller for growth and
reproduction than for the other types of response variables. There is thus
hope that artificial damage has fairly similar effects to natural damage on the
relative biomasses of different plant species in ecosystem studies. On the
other hand, bioassays showed that herbivores often make a distinction
between artificially and naturally damaged plants. The difference between
natural and mechanical damage in induced responses may be important if
secondary damage is extensive. A test of the adequacy of artificial damage for
dominant plant species and their main herbivores would increase the reliabil-
ity of the simulation method, but is very laborious in species-rich ecosystems.
If artificial damage is used in ecosystem studies, it is of course important to
take into account such problems as the difficulty of simulating many types of
herbivore damage or other effects of herbivores than biomass removal, for
instance impact on nutrient cycling (Hjältén, Chap. 12, this Vol.).

Ecosystem studies are typically interested in such system variables as mea-
sures of nutrient cycling and energy flow, productivity and biomasses of dif-
ferent trophic levels and functional types. We did not find controlled experi-
ments that measure such characteristics and compare artificial and natural
damage at the ecosystem level. Plant response traits nearest to the ecosystem
variables are growth and reproduction responses, which are related to pri-
mary production and producer biomass. Because there was a tendency for the
difference between responses to artificial and natural damage to decrease
when the scope extended from cell and tissue level (chemical responses) to
whole-plant level (growth and reproduction), it could be speculated that the
difference between responses perhaps could be even smaller when the focus
is at the level of ecosystems, while benefits of artificial damage – better con-
trol of damage level and experimental design – remain the same. Many types
of feedback mechanisms, however, make it difficult to extrapolate from
responses of individual plants to community and ecosystem level. On the
other hand, if there are differences between responses at the ecosystem level,
it opens up interesting possibilities. For instance, if natural damage induces
herbivore defence and artificial damage does not, it could be possible to build
up experimental designs to study whether induced secondary chemicals
really play a role in the ecosystem context by decreasing herbivore pressure,
affecting decomposition or by acting in some other way.

More generally, there are plenty of methods in biology that interfere with
the natural function of biological systems. Interference often has an effect
that can only partially be predicted and explained. For instance, plants are
grown in growth chambers, greenhouses and common gardens, although it
is known that biological processes work in a different way in artificial envi-
ronments than in natural ones. Studies commonly discuss experimental
artefacts as potential sources of error. Because plants can be exposed to both
natural and artificial damage, it is possible to test whether the error is large
or not.
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We classified plant responses to growth, reproduction, resistance, chemical
responses and physiological responses. These are emergent properties, so
there is no general answer to the question of whether it is legitimate or not to
use artificial damage. The review shows that it is good practice to carry out an
experiment with both damage methods irrespective of the type of response
variable, because when ecologists have tested the adequacy of herbivory sim-
ulations, in less than a third of the studies artificial and natural damage pro-
duced the same response.
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14 From Mesocosms to the Field: The Role and Value
of Cage Experiments in Understanding Top-Down
Effects in Ecosystems

O.J. Schmitz

14.1 Summary

Ecologists routinely use field experiments to gain predictive insights about
ecosystem structure and function. However, experiments conducted at a
whole ecosystem scale are often too crude to provide the detailed causal
understanding needed for prediction. Ecologists instead try to gain such
causal understanding by conducting experiments in small-scale enclosures or
cages. Enclosure cages offer the fine-scale resolution and control needed to
isolate certain combinations of species and derive a detailed understanding of
interaction mechanisms among the species. However, the applicability of such
insights to predicting whole ecosystem function depends critically on satisfy-
ing some key design criteria. These criteria include ensuring that enclosure
experiments are conducted in natural field environments, as opposed to arti-
ficial laboratory settings; that behaviour of mobile species is not seriously
hampered; and that experiments are conducted over time scales that repre-
sent species’ natural life cycles. I detail here how enclosure cage experiments
can be an effective tool in an endeavour to predict effects of perturbations on
whole ecosystem function. I first provide a detailed explanation of the design
of enclosure cages used in studies of herbaceous plants and arthropod herbi-
vores and predators. I also provide guidelines for conducting experiments in
ways that do not seriously distort the experimental conditions from those of
natural environments. I then illustrate how cage experiments lead to predic-
tive insights using an example from my own research on trophic interactions
among spider predators, leaf-chewing and sap-feeding insect herbivores and
grass and herb plants in a New England meadow ecosystem. I show that fulfil-
ment of critical design criteria can allow one to isolate the dominant predator
and herbivore species in this ecosystem and determine the nature and
strength of top-down control of plant species composition and biomass pro-
duction. I then show how predictions about top-down control of plant species
diversity and biomass production are tested and confirmed using large-scale,
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unenclosed field plots that experimentally manipulate both predator and her-
bivore trophic levels of the meadow ecosystem.

14.2 Introduction

Ecology has a long tradition of scientific discovery in which individuals have
made in-depth field observations and measurements and then devised expla-
nations for patterns among the measured variables (Hairston 1990). However,
this approach by itself is insufficient for answering the pressing contemporary
problem of predicting the consequences of natural and anthropogenic pertur-
bations (e.g. biodiversity loss, invasive species, atmospheric N deposition,
enrichment of atmospheric CO2) on ecosystem function. Such predictive
insight requires detailed understanding of the causal linkages between the
myriad components of an ecosystem and ecosystem function. Impelled by
this need to become more predictive, ecology has thus increasingly taken a
more experimental tack to obtain the needed cause-effect insights (Hairston
1990; Werner 1998; Raffaelli and Moller 2000).

Experiments are powerful research tools because they afford control over
extraneous variables and through replication they can lead to reasonably pre-
cise insights (Raffaelli and Moller 2000). Despite such reasons to embrace an
experimental approach, it must be recognized that experiments are effectively
contrivances (Skelly 2002). There is a challenge, therefore, to design and exe-
cute experiments in ways that provide meaningful insights about ecosystem
function. After all, those aspects of experimentation (control, precision and
replication) that offer the potential for powerful insights can also lead to out-
comes that are simply artifacts of the experimental design itself rather than
revelations about nature (Carpenter 1996; Werner 1998; Skelly 2002).

To illustrate this point, consider a hypothetical example (based on a com-
posite of several cases reported in the literature) in which a researcher is
interested in understanding the impact of insect herbivores on long-term
plant standing crop biomass in a series of grasslands of similar age and size.
Suppose that the experiment is conducted by spraying a set of randomly
selected plots within each of the fields with an arthropod pesticide at regular
intervals for several years to remove or reduce the abundance of insect herbi-
vores. At the same time, another set of randomly selected plots in each field
remain as untreated natural controls. Let us assume, for the sake of argument,
that the researcher replicated the experiment sufficiently that it affords a high
degree of statistical power (i.e. low likelihood of type II errors). This design
then has all the hallmarks of good ecological experimentation (Hairston
1990): it has randomly assigned and well-replicated treatments and controls;
it is repeated in different locations; and it is a long-term study. Suppose that
the study revealed that there was no significant difference in plant biomass
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between pesticide and control plots. The consequent interpretation of this
result is that herbivorous insects did not exert any dominant effect on plants
and so the set of study fields are largely controlled by bottom-up (emphasiz-
ing nutrient cycling and plant competition) rather than to top-down (empha-
sizing trophic interactions, especially herbivory) processes.

Closer consideration of this case, however, suggests that the experiment
provides an equivocal result that is directly related to the researcher’s implicit,
initial conception of the structure of the grassland ecosystem. That is, it was
assumed that the grassland ecosystem contained only two trophic levels –
plants and herbivores – or that only those two trophic levels were potentially
important in determining function. There is, however, an alternative concep-
tion, namely that the ecosystem is comprised of three functionally important
trophic levels: plants, arthropod herbivores and arthropod predators. If we
take a classic conceptualization of a trophic chain (Hairston et al. 1960; Rosen-
zweig 1973; Oksanen et al. 1981; Carpenter et al. 1986) then top predators in
three-level systems containing predators, herbivores and plants should have
an indirect positive effect on plants by virtue of limiting the abundance of
herbivores consuming plants. Experimental removal of top predators to cre-
ate two-level systems containing only herbivores and plants will lead to
increased herbivore abundance and an attendant decline in plant biomass.
Removal of herbivores to create one-level systems should again lead to high
levels of plant biomass. It is entirely conceivable then that if predators are very
effective at limiting herbivore abundance and herbivore consumption of
plants, plant biomass in three-level and one-level systems may be quite simi-
lar, i.e. there may be little or no detectable differences in plant biomass.

This conception thus leads to a decidedly different conclusion about the
outcome of the experiment. Specifically, because the pesticide is not selective
to the herbivore trophic level, its application may have effectively removed
two trophic levels of the field system (arthropod predators and herbivores)
simultaneously. Consequently, the system could be top-down rather than
bottom-up controlled, but one cannot tell because a critical treatment is
missing. To obtain an unequivocal result, the researcher should have created
an additional treatment that isolated the direct effects of herbivory on plants
from the indirect effects of predators on plants mediated by herbivory –
something that cannot be achieved through a broad-spectrum pesticide
application.

Clearly, there is an undeniable need in the above case for circumscribing or
isolating certain components of the study system in order to elucidate the
direct and indirect chains of causality and identify the correct mechanism
governing function. Circumscribing focal sets of ecosystem components usu-
ally involves some means of enclosing or excluding those components. This is
the domain of enclosure or cage experiments which leads to the purpose of
this chapter. My aim here is to show why and how enclosure experiments are
often critical to providing solid working insight into ecosystem functioning.
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This is not to suggest that enclosure experiments are the only means by which
one can come to understand ecosystem function. Enclosure experiments are a
method. Like all methods, their utility in providing insight rests squarely on
the nature of the questions that motivate their use (Werner 1998). Thus, this
chapter is not about a methodology per se but rather how to use the method
in a productive endeavour to understand the role of herbivores in natural
ecosystems.

The idea of enclosing components of ecosystems to understand function is
admittedly not universally accepted. Indeed, there are many arguments, some
vehement, against the use of enclosures or cage experiments in ecology (see
also Hjältén, Chap. 12, this Vol.; Lehtilä and Boalt, Chap. 13, this Vol.; Voelckel
and Baldwin, Chap. 17, this Vol.):
– Systems of any kind that contain artificial complements of populations or

communities do not have any semblance of reality (Wise 1993).
– Choice of setting for an enclosure experiment can cause the experimental

outcome to be an artifact of the venue itself (Skelly 2002).
– Enclosures unrealistically constrain movement of species (MacNally 2000)

and their small scale may distort natural dynamics (Carpenter 1996).
– The time scales of enclosure experiments exclude or distort important fea-

tures of communities and ecosystems (Carpenter 1996; Raffaelli and
Moller 2000).

– Enclosure experiments create greater amounts of semantic and deductive
problems than enlightenment (MacNally 2000).

Faced with such strong arguments, one might be inclined to abandon the
use of enclosure methods entirely. I would propose, however, that such force-
ful arguments stem from indiscriminate use of enclosures in ecological
experimentation. Thus we can turn the motivation for these criticisms on its
head and use the criticisms themselves as guidelines for careful experimen-
tal design in the future. More importantly, however, it is crucial that one has
a larger conceptual framework in mind that sets the context for the use of
any kind of experimental approach (Werner 1998; Carpenter 1999). It is
without the bigger-picture context that experiments usually end up provid-
ing unrealistic, irrelevant and even diversionary results (Carpenter 1996;
Skelly 2002).

Fisher (1997) provides a useful distinction that allows one to formulate the
context for cage experiments: investigations of ecology in ecosystems vs. ecol-
ogy of ecosystems. In-ecosystem investigations focus on elucidating mecha-
nisms of species behaviour, population processes, species interactions or
measurements of ecosystem process rates (Fisher 1997; Carpenter 1999). In
this case, the ecosystem provides the setting within which one completes a
comparatively reductionist investigation on subcomponents of the whole
ecosystem. In essence, one examines ‘pieces of the whole’. In-ecosystem stud-
ies allow for the use of well-replicated experiments that allow one to draw
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conclusions based on a high degree of statistical power. Of-ecosystem investi-
gations examine how the entire ecosystem responds to human or natural per-
turbations (Fisher 1997; Carpenter 1999). These studies are concerned with
large-scale effects such as loss of trophic levels, land use history, global change
or nutrient loadings on net biogeochemical cycling, species composition and
productivity of the ecosystem as a whole (Carpenter 1999). Of-ecosystem
investigations are usually conducted in unenclosed settings and at a scale that
is less amenable to experimental replication than in-ecosystem studies (Car-
penter 1999). Thus, of-ecosystem studies aim to understand the functioning of
the whole. Both kinds of investigation have their advantages and drawbacks,
but they are usually viewed as wholly separate enterprises with different
research goals [see Special Feature, Ecology 77:663–715 (1996)]. I demonstrate
here that enlisting both approaches in a single research programme can lead
to powerful, causal insights into the response of whole ecosystems to pertur-
bations. In essence, I argue that in-ecosystem studies should be used as a pre-
lude to obtaining of-ecosystem insight.

As stated above, it is difficult to obtain a predictive understanding of
ecosystem function without first understanding how different ecosystem
components fit together to determine function. Strategically, cage experi-
ments, which are a crucial method in this endeavour, become part of the in-
ecosystem phase of inquiry. I will illustrate here, by way of example from my
own and related research, how cage experiments can be used productively to
complement a single research programme aimed at obtaining an of-ecosys-
tem understanding of function.

14.3 Research Approach

The long-term goal of my research is to identify the important determinant(s)
of the structure and function of New England meadow ecosystems. These sys-
tems, like many in ecology, are comprised of many species linked together in
highly interconnected networks (Paine 1988; Polis and Strong 1996). When I
began, there was very little information about the degree to which each
species interacted with others in this ecosystem and their collective effects on
ecosystem function. To begin developing a tractable understanding of struc-
ture and function I began with the simple conceptualization that this complex
system could be abstracted in terms of important drivers of function and that
I only needed to build in greater complexity when the conceptualization
became deficient. I therefore began with the reigning view in ecology at that
time that ecosystem dynamics can be explained by the interplay between top-
down (emphasizing the role of top predators) and bottom-up (emphasizing
the role of competition for nutrients and abiotic conditions) factors (Leibold
1989, 1996; Hunter and Price 1992; Power 1992; Schmitz 1994; Polis and Strong
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1996; Joshi et al., Chap. 6, this Vol.; Janssen and Sabelis, Chap. 9, this Vol.). One
could proceed directly with large-scale experiments that manipulate the pres-
ence or structure of higher trophic levels of a whole ecosystem and determine
if those manipulations have any bearing on plant biomass, productivity and
nutrient cycling. While this simple experiment would lead to some under-
standing of effect, it does not lend itself well to obtaining predictive insight
into which ecosystem component(s) cause the effect. As I show below, the
potential for interactive effects among ecosystem components dictates the
need to begin with a more reductionist approach in which one endeavours to
understand how the pieces of the ecosystem fit together to influence the func-
tioning of the whole.

My students and I thus began with a systematic, reductionist evaluation of
the effects of top-down and bottom-up factors on species interactions and
abundances – an in-ecosystem investigation. The insight from this research
was then used to motivate a long-term perturbation experiment that could
lead to a predictive of-ecosystem understanding of structure and function.
Below, I detail the various steps taken in this endeavour and illustrate how
cage experiments, used strategically, provided the necessary insights to allow
prediction.

14.4 In-Ecosystem Investigation Using Enclosure
Experiments

14.4.1 Natural History: Knowing the Players in the System

One of the most important points in the list of criticisms above is that cage
experiments often contain artificial complements of populations or commu-
nities and thus do not have any semblance of reality (Wise 1993). One way to
guard against this is to consider what reality is in a particular study system
before doing any experimentation. Specifically, this means that one must
obtain a solid working understanding of the natural history of the field sys-
tem being studied.

The study system contains 18 species of herbaceous plants, although fewer
coexist locally. Sampling, by clipping 50 1-m2 plots, sorting plants to species,
drying at 60 °C and weighing, revealed that the dominant (>90.6 % biomass)
species are the herbs Solidago rugosa, Solidago graminifolia, Potentilla sim-
plex, Daucus carota and Trifolium repens and the grass Poa pratensis
(Fig. 14.1). Other herb species include Asclepias syriaca, Solidago altissima,
Solidago canadensis, Trifolium agrarium, Chrysanthemum leucanthemum,
Aster novaeangliae, Fragaria canadensis, Erigeron canadensis, Hieracium
aurantiacum and Rhudbeckia hirta and the grasses Phleum pratense and Hol-
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cus sp. Faunal sampling within 25 1-m2 areas using a combination of direct
observation, standard sweep net surveys and an electric-powered backpack
aspirator indicates that there are two herbivore insect feeding guilds (sap-
feeders and leaf-chewers) present each year (Fig. 14.1). The sap-feeding guild,
comprised mainly of the generalist spittle bug Philaenus spumaris, the Sol-
idago-specialist plant bug Lopidea media, the planthoppers Campylenchia
latipes and Stichtocephala festina, the generalist pentatomid Acrosternum
hilare, the milkweed bug Lygaeus kalmii and a grass-specialist plant bug Lep-
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Fig. 14.1. Depiction of dominant plant, herbivore and predator species in the old-field
ecosystem examined during 2 years of field research. Arrows indicate feeding links that
were observed during the course of natural history observations in the field. Plant
species, from left to right, are the grasses Poa pratensis and Phleum pratense and the
herbs Trifolium repens, Potentilla simplex, Solidago rugosa, Solidago altissima, Daucus
carota and Asclepias syriaca. The herbivores, from left to right, are the specialist
grasshopper Chorthippus curtipennis, the generalist grasshopper Melanoplus femur-
rubrum, the grass-specialist plant bug Leptopterna dolobrata, the planthoppers Campy-
lenchia latipes and Stichtocephala festina, the generalist pentatomid Acrosternum hilare
(below Stichtocephala), the generalist spittle bug Philaenus spumaris (to the right of
Stichtocephala), the Solidago-specialist plant bug Lopidea media and finally the milk-
weed bug Lygaeus kalmii. There are several species of hunting spider predators: from left
to right, the wolf spider Rabidosa rabida, the nursery web spider Pisaurina mira, the crab
spider Misumena vatia and the jumping spider Phidippus rimator



topterna dolobrata, is present during early June to mid/late July. The leaf-
chewing guild, comprised of the specialist grasshopper Chorthippus curtipen-
nis and the generalist grasshopper Melanoplus femurrubrum, begins in
early/mid-July (this overlapping with the sap-feeding guild) and persists to
late September. The field contains several species of hunting spider predators
including the nursery web spider Pisaurina mira, the jumping spider Phidip-
pus rimator, the wolf spider Rabidosa rabida and the crab spider Misumena
vatia, which are dominant in the vegetation layer of the field during the entire
summer period. These spiders are observed to consume both sap-feeding and
leaf-chewing insects. Mammalian herbivores such as woodchucks Marmota
monax do not reside in the field. Deer (Odocoileus virginianus) visit the field
infrequently and selectively eat flower heads, leaving erect stems in the midst
of flower patches. Such characteristic damage was not observed in our plots.
Live trapping revealed that meadow voles Microtus pennsylvanicus exist at
exceeding low densities (~7 individuals/ha, equivalent to 0.0028 animals per
experimental plot) and thus have little or no impact on the vegetation.

The key observation here is that there are two fairly distinct insect herbi-
vore feeding guilds (sap-feeders and leaf-chewers) present each year. These
guilds may have widely different effects on plant species because of their feed-
ing ecology and the degree to which predators influence their abundance.
Consequently, there are several contingent ways that top-down effects could
be transmitted through each guild to influence the abundance of plants and
subsequent ecosystem function (Table 14.1). First, neither guild could have
any net effect on ecosystem structure and function, in the presence or absence
of predators, in which case one concludes that the field system is entirely bot-
tom-up controlled (Table 14.1). Second, strong top-down effects might be
transmitted through only one feeding guild but not the other (Table 14.1). In
this case, one of the feeding guilds will play a dominant role in shaping
ecosystem structure and function. Finally, top-down effects could be trans-
mitted through both feeding guilds (Table 14.1). However, those effects could
be antagonistic, i.e. one guild influences a particular group of plant species
and the other guild influences another group. If groups of plants compete for
resources then the effects due to one feeding guild could be reversed by the
other feeding guild. In this case, there may be no net measurable effect of top-
down manipulations on the ecosystem in the aggregate. However, it would be
incorrect to conclude that the system was bottom-up controlled in this case.
Finally, top-down effects might be transmitted through both feeding guilds in
the same way (Table 14.1). Hence, the top-down effects involving one feeding
guild could synergistically enhance those of the other feeding guild.

The potential for these contingencies means that the two feeding guilds
must be examined in isolation of each other before we can draw reliable con-
clusions about their integrated effects on natural ecosystem function. Because
there is some temporal overlap in their presence in the field, there is, to my
reckoning, no other way to isolate their individual effects than through the
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use of enclosure experiments. Thus, this was the approach that was taken in
my research programme.

14.4.2 Enclosure Cages: Design and Biophysical Properties

Enclosures cages used in my research are standard for research on insects in
grassland ecosystems (Ritchie and Tilman 1992; Belovsky and Slade 1993,1995;
Schmitz 1993, 1994). The cages are constructed of 1-m-high aluminium insect
screening fastened at the base to a 10-cm-wide strip of aluminium sheet metal
(Fig. 14.2). This cage design remains standard regardless of initial choice of
basal area of the cages (e.g.0.1,0.25,0.5 or 1 m2).The choice of basal area of the
cage depends very much on the size of the focal herbivore species used in
experiments (see also Sect.14.4.3.3 below).For example,enclosure cage exper-
iments for small mammalian herbivores are possible, but they require such a
large basal area that it is logistically impossible to conduct and monitor a
highly replicated experiment. Moreover, such experiments cannot yield a high
level of insight into interaction mechanisms. Thus, for all practical purposes,
enclosure cage experiments are best suited to experiments involving insect
herbivores and their arthropod predators. However, cages larger than 1 m2 are
difficult to census without seriously disturbing the vegetation and animals
within the enclosure.Thus enclosure cages are best suited for experiments with
insect herbivores that range in size from grasshoppers (2.5 cm length) or
smaller. This allows animals to be stocked at realistic densities within a small
basal area (1 m2). To create self-sustaining mesocosms in the field, enclosure
cages are secured by sinking the sheet metal beneath the soil surface and by fas-
tening the sides of cages to wooden stakes. Cages are sealed at the top by fold-
ing the sheet aluminium screen over on itself (Fig. 14.2).

From Mesocosms to the Field 285

Table 14.1. Contingent possibilities for top-down control of the field system involving
two insect herbivore feeding guilds

Case Sap-feeding Leaf-chewing Conclusion

1 No No Ecosystem not top-down controlled
2 Yes No Top-down control due to sap-feeders
3 No Yes Top-down control due to leaf-chewers
4 Yes Yes Both guilds exhibit top-down control, but effects

are antagonistic, giving appearance of no net
top-down effects

5 Yes Yes Both guilds exhibit top-down control and effects
are synergistic, giving rise to strong top-down
effects



To evaluate the effects of aluminium screen enclosures on field conditions
we compared incoming solar radiation, ambient air temperature and soil
moisture in random 0.1-m2 field plots and in matching experimental cages
with a basal area of 0.1 m2 (O.J. Schmitz and A.P. Beckerman, unpubl.). Solar
radiation and temperature were measured using electronic sensors coupled to
a data logger (LICOR, USA). The sensors were attached to a small platform
(0.25 cm2) elevated 0.5 m above the ground. Platforms were centred in the
open field plot or in the cage. The platform height placed the solar radiation
meter in the direct path of the sun above the vegetation. The temperature sen-
sor was housed in a shade cup and was suspended from the platform into the
upper third of the vegetation canopy. Solar radiation and temperature read-
ings were taken every 15 min for 24 h over three representative days (full sun,
partially overcast, completely overcast). Soil moisture was measured using a
soil moisture probe coupled to the LICOR data logger. We augured 25-cm-
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Fig. 14.2. Depiction of experimental enclosure cages and the biophysical attributes
inside the cages and in matching open-field plots. Cages are constructed of aluminium
screening attached to an aluminium sheet metal base by folding the sheet metal and
screen over on itself and flattening the fold by hammering. The sheet metal is then sunk
beneath the soil surface to enclose natural vegetation within the field. To increase
upright stability, the cages are attached with wiring to a wooden stake that is pounded
into the ground adjacent to the cage. Animal species are stocked to the cages from the
open top and the top is then folded over on itself and sealed with binder clips, creating
experimental mesocosm ecosystems



deep holes into the centres of an additional set of 0.1-m2 field plots and cages.
We then placed PVC tubing into the holes. Relative soil moisture was mea-
sured as electrical conductivity at 6-, 12- and 18-cm depths within the PVC
tubing.We also measured an index of biomass production of the vegetation by
clipping all aboveground vegetation in another set of 0.1-m2 field plots and
cages. After 40 days, the plots were again clipped and all live biomass was
dried at 60 °C and weighed.

We observed a 50 % reduction in solar radiation between open plots and
enclosure cages (Fig. 14.2). There were, however, no differences in ambient air
temperature or soil moisture between open plots and field cages (Fig. 14.2).
We also observed a 17 % reduction in plant biomass production in enclosure
cages relative to field plots (Fig. 14.2). The implication of this observation is
that plants in cages could recover more slowly from herbivore damage, poten-
tially causing cage experiments to produce slightly stronger measures of
species interaction strengths than experiments in open field plots. However, I
show (see Sect. 14.4.5 below) that cages do not inflate estimates of interaction
strengths in this study system.

Arthropod species interactions in grassland or meadow ecosystems also
can be sensitive to changes in biophysical conditions, especially moisture and
temperature. For example, a 20–40 % water deficit during the growing season
can lead to systematic changes in plant responses to trophic manipulations
relative to higher levels of water or rainfall (Ovadia and Schmitz 2004). Thus,
enclosure cages that alter moisture regimes could give outcomes that are idio-
syncratic to the experimental setup. If drying is a concern, rainfall and soil
moisture should be monitored periodically (say every 3–4 weeks). Water can
be restored by watering cages at amounts matching ambient rainfall levels.
One can guard against water deficits by using cages made of aluminium
screening, as opposed to say polyethylene bags, which allows water to freely
enter the enclosed microsites (see data in Fig. 14.2).

In addition, arthropod species are ectothermic and are thus sensitive to
small changes in ambient air temperature. Enclosure cages that create shading
conditions and reduce temperatures by as little as 5 °C can lead to dramatic
reductions in feeding activity (Chase 1996) and life-cycle development (O.J.
Schmitz and A.P. Beckerman, unpubl. data), both of which alter the strength of
top-down effects on the ecosystem relative to the natural state (Chase 1996,
O.J. Schmitz and A.P. Beckerman, unpubl. data). Again, care must be taken to
monitor and maintain ambient air temperatures in the enclosures within
0–3 °C of natural air temperature. Such conditions are easily maintained by
building enclosures with aluminium screening and by placing the enclosures
in field locations that represent typical daily insolation (e.g. place enclosures
in the middle of the field as opposed to shadier locations near field edges).
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14.4.3 Considerations for the Design of Cage Experiments

14.4.3.1 Artificial Complements of Populations or Communities 
in Enclosure Cages Are Not Realistic

As mentioned above, we have used natural history insights to identify the
temporal complement of species in the meadow ecosystem to avoid using
artificial complements of species. Cages are placed directly over natural vege-
tation in the field. However, the small basal area of cages could lead to consid-
erable heterogeneity in plant composition among cage microsites. To guard
against such biases, one should sample the relative abundance (e.g. percentage
cover) of dominant species (e.g. dominant herbs and grasses) at potential
cage locations to ensure that plant composition is fairly homogeneous among
cage sites before sinking cages into the soil. I recommend that dominant
plants should not deviate by more than 10–15 % of the mean at any single cage
site. However, it has been our experience that replicating treatments 10–15
times also helps to protect against type II errors in the event that the abun-
dance of a dominant plant species deviates by more than 20 % among cage
locations.

In preparing cages for experiments, we remove all animals occurring natu-
rally in the vegetation layer of a cage location. Then the focal animal species
are stocked to the cages at densities that accord with their natural field densi-
ties. Field densities are sampled at the time of stocking using sweep nets and
electric-powered backpack aspirators. This ensures that the cage environ-
ments can be considered as field (as opposed to artificial) mesocosms.

14.4.3.2 Experimental Outcome Could Be an Artifact of the Venue

It has been demonstrated that the venue for an experiment can distort the
outcome of an experiment and the subsequent interpretation about impor-
tant drivers of ecosystem function (Skelly 2002). To guard against the effects
of artificial venues, we have routinely conducted our experiments in the same
fields in which the animals and plants reside or using vegetation taken
directly from those fields (e.g. Schmitz 1993, 1994, 1998; Beckerman et al.
1997; Rothley et al. 1997; Schmitz et al. 1997; Uriarte and Schmitz 1998).When
the experimental venue is matched with the natural field system, plant bio-
mass in treatments containing a similar complement of species as in natural
field conditions (i.e. three-trophic-level treatments containing plants, herbi-
vores and predators) calibrates very closely to natural plant abundance in
similar-sized, randomly sampled plots in the field (e.g. Schmitz 1993, 1994;
Chase 1996).
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14.4.3.3 Enclosures Unrealistically Constrain Movement of Species

Studies aimed at understanding the mechanism of interaction among species
are challenging to design because examining the full range of species interac-
tions with mobile individuals often requires a scale of resolution that is too
large to quantify precisely and reliably the mechanisms of interactions among
individuals and among species (Schmitz 1998). The best one can usually hope
for using a completely unenclosed natural field setting is to quantify overall
net trophic effects (e.g. overall net effect of predators on the plant trophic
level) at the expense of a detailed mechanistic understanding of the pathways
through which the effects pass (Schmitz 1998). Obtaining detailed under-
standing, as pointed out above, requires enclosing species to facilitate detailed
observations.

The sizes of enclosure cages used in our studies are the largest possible to
account for all individuals of the study species and still make precise mea-
surements of direct and indirect interactions. The cage sizes may preclude the
possibility of localized emigration. Therefore, the strengths of measured
effects could be inflated relative to natural field conditions, even though the
qualitative mechanism driving the interactions may be the same (e.g. see
Finke and Denno 2002: note, however, that there was also a difference in
experimental venue between the laboratory and field experiment in this case).
One can guard against inflation of interaction strengths in cages by ensuring
that species densities in enclosure cages approximate natural field densities
(see below). Although this may not capture the full range of variability in
effects that one may observe in a natural system, especially those arising from
spatially explicit species interactions, it at least approximates the average
response one might expect within a natural field (Schmitz 1998).

There are, however, two kinds of disturbances that could alter the behav-
iour of animal species in enclosure cages relative to natural field conditions
because the species are confined. The first is related to taking routine censuses
of cage populations throughout the field season to estimate herbivore or
predator species survivorship. For example, frequently sampling grasshop-
pers in cages can cause them to respond as though they were subject to high
predation risk, even when predators are not included in the enclosure cages.
Thus, observer effects during censuses can confound the treatment effects. It
has been our experience that sampling cages every 4–5 days is sufficient to
remove any observer effects on grasshopper behaviour. Moreover, care should
be taken during periods between the censuses to avoid walking through the
experimental array of cages. The second disturbance comes from placing
cages with different treatments too close together. In this case, cues from
treatments containing predators could influence adjacent treatments that
exclude predators, again causing prey to behave in ways not intended by the
predator exclusion treatment. Our experience based on visual observations of
animals under field conditions (e.g. Schmitz and Suttle 2001) and behavioural
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observations in terraria (Rothley et al. 1997; Schmitz et al. 1997; Sokol-Hess-
ner and Schmitz 2002) suggests that a cage spacing of at least 1–1.5 m is suffi-
cient to prevent confounding of one treatment by cues from an adjacent treat-
ment.

14.4.3.4 Time Scale of Enclosure Experiments Exclude or Distort
Important Features of Communities and Ecosystems

Time scale is obviously an issue for any experiment and careful design should
tune the duration of the experiment to the life cycle of the species being exam-
ined. The norm for most experiments on trophic interactions in terrestrial
systems is in the order of 4 months or less, regardless of whether they involve
enclosures or not (Schmitz et al. 2000). For experiments involving herbivo-
rous insect species, and annual and perennial herbaceous plant species, this
time scale is sufficient to cover their full generation time.Yodzis (1995) argues
that experiments ought to cover two full generations in order to derive reli-
able results about natural system function. I will show below, however, that
this stringent criterion may not be necessary to obtain reliable insights from
cage experiments involving arthropods in seasonal environments that are
intended to inform the design of of-ecosystem experiments.

14.4.4 Mechanistic Insights from Enclosure Cage Experiments

Below I provide a synopsis of research conducted over the last 10 years that
was aimed at unravelling whether or not the old-field system was top-down
controlled, and if so, to identify which of the herbivore guilds were involved
(Table 14.1) and the nature of the top-down effect. The experimental signa-
ture for a top-down effect will vary depending on that nature of predator–her-
bivore interactions. Removal of top predators from three-level systems con-
taining predators, herbivores and plants could lead to a decline in plant
biomass if the predator has a positive indirect effect on plants, mediated by
say a reduction in herbivore density or a reduction in foraging activity to
avoid predation risk (Schmitz 1998). Removal of top predators could have a
negative indirect effect on certain plants (e.g. those providing safety) if preda-
tors cause herbivores to switch from feeding on highly nutritious plants to
seeking refuge in and foraging on less nutritious but structurally complex
plants that allow them to minimize exposure to predation risk (Schmitz 1998).
The complete design needed to unravel the nature and sign of the direct and
indirect effects is as follows: one-level plants only; two-level plants and herbi-
vores; and three-level plants, herbivores and carnivores.
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14.4.4.1 Identifying the Potential for Top-Down Control

We examined the role of predation on the damage sap-feeding herbivores
inflict on old-field plants across a natural productivity and successional gra-
dient (Uriarte and Schmitz 1998). We found that the ability of predators to
control herbivore damage on plants varied with productivity. Top-down con-
trol was strong in sites that were highly productive through fertilization, while
plant competitive interactions may have obscured any pattern of top-down
control in intermediate and low productivity sites (Uriarte and Schmitz 1998).
Most of the fields in the study area are in an early–mid successional state. We
thus concluded that top-down effects were unlikely to be transmitted through
the sap-feeding guild under natural conditions in our study fields.

Experiments with the leaf-chewing herbivores revealed the emergence of
top-down effects (Schmitz 1998). Further experimentation, in which the grass
specialist and generalist grasshoppers were systematically isolated in differ-
ent cages, revealed that the top-down effects only transmitted through the
generalist grasshopper. In other words, the effects of the generalist species
swamped out the effects of the specialist when the two species coexisted
(Schmitz 1998).

This series of experiments indicated that contingency 3 (Table 14.1) is the
likely explanation for trophic control in this system. However, instead of stop-
ping with this insight, we continued experimenting to identify the nature of
the top-down effect. As will be shown in the description of of-ecosystem
experiments below, knowing how top-predator effects are transmitted lower
down in the food chain is important because the exact transmission mecha-
nism can affect the nature and sign of the indirect effect of predators on
resources (Schmitz et al. 2000) and thus can affect the reliability of predictions
about the outcome of perturbation experiments on ecosystems (Schmitz
2003). The case in point here regards the tension between the classic perspec-
tive that top-down effects arise from changes in herbivore density (density-
mediated effects), and the more contemporary perspective that top-down
effects might be transmitted by consumer behaviour (trait-mediated effects)
in addition to, or in place of, density-mediated effects. The classical tri-trophic
theory outlined above, and related constructs (Hairston et al. 1960; Rosen-
zweig 1973; Oksanen et al. 1981; Carpenter et al. 1986) are all based on the
assumption that the indirect effect of predators on resources is mediated by
changes in consumer density due to direct predation. It is well known in ecol-
ogy that consumers also respond to predators by behaving in ways that reduce
contact with them in order to reduce the risk that they will be captured (Sih
1980; Mangel and Clark 1986; Lima and Dill 1990).

It is conceivable that changes in consumer behaviour, arising from the
need to avoid predators, can cause food web effects that are similar in sign
and strength to those propagated by reductions in consumer density. For
instance, each direct predation event involves a single consumer and a single
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resource item. During that same time period, the risk introduced by the mere
presence of that predator could have more widespread effects by causing
many individuals to become increasingly vigilant at the expense of foraging
(Schmitz et al. 1997). This persistent level of vigilance can have lasting effects,
via changes in prey energy budgets and hence survival, whose impact at the
population and community level equals that of direct predation. Theory that
explicitly embodies such anti-predator behaviour of consumers (Abrams
1984, 1992, 1995) predicts a wider range of indirect effects in food chains than
does classical theory.

Teasing apart the importance of behaviour and density effects in commu-
nities is, necessarily, a multiscale problem because the investigation must
transcend three organizational hierarchies: individual, population and com-
munity (Levin 1998; Ovadia and Schmitz 2002). A complete picture of the
interplay among these organizational hierarchies in the old-field study sys-
tem required a systematic evaluation of the spider impacts at the morpholog-
ical and behavioural level of grasshoppers, at the population level of
grasshoppers and at the entire ecosystem level. This research was completed
using the dominant players, the hunting spider P. mira, the generalist
grasshopper herbivore M. femurrubrum, and the grass and herb resources of
the grasshopper.

At the morphological level, examinations were conducted to verify that the
species of spider predator used in the experiments was indeed capable of cap-
turing and subduing grasshopper prey. Laboratory feeding trials and field
observations of spider hunting were conducted to ascertain which size classes
of grasshopper prey were vulnerable to the spider predators.

Behavioural-level examinations were conducted to evaluate the changes in
generalist grasshopper vigilance and diet selection in response to the pres-
ence of spider predators. This is the level at which predators have a direct
effect on the trade-off between costs and benefits of foraging through their
effects on grasshopper foraging time budgets (vigilance) and plant resource
selection.

Predators are capable of inducing both direct and indirect effects on prey
at the population level. They can induce direct effects by killing grasshoppers
and reducing their density. They can have indirect effects on density because
their very presence can cause behavioural changes of grasshoppers (time
budget and diet shifts) that could increase grasshopper mortality through
starvation. Thus, the population-level examinations independently quantified
the effects of predation and predation risk on the population size of grasshop-
per prey. This was accomplished using two predation treatments that changed
the modality of predator effects. In one treatment (predator spiders), spiders
were capable of capturing and subduing prey. In another treatment (risk spi-
ders), direct predation was ‘switched-off ’ by rendering spiders incapable of
capturing prey while still allowing them to wander throughout the canopy in
search of prey.
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Finally, at the ecosystem level, the extent to which spider effects on plants
were transmitted by changes in grasshopper behaviour relative to changes in
grasshopper density was quantified using the same predation treatments
used to examine population-level effects.

To measure killing success, individual grasshoppers with known body size
(mass and length) were presented to P. mira spiders of different known body
size in small glass terraria. These feeding trials revealed that the maximum
size of grasshopper prey killed is linearly related to spider body size. P. mira
spiders could capture and subdue grasshoppers up to 1.3 times their own
body size. In the laboratory, all of the spiders used in the feeding trials killed
small, early developmental stage juvenile grasshoppers (early instars), 50 % of
them killed larger, older developmental stage juvenile grasshoppers (late
instars) and 10 % of them killed an adult grasshopper within 10-day feeding
periods (Schmitz and Suttle 2001). In the natural field setting, P. mira success-
fully captured a late instar and an adult in the course of 17 observed predation
attempts on a variety of prey (Schmitz and Suttle 2001).

Behavioural trials were conducted in screen terraria in order to facilitate
focused observations on individual grasshoppers when in the presence and
absence of spiders (Schmitz et al. 1997). The terraria were placed in a field set-
ting in a line with uniform exposure to the sun. Each terrarium contained a
40-cm2 piece of fresh sod cut from the old-field in which the grasshoppers
occurred naturally. Grasshoppers were randomly assigned to a control (no
predator) or predator treatment and allowed to acclimatize to this experi-
mental environment for 1 day prior to taking measurements. These trials
revealed that grasshoppers exhibited some periodicity in their foraging
behaviour throughout the day, with high peaks of feeding separated by peri-
ods of resting. However, there were shifts in this feeding periodicity between
no predator and predator treatments (Schmitz et al. 1997). In the presence of
predators, grasshopper foraging activity became protracted to the middle of
the day relative to the no predator control. This activity shift makes biological
sense. Grasshoppers forage during the hotter parts of the day. This is a period
when spiders have difficulty coping with heat stress because they do not have
a thick cuticle to prevent desiccation. Indeed, field observations of spiders
revealed that they become dormant during the middle part of the day and
seek shade underneath leaves of plants (O.J. Schmitz and K.B. Suttle, unpub-
lished data).

This activity shift by grasshoppers is costly, however, because grasshoppers
can incur a greater risk of mortality from heat stress itself or heat stress can
cause uncoordinated movement and torpor that could increase their vulnera-
bility to predation at later time periods (Schmitz et al. 1997}. Also, the change
in feeding periodicity results in a 65-min (18 %) reduction in daily feeding
time.

Grasshoppers shifted their resource selection in experimental field cages
in which grasshoppers, plant resources and spider predators occurred at nat-
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ural field densities. In the absence of predators, grasshoppers preferred
grasses to herbs, with a diet comprised of 70 % grass (Rothley et al. 1997).
With the experimental addition of P. mira spiders, grasshoppers reduced the
proportion of grasses in the diet to 44 %. They also reduced their total daily
dry mass intake by 10 % owing to decreased total feeding time due to vigi-
lance (Rothley et al. 1997}. The increased preference for herbs appears to be a
solution to a predation-risk foraging trade-off. Grasshoppers may be seeking
refuge from predation in herbs because of the leafy structural complexity
afforded by this vegetation and this may decrease spider capture success rela-
tive to grasses (Beckerman et al. 1997) The reduction in feeding time and diet
shift is costly: it translates into a 25 % reduction in estimated daily energy
intake (Rothley et al. 1997), thus increasing the chance of starvation.

Population-level studies were conducted in a field setting using experi-
mental cages. Two sets of experiments were run in two consecutive summers
with different size classes for prey. The first experiment began with early
instar (2nd and 3rd) grasshopper nymphs and it was terminated each year
when all the nymphs were fully molted into 4th instar nymphs (a 24-day dura-
tion). The second experiment was conducted in a completely new set of meso-
cosms and began with 4th instar nymphs. The experiment continued through
5th instars and adults until early autumn when an insect-killing frost natu-
rally terminated the experiment (60 days). Grasshopper populations in each
cage were censused biweekly for the duration of the experiments.

To isolate the relative importance of behavioural effects from density
effects, two types of experimental spider treatments were used in addition to
a no spider control. In one treatment (predation spiders), the spiders were free
to hunt and capture their prey within the experimental cages. In the second
treatment (risk spiders), spiders were free to hunt prey, but they were pre-
vented from capturing prey by gluing together their killing mouth parts (che-
licerae) with surgical cement. Behavioural trials in the laboratory indicated
that gluing the spider mouth parts had no adverse effects on movement
behaviour of these treated spiders relative to untreated controls (Schmitz et al.
1997). In the wild, hunting spiders have the capacity to survive 50 or more
days without eating (Foelix 1996). Indeed, live risk spiders were frequently
recovered at the end of the experiments (Schmitz et al. 1997; Schmitz 1998).

In experiments involving early instar nymphs, both spider treatments
resulted in a population decline of grasshoppers, relative to a no-predation
control. The magnitude of reduction was 29 % for the predation spider treat-
ment and 20 % for the risk spider treatment. Even though there are significant
density reductions in this experiment, the mechanism largely driving this
response is risk effects, i.e. increased starvation as a consequence of predator
presence. The mortality arising from direct predation is largely compensatory
to mortality, arising from starvation caused by the need for the grasshoppers
to be vigilant and undergo a diet shift. In other words, spiders did not cause
additional direct mortality to grasshopper cage populations. Rather, they only
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consumed the proportion of the population equivalent to that which was des-
tined to die from starvation.

The experiment involving late instar and adult grasshoppers revealed that
neither predator treatment had a significant effect on prey density relative to
the control. Recall, however, that these spiders were capable of killing larger
prey such as late instar and adult grasshoppers. Moreover, predation events
were observed in the cages during the course of completing biweekly censuses
(Beckerman et al. 1997; Schmitz 1998). This lack of a net density effect implies
that direct and indirect predation effects were entirely compensatory to nat-
ural mortality of individuals in the absence of predation. This absence of a
strong density effect also implies that top-down effects should be largely if
not entirely driven by trait-mediated interactions. If true, then one would
expect that grass and herb biomass in one-level systems should be compara-
tively high. The addition of the generalist grasshopper to create two-level sys-
tems should result in a strong reduction in grass biomass and slight reduction
in herb biomass owing to grasshopper diet preferences. Adding P. mira spi-
ders to create a three-level system should cause a relaxation of herbivore pres-
sure on grass and intensification of pressure on herbs. Thus, grass abundance
should be higher in a three-level than a two-level system (a positive indirect
effect of top predators) and herb abundance should be lower in a three-level
than a two-level system (a negative indirect effect of top predators).

The population-level experiment described above had three of four treat-
ments necessary to test for these kinds of indirect effects: a two-trophic-level
treatment (plants and grasshoppers) and three-trophic-level treatments
(plants, grasshoppers and risk or predation spiders). The food web-level
experiment was ‘piggy-backed’ on the population-level experiment by adding
a plant-only (one-level web) treatment to the experimental design. Both grass
and herb abundance in each of the treatments was monitored in addition to
grasshopper abundance. This experiment was conducted twice each year.
First, early instar grasshoppers were stocked to cages and the experiment was
terminated when they became late instars. A new experiment in a new set of
mesocosms was then begun with late instars and this experiment was termi-
nated in early autumn when adults were dying from a killing frost. The com-
munity-level experiments revealed that the observed cascading effects were
largely, if not completely, a consequence of diet shifts by grasshoppers in
response to predation risk. For both developmental stages of grasshopper, top
predators had an indirect positive effect on grasses. Experiments with earlier
instar nymphs revealed little or no statistically detectable effect on herb abun-
dance, possibly because of the interplay between direct diet shift and indirect
density reduction due to starvation from predation risk (Schmitz et al. 1997).
In other words, herbivores may have shifted their diet, but at the same time
there were fewer herbivores available to damage the plants. Experiments with
later developmental stages revealed that grasshoppers in two-level treatments
caused a reduction in both grass and herb biomass relative to a one-level con-
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trol. Spiders caused a net increase in grass biomass and a reduction in herb
biomass relative to a two-level treatment. Moreover, the effect was identical
for predation spider and risk spider treatments. These results provide support
for the a priori expectation of positive and negative indirect effects of preda-
tors on grass and herb biomass.

It is noteworthy that if we examine top predator effects on individual plant
species, it turns out that we can be even more precise in our understanding of
top-down effects. Indeed, the effects can be found largely in two dominant
plant species, the grass Poa pratensis and the highly productive and competi-
tively dominant herb Solidago rugosa (Schmitz 2003). Moreover, the abun-
dance of S. rugosa is inversely related to the diversity (specifically evenness) of
other herb species in the field.

This insight then leads to some interesting predictions of the effects of top
predators on plant diversity and productivity in this field system. Indeed,
complexity in this system can be distilled down into some straightforward
principles. Top-down effects transmitted through the leaf-chewing guild
should predominate in the ecosystem as a whole. Specifically, the dominant
interaction shaping the structure of the ecosystem is the trait-mediated inter-
action involving P. mira spiders, M. femurrubrum grasshoppers, P. pratensis
grass and S. rugosa herb. P. mira should have a strong diversity-enhancing
effect on plants by causing M. femurrubrum grasshoppers to switch from
feeding on P. pratensis to feeding heavily on S. rugosa (Fig. 14.3). This sup-
pression of S. rugosa abundance should, over the long term, cause other less
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Fig. 14.3. Schematic depiction of predator (top), herbivore (middle) and plant (bottom)
species presented in Fig. 14.1. Each square represents a unique species associated by
guild or functional group, e.g. leaf-chewing (left) vs. sap-feeding (right) herbivores;
grasses (left) vs. herbs (right). Large dark squares represent dominant players in the
ecosystem as determined by trophic interaction strengths and ecosystem structure
(Schmitz 2003). Dark solid arrows indicate strong direct interactions, hollow arrows indi-
cate weak direct interactions and dark dashed arrows indicate indirect effects. Dominant
species, from top to bottom, are Pisaurina mira (spider), Melanoplus femurrubrum
(grasshopper), Poa pratensis (grass) and Solidago rugosa (herb)



productive herb species that are intolerant to shading by S. rugosa to prolifer-
ate (i.e. increase plant species diversity). This amounts to a multitrophic-level
variant of the classic keystone predation hypothesis (Paine 1966; Leibold
1996) in which P. mira acts as an indirect keystone predator (Schmitz 2003).
One consequence of the shift in species abundance is that an important
ecosystem function, biomass production in the plant trophic level as a whole,
should decline.

14.4.5 Of-Ecosystem Studies: Testing the Reliability of Mechanistic
Insights from Cage Experiments

The ultimate arbiter of whether or not the cage experiments provide predic-
tive insight into the effects of perturbations on long-term ecosystem struc-
ture and function is to test the prediction using an of-ecosystem phase of
inquiry. To accomplish this, I return to the pesticide experiment described in
Section 14.2. Recall that in order to test for top-down effects on whole
ecosystem function, I argued that it was insufficient simply to apply a pesti-
cide (to remove higher trophic levels) and compare this treatment with an
unmanipulated control. Rather, one must systematically remove one trophic
level at a time. I therefore tested the indirect keystone predation hypothesis
(top-down control) with a multiyear (1999–2001) field experiment that sys-
tematically manipulated the number of trophic levels in 2¥2-m open field
plots. I measured the effects of each manipulation on plant diversity and
productivity.

The experiment consisted of two treatments and a control replicated ten
times using a randomized blocks design (Schmitz 2003). The control was the
natural field system containing plants, herbivores and predators: hereafter the
three-trophic-level treatment. I created a predator exclusion treatment (here-
after the two-trophic-level treatment containing herbivores and plants) by
surrounding 2¥2-m plots with a 45-cm-wide aluminium sheet-metal barrier,
buried 5–10 cm in the ground. All arthropod predators within the exclusion
plots were removed by hand at the beginning of the experiment. Semi-weekly
inspections of plots were conducted to ensure the persistent absence of
arthropod predators. Finally, a pesticide treatment was created to prevent
damaging herbivory (hereafter, the one-trophic-level treatment containing
only plants). I used the organic pyrethroid insecticide Fenvelerate (which is
widely used by fruit growers). Organic pyrethroids have no demonstrable
adverse effects on plant growth (see review in Root 1996). The pesticide was
applied using a backpack sprayer at a concentration of 0.21 l m–2 every
15 days. This watering level is two orders of magnitude lower than the mean
rainfall level received by all plots for the same period (Ovadia and Schmitz
2004) and should thus not lead to a systematic watering bias on plant produc-
tion in the pesticide treatment.
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Sampling prior to initiating the experiment revealed that initial plant com-
munity structure (number of plant species and percentage of area covered by
a species) was statistically similar among treatment plots (Schmitz 2003). The
sheet metal barrier used to exclude predators could also introduce a bias in
plant production by altering microclimatic conditions relative to fully open
plots. Before adding an additional sheet metal ‘control’ plot and the time
required to sample that control, we can first evaluate if such a control is nec-
essary by quantifying biophysical variables (photosynthetically active radia-
tion, PAR, wind speed and ambient air temperature) important to plant
growth (Drake et al. 1989) in a representative enclosed and a paired open plot.
PAR was measured using a LI-COR LI-250 light meter coupled to a LI-190SA
quantum sensor. Wind speed was measured using a Kestrel 1000 wind meter
accurate to 0.3 m s–1. Ambient air temperature was measured using a Cole-
Parmer Digi-Sense 8523 thermistor thermometer coupled to an air probe
accurate to 0.1 °C. All measurements were made at four elevations above
ground (0, 20, 40 and 60 cm). Comparison of PAR, average daily wind speed
and temperature revealed no systematic bias in microclimate between open
and enclosed plots (Schmitz 2003) consistent with similar evaluations for
other field enclosures (Drake et al. 1989), indicating that the sheet metal did
not introduce biases on plant production.

Each year, individual plant species within plots were sampled nondestruc-
tively once per month throughout the growing season (May to September)
using the 1.6¥1.6-m sampling quadrat. I measured the number of plant species
present in a plot and percentage of plot area that each species covered. I esti-
mated plant species diversity using two indices: species richness and evenness.
Species richness (S) is the standard measure in studies of diversity/productiv-
ity relationships (Tilman et al. 2001). Plant species richness does not account
for changes in species abundances alluded to above. Top predators in my sys-
tem should indirectly alter the proportional representation of those plant
species whose abundance would otherwise be suppressed by the dominating
effect of S. rugosa. Species evenness is one measure that combines the two
mechanistic factors – dominance and plant species abundance – that are
important in this and other old-field systems (Wilsey and Potvin 2000).

I estimated dry plant biomass production (g plot–1 day–1), an index of pro-
ductivity, by calculating the differences in plant biomass in plots between
consecutive sampling periods in 2001 (31 May and 19 June; and 19 June and 19
July). The differences in biomass for each of the two sampling periods were
divided by the intervening number of days to estimate rate. These two periods
represent independent growth conditions (wetter spring, drier summer) in
the field and so enable an assessment of the consistency of the productivity
response. I converted nondestructive sample estimates of percentage cover
into estimates of dry biomass using regression equations. To do this, mean
height of a species in a plot was measured concurrently with each sampling of
plant species cover using a meter stick on five random plants of a species.
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Plant species biomass was then estimated using multiple regression equations
describing prior calibrations of plant species dry mass in relation to species
percentage cover and species height (Schmitz 2003).

14.4.5.1 Direct and Indirect Effects of Top Predators

The experiment revealed that there were significant, cumulative treatment
effects on percentage P. pratensis cover and percentage S. rugosa cover. Three
years of predator exclusion resulted in significantly lower P. pratensis and S.
rugosa cover relative to the one-trophic-level, plant-only treatment (Schmitz
2003). Sustained predator presence (three-trophic-level treatment) resulted in
increased P. pratensis cover and decreased S. rugosa cover relative to the
predator exclusion treatment (Schmitz 2003). This indirect positive effect of
predators on P. pratensis and negative indirect effect on S. rugosa is consistent
with results from the cage experiments described above but observed at a
fourfold larger scale and over a threefold longer period. There are two impor-
tant conclusions to draw from this result.

First, contrary to recommendations (Yodzis 1995), it was not necessary to
run the short-term experiments for more than one generation of the focal
species in order to obtain reliable predictive insight about top-down effects in
of-ecosystem processes. I should add, however, that this conclusion may only
apply to seasonal systems such as this in which each of the animal species in
question completes its life cycle within the course of a single field season and
thus has non-overlapping generations. In other words, the long-term dynam-
ics of the unperturbed field system can be viewed as a concatenated string of
short-term events in which major density-dependent processes operate
within a season leading to little carryover of density-dependent effects from
one season to the next (Schmitz 2000). Perturbations should lead to changes
in ecosystem state, but the new state should be reached within 2–3 years,
according to simulation models of the field system (Schmitz 2000). This rate
of change appears to be borne out by the of-ecosystem field experiment
(Schmitz 2003).

Second, I evaluated whether or not the interaction strengths in the cage
experiments were indeed stronger than in the field by estimating the strength
of the top-down effect of predators on plants as the log ratio [ln(Np+/Np–)]of
total estimated July 2001 dry plant biomass in plots in the presence (Np+) and
absence (Np–) of predators (Schmitz et al. 2000). The strength of predator
effects on plants was estimated to be 0.62±0.107 (95 % confidence interval, CI)
(Schmitz 2003). This value is very similar to those estimated for the cage
experiments in my system: 0.56±0.30 (95 % CI) for experiments involving
early instar grasshoppers and 0.04±0.21 (95 % CI) for experiments involving
late instars and adults (Schmitz et al. 2000). Thus, cage experiments do not de
facto inflate estimates of interaction strengths.
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14.4.5.2 Top Predator Effects on Plant Diversity and Productivity

Manipulation of trophic structure caused significant shifts in plant species
richness and evenness combined (Schmitz 2003). A posteriori statistical
analysis revealed that this significance was entirely due to treatment effects
on plant species evenness: there was no significant treatment effect on plant
species richness (Schmitz 2003). Species richness did not change in the exper-
imental system because most of the plant species sampled after 3 years existed
in all plots at the onset of experimentation, and there were no new, invading
herb or grass species given the successional stage of the system. The experi-
ment revealed, however, that plant species evenness was significantly higher
in three-trophic-level plots than in either the two-trophic-level or one-
trophic-level treatments (Schmitz 2003). In addition, there was a significant
decrease in estimated plant productivity with increasing number of trophic
levels in both sampling periods (Schmitz 2003). Thus, top predators had a
demonstrated, important effect on the structure and functioning of the nat-
ural ecosystem. They caused a shift in plant species diversity by increasing the
proportional representation of less productive herb species. This translated
into a decline in plant-trophic-level biomass production.

Despite the high species richness in all trophic levels in this system, top-
down effects appeared to transmit linearly down a chain comprised of a dom-
inant predator and herbivore species to the plant species (Fig. 14.3). Further-
more, I was able to use mechanistic insight about the chain of interactions
between the dominant species derived from in-ecosystem cage experiments
to begin predicting reliably the effect of manipulating higher trophic levels on
of-ecosystem plant species composition and plant biomass production.
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15 Reducing Herbivory Using Insecticides

E. Siemann, W.P. Carson, W.E. Rogers and W.W. Weisser

15.1 Summary

Insecticides are a vital tool for manipulating insect herbivory, but limitations
of the method can result in erroneous conclusions about the relationships
among herbivores, plant population dynamics, plant community composition
and ecosystem processes. In particular, direct effects of insecticide applica-
tions on plants or ecosystem processes, effects on non-target organisms and
indirect effects via plant competition may cause ecologists to misjudge the
importance of insect herbivores in ecosystems. A survey of published studies
showed that most investigators considered some of the more likely artifacts,
but few were thorough in testing for such artifacts. Data on insect damage and
insect abundance are particularly useful for establishing a causative role for
insect herbivore suppression in insecticide effects.

15.2 Basic Concepts

Insecticides are an important tool for studying the role of insect herbivores in
terrestrial ecosystems. Because insect herbivores are typically small and
mobile, physically excluding them from replicated experimental areas in the
field is difficult. The main methods of physical exclusion of aboveground
insect herbivores (cages, netting and screens) also exclude larger herbivores,
such as mammals, which can make it difficult to assess the role of insect her-
bivores independently (but see Schmitz, Chap. 14, this Vol.). In addition, any
method of physical exclusion may change microclimate and light levels. Phys-
ical exclusion of belowground herbivores in field experiments is more prob-
lematic. So long as ecologists are careful about the inferences they draw from
insecticide experiments and are mindful of the limitations of the method,
chemical exclusion of insects remains one of the most valuable methods to
investigate the role of insects in terrestrial ecosystems.
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15.3 Using Insecticides to Infer the Role of Herbivores

Applications of insecticides can reveal the role of insect herbivores in an
unmanipulated ecosystem by examination of the assembly, dynamics, struc-
ture and functioning of an ecosystem with insect herbivores absent or present
at low densities. Still, there are some inherent difficulties in determining the
relationships among components in an intact complex system by examining
the same system with a single component removed. These include multiple
potential paths of causation as well as emergent properties or higher-order
interactions in complex systems that may be difficult or impossible to infer by
analyzing the behaviour of the system with some components missing (Billick
and Case 1994). There are, however, some general principles that apply to
interpretation of insecticide experiments that have a tradition in the ecologi-
cal literature and that have a solid conceptual basis.

Increases in peak standing crop with insecticide applications are usually
equated with an effect of insect herbivores on net productivity in the unma-
nipulated system (Fig. 15.1). In the short term, such increases give insight into
the magnitude of the effect of insect herbivory on net productivity within the
existing suite of plant species present at the start of the study. The magnitude
of the response of net plant productivity to insect exclusion with insecticides
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Fig. 15.1. Ecologists infer the importance of herbivores in an unmanipulated ecosystem
by measuring the response to herbivore removal



should be positively related to the magnitude of net productivity reduction
due to insect herbivores in the unmanipulated ecosystem.

If relative impacts of herbivores on plants differ (see below) and insect
suppressions continue long enough for plant species composition to respond,
changes in productivity may also reflect the indirect effects insect herbivores
have on net productivity by favouring or excluding plant species that differ in
attributes such as nutrient use efficiency (Crawley 1997; Wardle 2002).
Changes in plant species composition with insecticide application are often
used to infer relative impacts of insect herbivores on different groups or
species of plants when insects are present (Fig. 15.2). Depending on the study,
this may include investigations into the relative impact of insect herbivores on
different functional groups of plants (i.e. grasses vs. forbs) or different species
of plants. Stronger responses of plant mortality, growth and/or reproduction
to suppression of insect herbivores (i.e. releases) are equated with relatively
larger negative impacts of insect herbivores on plants in the absence of sprays.
Decreases in plant performance with insect herbivore suppression are attrib-
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Fig. 15.2. Ecologists infer the relative impact of herbivores on different species of plants
in an unmanipulated ecosystem by measuring their responses to herbivore removal. In
the middle section, the large increase in the grass when herbivores are removed suggests
that herbivores have a larger impact on the grass in the unmanipulated system



uted to negative indirect effects of herbivore removal via releases of competi-
tors that are larger than the direct positive effects on the plant itself. Changes
in plant growth and survival often are used to infer impacts of insect herbi-
vores on plant population dynamics. If insect herbivores have similar influ-
ences on different groups or species of plants, whole community removals of
insect herbivores will not lead to changes in plant community composition,
which may result in the erroneous conclusion that they do not have strong
interactions with plants in the unmanipulated community, even when the
effects on individual groups or plants are large (Fig. 15.3). In such communi-
ties, however, there may be a strong response of peak standing crop or net
plant productivity to insect exclusion. Indeed, there is an inverse relationship
in grasslands between the strength of the responses of standing crop and
species composition to exclusion of grazing mammals, with composition
responses dominating at higher productivity (Chase et al. 2000).
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Fig. 15.3. Insecticide applications to whole communities versus individual species of
plants may give different insights into the role of herbivores



More selective removals of insect herbivores from single species or groups
of plants within an ecosystem may give a different picture from whole-system
manipulations of insect herbivores (Siemann and Rogers 2003). The response
of a single species of plant to whole community insect suppressions is pro-
portional to the difference between its herbivore load and the herbivore loads
of other plants in the community, while its response is proportional to the
absolute herbivore loads of the other plants in the community if a single plant
is grown in a herbivore-free state (Fig. 15.3). The use of methods other than
general plot-wide applications has the potential to expand the inferences
ecologists can draw from studies using insecticides to exclude insect herbi-
vores.

15.4 Ghost of Herbivory Past

Herbivore suppression experiments may miss the effects of herbivory if a her-
bivore is able to reduce a host plant to low densities and/or restrict its distrib-
ution (‘Ghost of Herbivory Past’, Carson and Root 2000). For example, a bee-
tle introduced to control St. John’s Wort (Hypericum perforatum) drove the
formerly abundant plant to shaded refugia where the plants suffered less
attack (Harper 1977).A typical insect exclusion experiment in which plots are
located independent of Hypericum’s distribution and randomly assigned to
insecticide or control treatments could lead to the faulty conclusion that
insect herbivores are not important in determining local plant community
composition. Similar effects of herbivores on the distribution of their host
plants have been shown for other species (e.g. Louda and Rodman 1996). In
general, if experiments are short term or have plots containing few individu-
als of herbivore-susceptible plants at the start of the experiment, even large
effects of herbivores on plant growth, survival and reproduction may be sta-
tistically undetectable.

To test how the number of replicates and the duration of a herbivore exclu-
sion experiment might influence the likelihood of detecting a significant her-
bivore effect, we performed computer simulations of herbivore exclusion
experiments where insecticide and control treatments were randomly allo-
cated to field plots. We calibrated the model with demographic data on Sol-
idago canadensis (formerly S. altissima; mortality and rhizome production)
from long-term experiments with insect herbivore manipulations (Cain et al.
1991; Carson and Root 2000). We varied four starting conditions (Solidago
density, strength of release from herbivory, number of experimental repli-
cates, duration of experiment, Fig. 15.4A).At high densities of Solidago such as
occur in the northeast United States (up to 20 plants m–2, Carson and Root
2000), effects of herbivore suppression would be detected even in short-term
experiments with modest decreases in mortality and increases in rhizome
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production with herbivore suppression (Fig. 15.4A). However, at the densities
at which S. canadensis occurs in prairies in the midwestern United States
(approximately 0.1 plants m–2), even a 10-year, five-replicate field experiment
with 5¥5-m plots would miss the response of herbivore suppression 40 % of
the time (Fig. 15.4B). The sensitivity of the model outcome to initial density
(Fig. 15.4A) suggests that typical insect herbivore exclusion experiments may
be appropriate only for detecting responses of plant species that occur at high
densities (i.e. dominant taxa) unless experiments are run with many repli-
cates for many years. If the effect of herbivores on a rare plant is the object of
investigation, it may be advisable to add plants to plots (i.e. phytometers) or to
locate plots in areas where the plant is present at higher densities.

15.5 Artifacts of Method May Masquerade 
as Release from Herbivory

15.5.1 What Types of Artifacts Are a Concern?

Because insecticides are deposited on plants and are toxic to insects, the pri-
mary way that insecticide applications are expected to alter ecosystems is
through reductions in the population densities and feeding activities of her-
bivorous insects. However, insecticides may also have direct and indirect
effects on other components of ecosystems and may therefore change plant
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Fig. 15.4. Simulated experimental herbivore removal experiments. A Probability of
detecting a significant effect of herbivores on plant population dynamics depended on
the strength of release, number of experimental replicates and duration of study. B When
host plants are at low densities (0.1 plants m–2), a five-replicate study would often miss
strong responses of individual plants



species composition and/or ecosystem functioning (Fig. 15.5). For instance,
some insecticides may directly change the plant community because they are
toxic to plants at some application rates and increase their mortality, decrease
their growth or inhibit seed germination. Insecticides may also be toxic to or
may change the activity of other components of the ecosystem such as non-
herbivorous insects, non-insect herbivores, bacteria or fungi. Depending on
the chemical composition of an insecticide and the inactive ingredients in the
formulation, insecticide application may provide limiting nutrients. These
side effects of insecticides are of concern, because they may make it difficult
to attribute observed differences in ecosystem functioning between sprayed
and unsprayed plots to the action of insect herbivores. Investigators can max-
imize their insights into the role of insect herbivores in terrestrial ecosystems
by collecting appropriate data, performing additional studies if possible and
considering alternative explanations.

15.5.2 Overview of Published Studies

We searched the literature for ecological studies in which insecticides were
used in order to examine the relationship between insect herbivores and plant
fitness, population dynamics, community structure or ecosystem processes.
We generated an initial set of articles by searching for the words ‘insecticide’,
‘insecticides’,‘insecticidal’ and ‘exclusion’ in the abstracts of articles in the fol-
lowing journals: American Journal of Botany (1914–Jan 2002), American Nat-

Reducing Herbivory Using Insecticides 309

Fig. 15.5. Insecti-
cide applications
may affect ecosys-
tems by a number
of mechanisms



uralist (1867–Sept 2002), American Midland Naturalist (1909–July 2002),
Biotropica (1969–June 2002), Bulletin of the Torrey Botanical Club (1870–
1996), Conservation Biology (1987–Oct 2002), Ecological Applications (1991–
Aug 2002), Ecological Monographs (1931–Aug 2002), Ecological Entomology
(1991–Oct 2002), Ecology (1920–Sept 2002), Environmental Entomology
(1991–Feb 2002), Functional Ecology (1987–Oct 2002), Journal of Applied
Ecology (1964–Aug 2002), Journal of Ecology (1913–Oct 2002), Journal of
Tropical Ecology (1985–Sept 2002), Journal of Animal Ecology (1932–Sept
2002), Journal of the Torrey Botanical Society (1997–Sept 2002), Oecologia
(1991–Sept 2002), Oikos (1988–Aug 2002), Plant Ecology (1997–July 2002),
Vegetatio (1991–1996). We read these articles and kept those that employed
insecticide treatments in order to investigate the role of insects in determin-
ing ecosystem functioning, plant community composition or diversity or
plant population dynamics. In total this represented 66 articles. This is not an
exhaustive search of the literature for ecological studies that employed insec-
ticides. Rather, it represents a body of articles that allows us to investigate the
inferences ecologists draw in such studies and their consideration of potential
methodological artifacts.

We classified each article with respect to the following criteria (see Appen-
dix): (1) What response variable was the focus of the study? (2) What type of
insecticide was used? (3) Were insect damage or insect abundance quantified?
(4) Were toxic effects of insecticide on germination, plant survival or plant
growth considered? (5) Was greater toxicity to higher trophic levels of insects
considered? (6) Was toxicity to detritivorous insects, soil microbes or mycor-
rhizae considered? (7) Were fertilization effects of insecticide considered?

15.5.3 Quantification of Herbivore Damage

Additional data can clarify whether a reduction in insect herbivory is the
mechanism underlying a plant or ecosystem response to insecticide applica-
tion. In particular, it is critical to collect data on insect herbivore abundance
and insect damage to plants in experimental units where insecticides have
been applied and compare these units to those to which insecticides have not
been applied. If a species or group of plants performs better in plots where
insecticide has been applied, insect damage should be lower on insecticide-
treated plants if reductions in insect herbivory are responsible. These types of
data may be most appropriate for chewing or mining insects where damage
can be carefully quantified. A large response of plants to insecticide applica-
tion without documented decreases in insect damage makes it difficult to
have confidence that reduced insect herbivory is the cause. On the other hand,
collecting data on the abundance of insect herbivores can be useful for some
groups, especially Hemipterans, which often can be easily counted on a plant
but for which the damage cannot be as easily quantified independent of their
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abundance or plant vigour. As for insect damage data, insect herbivore abun-
dance, due to changes in activity or in situ population densities, should be
lower on insecticide-treated plants than on untreated plants if insect herbi-
vores are driving plant responses to insecticide application. Of the studies we
reviewed, 55 and 41 % of studies collected data on herbivore damage and
abundance, respectively.

15.5.4 Phytotoxic Effects

Responses of plants, plant communities and ecosystems to insecticide appli-
cations may reflect toxic effects of insecticides on plants (i.e. phytotoxic
effects). In particular, plants that decrease in abundance or vigour with insec-
ticide applications may be more sensitive to toxic effects and plants that
increase with applications may be less sensitive. In this case, an investigator
could attribute differential responses of plants to insecticides to differences in
the strengths of their releases from herbivory, when they may actually indi-
cate differences in their susceptibility to phytotoxic effects of the insecticide
sprays. In the extreme, phytotoxic effects could depress overall ecosystem
productivity, but it is unlikely that an insecticide licenced for application in
agricultural or horticultural settings would be that toxic to plants at recom-
mended application rates. It is more likely that variations in the magnitude of
toxic effects on different plant species may cause changes in species composi-
tion.

Phytotoxic effects could include suppression of germination or decreases
in survival, growth and/or reproduction. For insecticides registered in the
United States, the current requirement for labels is that they report phytotoxic
effects if ‘more than 25 percent of terrestrial plants show adverse effects on
plant life cycle functions and growth such as germination, emergence, plant
vigour, reproduction and yields when tested at the maximum label applica-
tion rate or less’ (Environmental Protection Agency 40 CFR Part 159, Report-
ing Requirements For Risk/Benefit Information). In the European Union, reg-
ulations under consideration call for reporting of phytotoxicity data when
there is ‘more than 50 % effect for one or more species at the maximum appli-
cation rate’ (Guidance Document on Terrestrial Ecotoxicology Under Council
Directive 91/414/EEC, European Commission on Health and Consumer Pro-
tection). Toxic effects are usually for the product applied alone, with recom-
mendations for applying products in combination based on chemical charac-
teristics of active ingredients. The literature is one resource for ecologists to
address the issue of phytotoxic effects.

Another way to disentangle phytotoxic effects and releases from herbivory
is to conduct experimental toxicity trials in controlled conditions. For exper-
iments with factorial treatments (such as a fungicide treatment), phytotoxic-
ity trials should also be factorial in case sprays are more toxic in combination.
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For instance, in one study pesticide sprays reduced seed germination in com-
bination even though neither had a detectable effect when applied alone
(Gange et al. 1992).A rigorous way to conduct these experiments is with a gra-
dient of application rates that include concentrations less than and greater
than the field application rates (i.e. perform a dose response experiment).

To test for phytotoxic effects on germination, seeds could be treated with
the insecticides and germination rates measured with or without insecticide
application. Differential suppression or stimulation of germination among
plant species could potentially drive changes in species composition. This
particular type of artifact would be a concern in studies at the community or
ecosystem level that are of sufficient duration to have recruitment of new
plants from seed. Twenty-eight percent of such studies we reviewed consid-
ered effects of their insecticide applications on seed germination rates.We did
not find any examples of experiments that tested the effects of insecticide
sprays on germination in field conditions.

To test for phytotoxic effects on survival, growth and reproduction, plants
should be treated with insecticide in conditions of constant, ideally low, insect
herbivory. This may be accomplished by growing plants in controlled labora-
tory or greenhouse conditions where herbivory is extremely low independent
of insecticide applications. If plants are grown in pots where roots can be
quantitatively recovered, measuring root mass in addition to aboveground
mass is desirable in order to test for phytotoxic effects on root mass as well as
possible changes in the relative allocation of growth above ground vs. below
ground in response to sprays. This may be particularly valuable if field exper-
iments only measure aboveground biomass or growth. In studies at the com-
munity or ecosystem level, phytotoxic effects on survival, growth or repro-
duction could obscure the relationship between a plant’s response to
insecticide applications and the relative importance of herbivory for that
plant species. In studies of the responses of a single species to insecticide
application, phytotoxic effects could lead to an underestimation of the release
from herbivory, with the indirect positive effect via reduced insect herbivory
being obscured by a direct negative effect. Of the studies we reviewed, 58 % of
the studies of plant communities, 29 % of the studies of ecosystem processes
and 44 % of the studies of individual plant responses considered toxic effects
of insecticides on plant growth, survival or reproduction. Only 52 % of these
studies conducted experimental tests of their insecticide applications on the
species of plants in their studies or referenced literature for the species they
studied. The rest cited toxicity data for other species of plants, typically agri-
cultural crops. Many ecologists suppress insects throughout the growing sea-
son, resulting in more applications per year than the experiments they refer-
ence.

Overall, ecologists have given insufficient attention to the possible role of
phytotoxic effects in their studies. This is not to say that they are likely to have
compromised many studies, but rather that greater attention to this possibil-
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ity would strengthen the causal link from insecticide applications to insect
herbivore exclusion to plant and ecosystem responses. In particular, we would
suggest caution for studies in which application rates or frequencies are
greater than those recommended on the product label and for studies of
plants for which no recommendation for closely related species is given on the
product label.

15.5.5 Insecticides May Be Toxic to Several Groups of Insects

Insecticides may change plant composition or productivity by changing the
abundance or activities of insects and non-insect arthropods that are not her-
bivores, such as pollinators, predators, parasitoids and detritivores. Some rel-
evant data on toxicity to pollinators is readily available because insecticides
list their toxicity to honeybees (Apis mellifera) on their label in Australia, the
United States and in most European countries. Still, this may not predict lethal
affects on other pollinators that differ in behaviour, physiology or size
(Johansen 1972) and does not predict sublethal effects such as lower visitation
rates (NRCC 1981). There is little evidence that plant populations or commu-
nities are pollinator limited, but reduced pollinator activity may impact the
reproductive output of individual plants.

Differences in the susceptibility of insect herbivores and higher trophic
levels (predators and parasitoids) to insecticide applications and variable
rates of recolonization or population regrowth following applications can
obscure the path from insecticide application to plant responses. In the
extreme, insecticides may increase insect herbivore abundance if they are
more toxic to predators or parasitoids than to insect herbivores (Spencer and
Norman 1952). Of the studies we reviewed, 36 % discussed the relative toxic-
ity of their insecticide treatments to herbivores vs. predators or parasitoids.
Data on toxicity to higher trophic levels is rarely on a product label, but this
information can be found in the literature for many insecticides (Coats et al.
1979 is a good example). Recently adopted guidance documents in the Euro-
pean Union recommend reporting of toxic effects on a standard parasitoid
and predator arthropod species [Aphidius rhopalosiphi (Hymenoptera, Bra-
conidae) and Typhlodromus pyri (Acarina: Phytoseiidae)], but unfortunately
no insect predator is tested. Nevertheless, it is not just toxicity per se that is
important for insecticide effects on higher trophic levels, but also the level of
exposure. A substance that is potentially toxic might not reduce the popula-
tion size of a predator and parasitoid when it is present only in minute quan-
tities in living herbivores and is not taken up directly from the plant. Con-
versely, even a low level of toxicity might have great effects on higher trophic
levels when exposure is high. Data on the relative toxicity of insecticides to
herbivores vs. predators and parasitoids will assist ecologists in choosing an
insecticide that is highly toxic to the herbivores they wish to control while
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simultaneously limiting experimental artifacts mediated through changes in
other insect groups.

15.5.6 Effects of Insecticides on Non-Arthropods

Insecticides may alter the feeding choices of non-arthropod herbivores. Some
pesticides, such as nicotine (insecticide), thiram (fungicide) and ziram
(fungicide), are sold to discourage mammal browsing. DDT has been used as
both an insecticide and a rodenticide. Some insecticides are marketed to repel
(Proxpur) or kill (Fenthion) birds . However, the effect of most insecticides on
the palatability of plants to non-arthropod herbivores is unknown. Thus,
changes in non-arthropod activity are a possible artifact of insecticide appli-
cations in ecological studies. One way to limit such artifacts is to avoid insec-
ticides that are known repellents or that are known to be extremely lethal to
non-arthropods. Vertebrate feeding may influence insect herbivores by stim-
ulating plant regrowth and increasing palatability (Du Toit et al. 1990; Bailey
and Whitham 2002) or may decrease palatability by inducing defence produc-
tion (Young and Okello 1998; Shimazaki and Miyashita 2002). In some cases,
the defence compounds produced in response to vertebrate browsing may
attract specialist insect herbivores (Martinsen et al. 1998). Changes in verte-
brate feeding rates might reflect a direct effect of insecticides on vertebrate
feeding activity or they may reflect changes in vertebrate feeding in response
to reduced insect herbivory. For ecosystems where mammal herbivory is less
important, these concerns may not be applicable. It is advisable to collect data
on feeding rates of non-arthropod herbivores if possible to quantify their
contribution to changes in plants or ecosystem processes.

Insecticides may also have effects on the survival and feeding activity of
slugs and snails which may often be important herbivores (Crawley 1997).
Some compounds have both molluscicidal and insecticidal activity (e.g. ben-
diocarb, methiocarb, Azinphos-methyl) and caution should be used in inter-
preting results when such compounds are used. However, since they belong to
two widely used classes of insecticides (carbamates, organophosphates)
changes in mollusc feeding are a potential issue for many studies.

15.5.7 Effects of Insecticides on Soil Organisms

Insecticides may be toxic to soil organisms that are critical for soil nutrient
cycling or above-/belowground interactions. One group of bacteria that are a
particular concern, with regard to producing spurious effects of insecticides,
are those responsible for nitrogen transformations. In one study of the effects
of 54 pesticides on denitrification and nitrification in the soil, 6 significantly
stimulated denitrification, 8 significantly inhibited denitrification and 19 sig-
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nificantly reduced nitrification (Pell et al. 1998). There is a potential for such
effects to masquerade as effects of insect herbivores on nutrient cycling via
changes in their host plants. Since these same changes in soil nutrients may
themselves change plant growth and survival, disentangling the chain of
cause and effect may be difficult. Of the studies we reviewed, 22 % considered
effects of insecticide application on the soil biota. Currently, there is no
requirement for effects on soil organisms or soil nutrient cycling to appear on
product labels so the main source of such information is the scientific litera-
ture. Recently adopted EU guidance documents recommend testing of pesti-
cides for toxic effects on earthworms, standard soil arthropods (collembolans
or mites) and rates of litter decomposition, soil nitrification and carbon min-
eralization (Guidance Document on Terrestrial Ecotoxicology Under Council
Directive 91/414/EEC, European Commission on Health and Consumer Pro-
tection). Consideration of effects would strengthen all studies of insect herbi-
vores, but it is especially important in studies on belowground herbivores in
which insecticide is soaked into the soil or incorporated into the soil at the
beginning of the study.

Some insecticides, especially those in the carbamate and organophosphate
classes, are also nematicides. In studies that use insecticides that are also
nematicides, there is the potential to overestimate the importance of insect
herbivory because observed releases reflect both insect and nematode
impacts. Three insecticides used in the studies we reviewed are also registered
as nematicides: aldicarb, carbofuran and isazophos. In one study using
aldicarb the effect of insecticide application is attributed entirely to insect
suppression (Norris 1997). In all the other studies using these compounds,
effects of insecticide application on plants are more properly ascribed to the
combined effect of belowground insect herbivore and nematode suppression
(all of the carbofuran and isazophos studies). More generally, because inter-
actions in the soil food web are important for ecosystem processes but are
largely unexplored (Wardle 2002), it is difficult to foresee how much the mea-
sured response variables such as plant biomass or plant species composition
are influenced by alterations in the soil food web. For aboveground manipula-
tions, it is possible to reduce the effects on the soil food web by minimizing
the amount of insecticide that enters the soil.

15.5.8 Nutrient Inputs May Facilitate Plant Growth

Many insecticides may contain significant concentrations of limiting nutrients
(Table 15.1). In particular, carbamates, organophosphates and pyrethroids
often contain significant concentrations of nitrogen, and organophosphates
always contain phosphorus. For some classes of insecticides, every compound
that has been used in ecological studies is free of nitrogen and phosphorus
(chlorinated hydrocarbons, flavonoids and organochlorines). The only other
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Table 15.1. Properties of insecticides used in surveyed ecological studies. Number of
times used represents the number of papers in our literature survey that used the chem-
ical. Percentages of nitrogen and phosphorus are percent by weight of active ingredient.
Amounts of nitrogen (N amt) and phosphorus (P amt) (in mg m–2 year–1) are at the max-
imum recommended rate or the maximum rate used in a paper we reviewed

Chemical Class No. of N (%) P (%) N P 
times amt amt
used

Aldicarb Carbamate 1 14.73 0.00 29.60 0.00
Carbaryl Carbamate 7 6.96 0.00 22.28 0.00
Carbofuran Carbamate 4 6.33 0.00 12.66 0.00
Endosulfan Chlorinated 1 0.00 0.00 0.00 0.00

hydrocarbon
Rotenone Flavonoid 1 0.00 0.00 0.00 0.00
Aldrin Organochlorine 2 0.00 0.00 0.00 0.00
Chlordane Organochlorine 5 0.00 0.00 0.00 0.00
DDT Organochlorine 2 0.00 0.00 0.00 0.00
Lindane Organochlorine 2 0.00 0.00 0.00 0.00
Acephate Organophosphate 1 7.65 16.92 10.19 22.53
Azinphos- Organophosphate 2 13.24 9.76 27.41 20.21
methyl
Chlorpyrifos Organophosphate 9 3.99 8.84 3.20 7.07
Diazinon Organophosphate 3 9.21 10.18 14.73 16.29
Dimethoate Organophosphate 7 6.11 13.52 40.32 89.20
Fenitrothion Organophosphate 1 5.05 11.18 16.17 35.76
Fonofos Organophosphate 1 0.00 12.58 0.00 10.06
Isazophos Organophosphate 1 13.39 9.88 133.94 98.77
Malathion Organophosphate 10 0.00 9.38 0.00 11.72
Omethoate Organophosphate 1 6.57 14.53 16.43 36.34
Deltamethrin Pyrethroid 1 2.77 0.00 0.05 0.00
Esfenvalerate Pyrethroid 1 3.34 0.00 0.33 0.00
Fenvalerate Pyrethroid 3 3.34 0.00 1.11 0.00
Fluvalinate Pyrethroid 2 5.57 0.00 0.07 0.00
Permethrin Pyrethroid 1 0.00 0.00 0.00 0.00
Resmethrin Pyrethroid 1 0.00 0.00 0.00 0.00
Pyrethrum mix Pyrethroid 1 NA NA NA NA

elements present in the active ingredients of any product used in ecological
studies are C, H, Cl, O, F, Br and S, none of which is typically a limiting nutrient
in terrestrial ecosystems. Even at the maximum rates applied in ecological
studies, the amounts of nitrogen and phosphorus added were small. The max-
imum amounts were 130 mg m–2 year–1 for nitrogen and 100 mg m–2 year–1 for
phosphorus (isazophos; as used by Wardle and Barker 1997).Background rates
of nitrogen and phosphorus cycling in terrestrial ecosystems are typically two
and one order of magnitude higher, respectively, than even these amounts
(Schlesinger 1997).Assessment of fertilization effects would be easier if inves-



tigators report their application rates in terms of active ingredient per plant or
unit area per year. Based on maximum recommended application rates for the
compounds used by ecologists in the studies we surveyed, we do not think that
direct nutrient enrichment effects are an important source of artifacts in eco-
logical studies with insecticides. Nevertheless, it is a good idea to calculate the
amounts of nitrogen and phosphorus supplied to the system and to compare it
to the natural pools of these nutrients.

Insecticides are usually applied in a mixture of inactive ingredients. For
foliar applications, the main inactive ingredient is usually water often with a
small amount of surfactant which aids dispersion of the water. In every study
we examined, plants not treated with insecticide were sprayed with water to
account for the water applied to insecticide-treated plants or plots. We do not
think that small amounts of surfactant (i.e. soap) are likely to contribute to
major methodological artifacts. For soil applications to control below-ground
herbivores, insecticides are sometimes applied as a solution soaked into the
soil. In all studies using this method, appropriate water-only controls were
used. Some chemicals (especially chlorpyrifos) are applied as granules. These
granules typically are composed of a low concentration of active ingredient
(5 % or less) and a large proportion of sometimes specified inert ingredients.
These materials are typically organic materials with low concentrations of
nutrients, such as ground corn cobs or nut shells. The mass of inert ingredi-
ents is usually less than 5 g m–2 per application. Such a small amount of low
nutrient organic material represents a small input.

15.5.9 Insect-Vectored Diseases

Removal of carbon and nutrients is not the only means whereby insect herbi-
vores impact plant growth and survival. For instance, many important plant
diseases are vectored by insects, especially viral diseases (Perring et al. 1999).
Extremely large effects of insect suppression on plant survival with slight
changes in herbivore damage and abundance are one indication that insect-
vectored diseases may be magnifying the effect of insect herbivore suppres-
sion. Unfortunately, the most common vectors for viral diseases are sucking
feeders (Perring et al. 1999), making it difficult to independently quantify her-
bivore consumption and host plant responses. Some diseases have character-
istic symptoms which allow the investigator to associate mortality with dis-
ease (Mitchell 2003) and draw more accurate conclusions about the role of
insect herbivores in the ecosystem. Insecticides that rapidly kill or repel her-
bivorous insects and those with residual action are those most likely to reduce
the transmission of insect-vectored viral diseases. Synthetic pyrethroids are a
class of insecticidal compounds that are particularly effective at reducing
viral spread (Perring et al. 1999). Other diseases may not be vectored by
insects but may opportunistically infect weakened plants and magnify the
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effect of insect herbivory on plant performance. Fungal diseases are more
likely to fall into this category. Factorial insecticide and fungicide experi-
ments have the potential to help tease apart the relationships among insect
herbivory, fungal diseases and plant performance.

Insecticides may also influence the susceptibility of plants to fungal
pathogens that are not vectored by herbivores. Mostly this is not due to the
active ingredient itself, but to the surfactants used in many formulations. A
proper control should therefore include spraying of the surfactant.

15.4.10 Community-Level Artifacts

One major drawback in the vast majority of toxicity studies is that the toxic
effects are investigated in single-organism studies, e.g. by rearing sprayed and
unsprayed plants in the absence of herbivores in the greenhouse, or by
directly exposing a particular insect to the active substance. Because interac-
tions in the aboveground and belowground food webs are complex, it is gen-
erally difficult to extrapolate from such single-organism studies to commu-
nity-level effects. For example, if an annual plant shows a significant 5 %
reduction in seed set when sprayed, this may or may not have consequences
for plant species composition in the longer term. To estimate community-
level effects, community-level experiments should be performed. For exam-
ple, entire plant communities could be grown in the greenhouse, or trans-
planted from the field, and the similar ecosystem variables could be measured
in the greenhouse and in the field. For community transplants, a single insec-
ticide spray may be sufficient to eliminate the resistant herbivore insect com-
munity. Thereafter, only one group of replicates would be subjected to further
spraying while the control group would only receive the first spray.While such
an approach is easier for some ecosystems than for others, it would possibly
be more conclusive than single-organism studies. Another advantage might
be the reduced effort needed to assess side effects. For example, even when the
ecosystem under consideration consists of only 20 higher plants, it would be
extremely time-consuming if not impossible to test each of these plants and
the majority of soil organisms one-by-one in isolation, let alone in two-
species combinations. We recommend that community-level tests for insecti-
cide effects should become more common in ecological studies.

15.6 Are There Better Types of Insecticides?

There are several classes of insecticides that have not been used in ecological
studies. These include antibiotic insecticides that are applied as a bait. They
have the advantage of low toxicity to non-target organisms, but they must be
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consumed by the herbivore in order to be effective. They may be ineffective in
small plots with high rates of recolonization and they are unlikely to be effec-
tive against a broad spectrum of insects with varied feeding habits. Insect
growth regulators have many of the same advantages and disadvantages.
Some insecticides are toxic to other groups of organisms such as fungi (dini-
trophenol pesticides) or plants (arsenic pesticides), or are non-selective
(methyl bromide), which limits their use in ecological studies of insect her-
bivory. Some classes of insecticides, such as formamidine insecticides (also
known as amidine insecticides), have not been used although there do not
appear to be any distinct reasons why they have been avoided by ecologists.
Ecologists utilize a diversity of insecticides (Table 15.1). The list of products
used will likely expand, but the new insecticides will demand the same cau-
tion in use and interpretation of results as those currently available. The ulti-
mate aim, however, should be to use insecticides that are as selective as possi-
ble. Combining selective insecticides would allow us to draw inferences about
the role of different groups of insect herbivores, and of the role of herbivores
on particular plants in the community.

15.7 Conclusions

Ecologists should show caution in interpreting chains of causation from
insecticide application to plant and ecosystem responses without careful
examination of intermediate steps in the process. In particular, data on herbi-
vores and herbivory are critical to any argument that insecticide treatments
are impacting plants or ecosystem processes via changes in herbivory. Direct
toxic effects of insecticides on plants and effects on soil nutrient cycling may
also weaken the inferences ecologists can draw in their studies. Insecticides
will continue to be a valuable tool for ecologists who study insect herbivores
in terrestrial ecosystems.
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16 The Role of Insect Herbivores in Exotic Plant
Invasions: Insights Using a Combination of Methods
to Enhance or Reduce Herbivory

W.E. Rogers and E. Siemann

16.1 Summary

Exotic plant invasions are threatening biodiversity and altering fundamental
ecosystem properties and processes worldwide. Escape from native insect
herbivores is believed to be one of the primary causes contributing to the suc-
cessful invasion of many introduced plants. With biotic homogenization
increasing globally, studies that examine the effects of herbivores on both
native and introduced species are essential for understanding the influence of
exotic species invasions on community dynamics and ecosystem function.
While collecting field observations and life history characteristics of an exotic
plant can be useful, it is experimental manipulations that will most clearly
reveal the mechanisms responsible for the dominance of an aggressive inva-
sive species. Employing a variety of methodological approaches that both
increase and decrease insect herbivory will best elucidate the population ecol-
ogy and ecosystem impact of an exotic plant invader. There is a pressing need
to develop effective management strategies to lessen the effects of exotic
invaders on a variety of threatened species and imperiled ecosystems. Such
experiments will not only increase basic ecological knowledge, but also pro-
vide useful insights to land managers pressed with addressing a large and
growing problem with tremendous societal, economic and environmental
costs.

16.2 Introduction

Numerous biases and inherent problems are associated with the different
methods of experimentally manipulating herbivore damage (Hendrix 1988;
Baldwin 1990; Osterheld and McNaughton 2000; Hjältén, Chap. 12, this Vol.;
Lehtilä and Boalt, Chap. 13, this Vol.; Schmitz, Chap. 14, this Vol.; Siemann et
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al., Chap. 15, this Vol.). Perhaps the best manner of dealing with these short-
comings is to concurrently perform a variety of experiments that approach
herbivory questions using several of the methodologies described herein and
compare and contrast the findings from these different studies. Together the
results of several approaches should be richer and more reliable than any
method used in isolation. In this chapter, we outline a variety of methodolog-
ical techniques for assessing and comparing the effects of insect herbivory on
exotic invaders and native plants. Specific reference will be made to studies we
have conducted examining the role of herbivores in invasions of Sapium seb-
iferum in North America and Hawaii. In aggregate, these studies will provide
other researchers with examples and a framework for pursuing questions
related to the accumulation dynamics of herbivores on plants, mechanisms of
community assembly and coevolutionary interactions of herbivores and their
hosts.

16.3 The Role of Herbivores in Exotic Plant Invasions

Invasions by exotic plant species are considered to be one of the greatest con-
temporary and future threats to the integrity of ecosystems worldwide
(Coblentz 1990; Soule 1990; Chapin et al. 2000; Pimentel et al. 2000). Despite
the importance of the problem, ecologists are still in the early stages of under-
standing the mechanisms underlying exotic plant invasions. Nevertheless,
because invasive plants typically experience low losses to herbivores in their
introduced range (Elton 1958; Tucker and Richardson 1995; Yela and Lawton
1997; Maron and Vila 2001), the assertion that herbivores are important in
mediating plant competition is nearly ubiquitous in the invasion literature
(Groves 1989; Mooney and Drake 1989; Tucker and Richardson 1995;
Williamson 1996; Keane and Crawley 2002). In general, insect herbivores need
not consume a large amount of plant material to have a large effect on plant
community composition, they need only reverse the outcome of competition
(e.g. Louda et al. 1990; Grover 1994; Leibold 1996; Crawley 1997).

The Enemy Release Hypothesis predicts that when exotic plants are intro-
duced with few or none of the specialist herbivores from their native habitat
and are not a preferred choice of generalist herbivores in their introduced
range they will suffer low rates of attack by enemies and thereby gain a com-
petitive advantage over native plants (Schierenbeck et al. 1994; Williamson
1996; Keane and Crawley 2002; Wolfe 2002; DeWalt et al. 2004). With reduced
damage, resources normally lost to enemies or used for the production of
defences may be allocated to growth and/or reproduction by a plastic pheno-
typic response (Bazzaz et al. 1987; Tilman 1999; Alpert et al. 2000; Stowe et al.
2001; Schlichting and Smith 2002). Since relatively small amounts of leaf her-
bivory can have major detrimental effects on plant growth and survival (Mar-
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quis 1992), this release from enemies can greatly benefit exotic species com-
peting with native plants.

16.4 Focal Plant Species

Chinese tallow tree [Sapium sebiferum (L.) Roxb, Euphorbiaceae] is a major
invader throughout the southeastern United States (Bruce et al. 1997; Grace
1998; Siemann and Rogers 2003a). Originally introduced to North America in
1772, Sapium has become naturalized from the southern Atlantic coast to the
Texas Gulf coast (Bruce et al. 1997). It aggressively displaces native plants and
forms monospecific stands. First established in Texas in the early 1900s, in the
past 50 years much of the coastal prairie, abandoned agricultural fields and
floodplain forests along the Texas Gulf coast have been converted to Sapium-
dominated woodlands (Bruce et al. 1997; Grace 1998). It is monecious, has
insect-pollinated flowers from April to June and fruits ripen from August to
November (Bruce et al. 1997). Seeds are dispersed by many bird species. It is a
deciduous tree that loses its leaves in autumn and has range limits largely
determined by winter temperatures and aridity (Bruce et al. 1997). Rapid
growth, colourful autumn foliage, abundant flowers and seeds rich in oils have
encouraged widespread plantings that readily escape from cultivation.

16.5 Experimental Methods for Assessing Herbivory Effects

Designing an experimental study so that the exotic species of interest is
paired with a similar native species can provide a better understanding of the
mechanisms responsible for invasion (Barrett and Richardson 1986;
Schierenbeck et al. 1994; Mack 1996; Sakai et al. 2001; Keane and Crawley
2002; Daehler 2003). Ideally, the native and exotic species would be congeners,
but many introduced species are taxonomically isolated, making pairing dif-
ficult. In such instances, an ecologically similar native species can be used for
comparisons. In our studies, Sapium sebiferum is the only woody member of
its genus in the region and there are no native Euphorbiaceae trees in Texas.
By using both Sapium and a native tree species that shares multiple morpho-
logical, physiological and phenological characteristics, we can monitor simi-
larities and differences between Sapium and native plants that are unrelated
to their site of origin. This is especially important in grassland invasions
because Sapium is a woody plant competing with herbaceous functional
groups. As such, experiments that incorporate both the exotic tree and a
native tree species will more likely reveal the mechanisms responsible for suc-
cessful invasions and competitive dominance.
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An alternative experimental method is to incorporate seedlings derived
from seeds collected in both the native and introduced ranges. Such studies
can provide valuable insights into genetic change as a potential mechanism
causing invasiveness. Evolutionary change is increasingly being recognized as
an important factor contributing to the success of exotic invaders (Blossey
and Nötzold 1995; Thompson 1998; Mack et al. 2000; Keane and Crawley 2002;
Mooney and Cleland 2001; Sakai et al. 2001; Lee 2002; Stockwell et al. 2003).

16.5.1 Common Garden/Reciprocal Transplant Studies

Reciprocal seedling transplants in common garden and greenhouse pot stud-
ies can be used to assess the effects of genetic change on invasive characteris-
tics relative to the effects of phenotypic and developmental plasticity.
Although the Enemy Release Hypothesis has been widely accepted to explain
the invasive success of many exotic plant species, an alternative hypothesis,
the Evolution of Increased Competitive Ability (EICA; Blossey and Nötzold
1995), proposes that invasive plants evolve reduced allocation to defence and
increased allocation to growth and/or reproduction because they are seldom
attacked by enemies (Thompson 1998; Willis et al. 1999; Willis et al. 2000).
Because allocation to defence may be as costly as herbivore damage (Bazzaz et
al. 1987; Simms 1992; Baldwin 1998; Strauss et al. 2002), plants that escape
their enemies in an introduced range would gain a selective benefit from
decreasing their defensive investment. While the Enemy Release Hypothesis
predicts that both native and invasive genotypes would benefit from low lev-
els of herbivore damage in the introduced range, the EICA hypothesis sug-
gests that invasive genotypes would achieve an additional benefit derived
from reduced allocation to energetically expensive defences. Some studies
confirm differences in growth and competitive ability of invasive and native
genotypes (Blossey and Nötzold 1995; Willis and Blossey 1999; Leger and Rice
2003), while others are inconclusive (Willis et al. 1999, 2000; Thebaud and
Simberloff 2001).

Using long-term common garden and greenhouse experiments, we have
recently shown genetic differences in growth and defence among native and
introduced genotypes of Sapium sebiferum that likely contribute to its inva-
siveness (Siemann and Rogers 2001, 2003b, c). In a long-term common garden
planted in east Texas, invasive genotypes of Sapium from North America had
significantly higher growth rates, earlier and greater seed production but
lower foliar tannin concentrations than native Sapium genotypes from Asia
(Fig. 16.1). All genotypes had uniformly low amounts of leaf area removed by
insect herbivores and damage was independent of genotype (Siemann and
Rogers 2001). This outcome is unlikely to be explained by the Enemy Release
Hypothesis since both native and invasive genotypes should have similarly
displayed a plastic phenotypic reallocation from defence to growth in the
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introduced range where herbivores are absent. Rather, the EICA hypothesis
postulates an evolutionary mechanism for reallocation of resources from
defence to growth in response to low herbivory and is consistent with these
patterns for native and invasive genotypes of Sapium (Blossey and Nötzold
1995). In this scenario, there is little increase in the rate of herbivory on exotic
plants with lower allocation to defence, whereas, for native plants, herbivory is
expected to increase strongly as defences decrease. Reductions in defence
likely lead to greater competitive ability only when the additional costs of her-
bivore damage do not exceed the reduced costs of defence (Coley et al. 1985;
Bazzaz et al. 1987; Simms and Rausher 1987; Maschinski and Whitham 1989;
Louda et al. 1990; Herms and Mattson 1992; Hunter and Price 1992; Mauricio
1998; Agrawal 2000). According to the EICA hypothesis, the discrepancy in
growth rates between native plants and invasive exotics arises from the
unique combination of low herbivory and low defence that native plants are
unable to achieve.

We recently reinforced this interpretation by examining a companion
long-term common garden study established in Hawaii that used Sapium seed
collected from many of the same source trees as the east Texas common gar-
den (Siemann and Rogers 2003 c). In Hawaii, the native Asian genotypes had
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Fig. 16.1. Genotypes of Sapium sebiferum grown in a 14-year common garden in Texas
differed in A growth, B seed production, C leaf chemistry and D defence chemicals
[foliar tannin content measured as tannic acid equivalents (mg) per 100 mg tissue dry
weight]. ASIA Native range; GA Georgia (site of North American introduction); LA
Louisiana; TX Texas (areas colonized later).All trees had low levels of herbivore damage.
Different letters on bars indicate significant statistical differences at P<0.05. (Modified
from Siemann and Rogers 2001)



less leaf damage and grew significantly larger than invasive Texas genotypes
(Fig. 16.2A,B). This was contrary to our findings in the Texas common garden
where invasive genotypes outperformed native genotypes. We believe this
reversal of growth patterns for the different genotypes is due to Asian herbi-
vores, which were inadvertently introduced to Hawaii, feeding more heavily
on poorly defended Texas Sapium genotypes (Fig. 16.2). As a result, Sapium is
currently not invasive on any of the Hawaiian islands despite being present for
several decades.

Combined, these long-term common garden experiments in Texas and
Hawaii with Sapium from its native range and areas where it is invasive sug-
gest that post-introduction evolutionary change has occurred in response to
an absence of herbivores. This may potentially explain Sapium’s current inva-
sive status in Texas where Asian herbivores are non-existent and Sapium’s rel-
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Fig. 16.2. Long-term common gar-
den experiments in Texas and
Hawaii, USA, with Sapium from its
native range (Asia) and areas where
it is invasive (North America)
demonstrate that post-introduction
evolutionary change promotes
invasiveness in Texas, but not in
Hawaii where Chinese herbivores
are abundant. A In Texas, where
Sapium is invasive, herbivory levels
are low in the common garden. In
Hawaii, where Sapium is not inva-
sive, North American genotypes
suffered greater herbivore damage
than native Asian genotypes.
B Invasive genotypes grew signifi-
cantly larger than native genotypes
in Texas, but the opposite occurred
in Hawaii. C Foliar tannin content
[measured as tannic acid equiva-
lents (TAE, mg) per 100 mg tissue
dry weight (dw)] was significantly
greater in native genotypes com-
pared to invasive genotypes regard-
less of common garden location.
(Modified from Siemann and
Rogers 2003 c)



ative scarcity in Hawaii where the herbivore Adoretus sinicus (Chinese rose
beetle) is abundant (Siemann and Rogers 2003 c). In Texas, where Sapium is
invasive, herbivores avoided feeding on all plants in the common garden.With
uniformly low herbivory, fast-growing, poorly defended invasive genotypes
outperformed slower-growing, better defended native genotypes. In Hawaii,
where Sapium is not invasive, A. sinicus caused greater damage to Texas geno-
types, which may be responsible for Asian genotypes being superior.

The reversal of growth patterns for native and invasive genotypes due to
native herbivores being either present or absent emphasizes the importance
of establishing common garden studies in both the introduced range where
the species is invasive and in an area where native herbivores are present,
preferably in the native range that contributed the original introduced source
populations. Because insect herbivory pressures and plant resistance traits
covaried across time and space, our insights into the genetic differences of
invasive and native Sapium would have been greatly reduced without estab-
lished gardens in both Texas and Hawaii.As a result, it is highly recommended
that future common studies be concurrently established in the native and
introduced range and include plant genotypes from both sources. We are cur-
rently pursuing studies that will establish common gardens of multiple
Sapium genotypes at sites across a biogeographical gradient of invasion in
several regions of the southeastern United States, sites in the native range of
China, and sites in Hawaii where it has been introduced but is currently not
invasive.

Another finding from these common garden studies is that Sapium derived
from seed where it has been present longer as an introduced species is more
similar in growth and defence to genotypes from the native Asian range than
in North American areas where it has more recently invaded (Fig. 16.1).
Within 300 years after introduction, invasive plants often support diverse
insect communities similar to those on native plants (Strong et al. 1984).
Sapium from Georgia, the site of original introduction, may more closely
approximate the situation in Hawaii with Asian herbivores than that of Texas
where herbivores are relatively inexperienced with the novel plant. The inter-
mediate position of Georgia genotypes may reflect smaller genetic change
compared to Texas genotypes. Alternatively, Georgia genotypes are poten-
tially being recognized by native herbivores as an edible resource and are
beginning to be selected for increased levels of defence as they accumulate a
higher pest load and suffer greater amounts of damage. Sapium invasions pre-
sent an ideal opportunity to conduct multiple common garden studies and
various herbivore manipulations in order to examine native herbivores and
an invasive plant in different stages of adjustment to a novel environment. The
intriguing possibility that the ecological success of Sapium may be attributed
to rapid post-introduction evolutionary change in competitive ability and
defence against herbivores establishes a model system for investigations into
the role of enemies in the success of other exotic plant species.

The Role of Insect Herbivores in Exotic Plant Invasions 335



16.5.2 Reducing Herbivory on Target Plants Using Insecticide Sprays

There is a long history of debate in the ecological literature regarding top-
down herbivore regulation of plant population dynamics, community struc-
ture and net primary productivity (e.g. Hairston et al. 1960; Strong et al. 1984;
Crawley 1989; Brown and Gange 1990; Louda et al. 1990; Hunter and Price
1992; Schmitz, Chap. 14, this Vol.). In spite of this controversy, a central pre-
diction of the Enemy Release Hypothesis is that if introduced plants suffer
less damage than the native flora, removing herbivores should result in sig-
nificantly greater damage reductions to natives than to exotic species. If dif-
ferences in pest loads are responsible for the greater growth and lower mor-
tality of introduced plants, removing herbivores should also minimize growth
and survival differences between exotics and natives (Sakai et al. 2001; Keane
and Crawley 2002).

Insect herbivores can be excluded by regular spraying of foliage on target
plants with a variety of readily available insecticides, many of which have
been successfully used for other ecological studies (reviewed by Siemann et
al., Chap. 15, this Vol.). Plants not receiving insecticide should be sprayed with
an equal amount of water. To avoid unintentional treatment of control plants
with insecticide, sprays should be administered only on days when there is no
wind.

Phytotoxic effects could potentially cause methodological artifacts. Com-
panion studies in controlled environments should always be performed to
discount the possibility of plant growth being directly affected by the chemi-
cal spray per se. Further, degree of toxicity to non-target organisms, residence
time on vegetation and in the soil and nutrient levels (many insecticides con-
tain trace amounts of nitrogen and phosphorus) need to be considered when
designing studies involving the application of chemical sprays. While there is
considerable utility in employing insecticides for disrupting insect herbivory
on target plants, if concerns of toxicity or nutrient additions are warranted
the more labour-intensive method of manually removing larger, sessile herbi-
vores is also an effective manipulation (Karban and Strauss 1993; Agrawal
1998).

We have recently completed a 3-year test of the Enemy Release Hypothesis
(Siemann and Rogers 2003a). Using chemical sprays, we suppressed insect
herbivores on transplanted seedlings of Sapium and Celtis laevigata, a native
tree, in forests and prairies in east Texas where Sapium is invading. Although
not taxonomically related, pairing Sapium with the ecologically similar native
tree Celtis established a control for woody establishment and encroachment
in the absence of insect herbivory that is unrelated to the geographical origin
of the species and should better reveal the mechanisms responsible for suc-
cessful invasions.

As predicted by the Enemy Release Hypothesis, results from our study
showed that insect herbivores caused greater damage to unsprayed native
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seedlings than unsprayed Sapium seedlings. However, contrary to predictions
of the Enemy Release Hypothesis, suppression of insect herbivores caused sig-
nificantly greater increases in survivorship and growth of Sapium compared
to native seedlings (Siemann and Rogers 2003a). It was only due to common
garden studies (mentioned above) and additional companion experiments
that manipulated herbivore damage in alternative ways (see sections below)
that we were able to explain these counterintuitive results and repeatedly
obtain results consistent with the EICA hypothesis.We are currently pursuing
studies using common garden plantings and factorial insecticide spray treat-
ments on native plant species and native and invasive Sapium genotypes in a
variety of biogeographical locations to further explore the role of genetic
change in exotic species in response to the presence or absence of a herbivore
load.

16.5.3 Reducing Herbivory on Community Assemblages 
Using Insecticide Sprays

Another method of assessing herbivore effects on native and exotic plants is
to chemically treat the entire plant community in experimental plots. Other
researchers have had dramatic success with this technique in native herba-
ceous communities (Brown et al. 1988; Carson and Root 1999, 2000). Again, if
enemies strongly facilitate exotic plant invasions, removing herbivores from
entire plant communities containing native and exotic species should reduce
damage to native plants significantly more than exotics. The resultant com-
petitive release caused by spraying should also reduce the growth of exotics
relative to the growth of native plants in areas where herbivores are abundant.
We recently completed a 3-year experiment chemically treating 2-m2 prairie
plots containing a mixture of native and invasive woody and herbaceous plant
species. Surprisingly, no significant patterns in plant community composition
or productivity were observed (Siemann and Rogers, unpubl. data). This type
of study is likely most effective when implemented over longer time periods,
particularly in instances where outbreaking insects occur (Carson and Root
1999, 2000).

The effect of belowground herbivores on exotic plant species and native
plant community dynamics can also be manipulated by soaking insecticides
into the soil of experimental plots. Belowground herbivory can have strong
effects on plant community structure and the competitive environment of a
plant often influences its response to belowground herbivory (Anderson
1987; Brown and Gange 1990; Mortimer et al. 1999; Rogers and Hartnett 2001;
Verschoor et al. 2002). Several studies have found the impact of belowground
insect herbivory to be greater when the host plant was competing with other
plant species (e.g. Müller-Schärer 1991; Nötzold et al. 1998). Above- and
belowground herbivores often damage plants simultaneously and complex
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interactions between different types of tissue damage frequently become
manifest in varied growth responses (Seastedt et al. 1988; Moran and
Whitham 1990; Müller-Schärer and Brown 1995; Houle and Simard 1996;
Maron 1998; Masters et al. 2001; Masters, Chap. 5, this Vol.). Other studies have
shown that root herbivory has a greater negative effect on plant growth and
reproduction than foliar herbivory (Reichman and Smith 1991; Strong et al.
1995; Maron 1998; but see Moran and Whitham 1990; Houle and Simard
1996). Several root-feeding insects associated with Sapium have been identi-
fied in its native Asian range (Zhang and Lin 1994), but the effects of root
damage on invasive North American genotypes and its effect on plant compe-
tition have not been previously examined. Despite belowground herbivores
frequently having greater effects on plant community composition and pro-
ductivity than aboveground herbivory, we are not aware of any studies to date
that utilize insecticide manipulations to specifically examine the interactions
between native and exotic plants with respect to root-damaging herbivores.

At the other end of a plant’s life history, chemically removing insect herbi-
vores from adult trees presents multiple logistic difficulties. Chemically fog-
ging tree canopies has been successfully used in assessing insect species
diversity in tropical rainforests (Erwin 1982; Basset 2001) and to control erup-
tive herbivores in European and North American forests (Perry 1994). Herbi-
vore densities and effects on native and exotic adult trees could also be
assessed by experimentally employing similar techniques in both the native
and introduced range.

16.5.4 Factorial Manipulations of Herbivory, Resources and Competition

It is possible that herbivores exert their influence on exotic plant invasions by
mediating resource competition. The negative effects of herbivory can be par-
ticularly pronounced with low nutrient availability and are frequently miti-
gated by an increased supply of limiting resources (Brown and Gange 1990;
Louda et al. 1990; Maschinski and Whitham 1989; Steinger and Müller-
Schärer 1992; Verschoor et al. 2002). Factorial experiments that simultane-
ously manipulate other environmental conditions such as soil resources,
water, light availability and/or intensity of competition while concurrently
manipulating herbivore damage will provide additional insights into the role
of herbivores in facilitating exotic plant invasions. Recent reviews have
emphasized the utility of making comparisons between native and invasive
plants under multiple growing conditions and suggest context dependence
for the invasiveness of many species (Alpert et al. 2000; Sakai et al. 2001; Keane
and Crawley 2002; Daehler 2003). This strategy has been particularly fruitful
in our studies with Sapium (Rogers et al. 2000, 2003; Rogers and Siemann
2002, 2003, 2004; Siemann and Rogers 2003d).
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16.5.5 Simulating Herbivory Via Mechanical Leaf Damage

Realistic simulation of herbivory by mechanical means is problematic
because many aspects of insect chewing cannot be accurately duplicated
(Hendrix 1988; Karban and Baldwin 1997; Agrawal 1998; Hjältén, Chap. 12,
this Vol.; Lehtilä and Boalt, Chap. 13, this Vol.). Artificial defoliation typically
results in tissues being removed indiscriminately, whereas natural herbivory
is frequently more selective. However, simulated damage can suitably repre-
sent the decreased leaf area and mass loss experienced by herbivore-damaged
tree seedlings (Hendrix 1988; Marquis 1992; Stowe 1998; Tiffin and Inouye
2000). The advantages of simulated herbivory over other manipulations of
herbivores include the ability to remove exact amounts of tissue, specify spa-
tial and temporal patterns of removal and randomize controlled damage
treatments with resource manipulations and competitive interactions.

Before initiating a mechanical defoliation study, it is useful to examine nat-
ural types and levels of herbivory. Preliminary examinations of insects on
Sapium in Texas and Louisiana showed that the few herbivores observed on the
foliage are generalists that also feed on a variety of native species in both forests
and prairies (Johnson and Allain 1998; Hartley; Rogers and Siemann, unpubl.
data).Although infrequent, small chewing holes are the most common form of
leaf damage observed on naturally growing Sapium seedlings (Rogers et al.
2000).As a result,we used a steel paper hole punch to simulate the effects of leaf
herbivory on Sapium while growing in various resource and competitive con-
ditions (Rogers et al. 2000; Rogers and Siemann 2002, 2003). In the first study,
seedlings were grown in pots and exposed to factorial combinations of three
light treatments, three soil fertility treatments and three simulated herbivory
treatments (control, moderate and high). Native Celtis laevigata tree seedlings
were also subjected to the treatments for comparison. Hole punches were ran-
domly and independently assigned to leaves twice during the growing season.
New leaves near the top of each seedling were excluded to protect apical meris-
tems and avoid affecting branching dynamics.

Focusing on early life-history stages has a greater capacity for revealing
mechanisms that regulate community dynamics because young seedlings are
frequently more susceptible to environmental stress than older plants (Fen-
ner 1987; Meiners and Handel 2000). Regardless, partial herbivory rarely leads
directly to the mortality of a seedling (Fenner 1987; Hendrix 1988).As a result,
we have also manipulated the temporal patterns of leaf herbivory on Sapium
(Rogers and Siemann 2003). We were able to concurrently assess the effects of
casual herbivore consumption using a low-intensity, chronic defoliation treat-
ment and the effects of an outbreaking insect using a high-intensity, acute
defoliation treatment. Although the same number of leaf holes were punched
for both simulated herbivory treatments in this study, the tempo and potential
effect of the damage differed considerably. Again, the defoliation treatments
were crossed factorially with light and soil fertility manipulations and the
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experiment was performed in both field and greenhouse settings (Rogers and
Siemann 2003).

In another set of paired field and greenhouse studies simulating leaf her-
bivory on Sapium we used scissors to increase the damage severity by remov-
ing the front half of every full leaf blade twice during the growing season
(Rogers et al.2003).The scissors were sterilized with an alcohol wipe after defo-
liating each seedling to prevent the spread of disease or secondary allelochem-
icals. Clipped leaves that remained on seedlings were cut in half a second time
as were all newly added leaves. In this and other studies, damaging the plants a
second time allowed us to magnify the negative effects of artificial defoliation,
particularly if the plants possess inducible defences that were activated by the
initial leaf damage (Karban and Baldwin 1997; Rogers et al. 2003). Inducible
defences can increase plant fitness in the presence of herbivores (Agrawal
1998), but can be costly if it does not deter future herbivore attacks. Unexpect-
edly, all of our studies involving simulated herbivory manipulations on inva-
sive Sapium revealed that seedlings derived from seed collections obtained in
the introduced range of east Texas were capable of rapidly compensating for all
levels and types of tissue damage we imposed.

The success of Sapium as an invader is frequently attributed to an absence
of pests (Bruce et al. 1995; Jubinsky and Anderson 1996) with the connotation
that Sapium is resistant to native herbivores. Our results from these and other
studies suggest that North American Sapium is a herbivory-tolerant plant that
rapidly compensates for mass lost to defoliation. Consistent with the predic-
tions of EICA, Sapium’s success as an invader may be that as a herbivory-tol-
erant species without an appreciable herbivore load, it is experiencing the
benefits of a herbivore-resistant plant without incurring the associated costs
of resistance (e.g. van der Meijden et al. 1988; Simms 1992; Rosenthal and
Kotanen 1994; Strauss and Agrawal 1995; Stowe et al. 2001). In other words,
invasive genotypes of Sapium are not experiencing a trade-off between her-
bivory resistance and tolerance like other native plant species because it has
escaped the ‘to grow or defend’ dilemma of plants in its introduced range by
allocating resources to growth rather than defence (Herms and Mattson
1992).

The predictions of the EICA hypothesis require that simulated herbivory
be more costly to native genotypes of Sapium than to invasive genotypes. We
conducted full-factorial, paired greenhouse and field experiments designed
to assess the effects of soil fertility and simulated leaf herbivory using scissors
on growth and survival of Sapium seedlings derived from seed collections
obtained from the species’ native range in China and introduced range along
the Texas Gulf coast. Artificially defoliating Sapium significantly decreased
the growth of Asian Sapium genotypes whereas Texas Sapium genotypes
compensated for the leaf mass removed (Rogers and Siemann, unpublished
data; Fig. 16.3). The negative effect of removing costly, defended leaves in
native genotypes compared to substantial regrowth potential in poorly
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defended invasive genotypes provides further support for EICA predictions
that invasive genotypes of Sapium have undergone a post-introduction evolu-
tionary change from a herbivore-resistant species to a fast-growing, herbi-
vore-tolerant species that rapidly compensates for tissue damage.

16.5.6 Simulating Herbivory Via Mechanical Root Damage

Less common than herbivory manipulations involving mechanical defolia-
tion are studies that simulate belowground root herbivory. While field stud-
ies can be performed (Reichman and Smith 1991; Rogers and Hartnett
2001), severing root tissue in pot experiments is considerably more tractable
given the inaccessibility of the belowground environment (Detling et al.
1980; Schmid et al. 1990; Houle and Simard 1996). We conducted a full-fac-
torial pot experiment designed to assess the effects of simulated root her-
bivory, soil fertility and competition on Sapium seedlings derived from seeds
obtained in the ancestral Chinese range and introduced Texas range. Roots
were severed using a sharp serrated steel blade inserted into a narrow open-
ing cut in the plastic pot. Test pots were used prior to initiating root her-
bivory to ensure the effectiveness of this method. Belowground competition
was achieved by adding annual ryegrass seed (Lolium multiflorum Lam.) to
the pots. The results, again consistent with EICA predictions, reveal that Chi-
nese genotypes were negatively affected by root damage, while Texas geno-
types were able to compensate for root herbivory (Rogers and Siemann
2004). Increased soil fertility promoted growth of Chinese genotypes, but did
not reduce the negative effects of root herbivory enough to allow the
seedlings to completely compensate for damage. Grass competition in-
creased the height growth rate of Chinese genotypes, but did not affect shoot
or root mass. In competitive conditions, the shoot and root mass of Chinese
genotypes was lower than undamaged controls in both fertilized and unfer-
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Fig. 16.3. Experimental defoliation of
Sapium with scissors had a greater nega-
tive effect on native Chinese genotypes
than on invasive Texas genotypes
(Rogers and Siemann, unpubl. data). n.s.
Not significant



tilized conditions (Fig. 16.4A). By contrast, the shoot and root mass of Texas
genotypes compensated for simulated root herbivory relative to undamaged
plants, particularly in fertilized conditions (Fig. 16.4B). These results provide
additional support for previous studies indicating that invasive Texas
Sapium has undergone a genetic shift away from possessing costly herbi-
vore-defended tissues to producing relatively inexpensive tissues that are
capable of rapidly compensating for damage.

16.5.7 Simulating Herbivory Using Herbicide Sprays

Species removal studies have a long history in ecological experiments (Con-
nell 1961; Paine 1966). Many studies have used herbicides to selectively
remove particular plant species and examine the subsequent community
responses to altered competitive interactions (see reviews by Aarssen and Epp
1990; Goldberg and Barton 1992). These experiments are typically performed
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Fig. 16.4. Mass of potted
Sapium seedlings grown in
competition with ryegrass and
receiving factorial combina-
tions of fertilizer (NPK) and
simulated root herbivory. Per
cent Sapium shoot and root
mass (mean +1 SE) of mechan-
ically damaged seedlings rela-
tive to control seedlings
(100 %) reveals that China
genotype seedlings (A) were
markedly less likely to com-
pensate for simulated root her-
bivory than Texas genotype
seedlings (B), especially with
the addition of soil nutrients.
(Modified from Rogers and
Siemann, 2004)



on small scales in herbaceous ecosystems and involve the removal of domi-
nant native species (McLellan et al. 1997; D’Antonio et al 1998; Smith et al.
1999; Cabin et al. 2002). Simulating insect herbivory via experimental removal
of designated plants provides unique opportunities to investigate the role of a
specific plant population on competitive interactions, community assembly
dynamics and ecosystem function.

In order to assess whether Sapium invasions can be controlled by eliminat-
ing local seed production, we killed all mature Sapium trees in eight 16-ha
plots in an east Texas bottomland floodplain forest. Eight 16-ha control plots
were also established. This study was designed to represent a highly effective
seed predator or devastating insect outbreak that causes tree mortality (Perry
1994). In the removal plots, all Sapium trees with a diameter at breast height
(dbh) greater than 4.5 cm were killed by girdling and basal bark applications
of Garlon herbicide in an oil base. In total, seed recruitment from nearly
14,000 mature Sapium trees was eliminated. Our preliminary findings suggest
that killing seed-producing Sapium trees results in Sapium seedling density
being reduced while seedling density of native trees is increased (Fig. 16.5A).
Although these trends were not statistically significant, 4 years after initiating
the herbicide treatments the ratio of native to Sapium seedling density was
significantly greater in plots where mature Sapium trees had been killed
(Fig. 16.5B). This shift could potentially alter the competitive balance back in
favour of the native species. Mature native tree growth and native sapling
growth also increased with Sapium removal (Siemann and Rogers, unpub-
lished data). Because Sapium forms a short-statured, short-lived forest
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Fig. 16.5. A Density of
Sapium seedlings and
all native tree seedlings
in control plots of
undisturbed flood-
plain forest and plots
where all mature
Sapium trees were
killed with herbicide.
B Ratio of native tree
seedling density to
Sapium seedling den-
sity. Sapium kill plots
represent a 20-fold
reduction in adult
Sapium trees (Siemann
and Rogers, unpubl.
data). Cross P<0.01;
asterisk P<0.05; ns not
significant



canopy compared to the native floodplain forest trees it displaces, there are
also likely to be important differences in ecosystem processes, such as nutri-
ent cycling and carbon sequestration, of forests dominated by exotic trees.
Long-term monitoring of forest regeneration dynamics will be necessary to
fully assess the effectiveness of this experiment, but these early results suggest
that killing mature Sapium trees and reducing local seed supply, either
through an outbreaking insect or field-worker efforts, would be a worthy
strategy for conserving native forest communities imperiled by Sapium inva-
sions. To our knowledge, other replicated experimental removals of a domi-
nant invasive species have not been previously conducted on these large spa-
tial and temporal scales.

16.5.8 Assessing Herbivore Damage Using Exclosures and Enclosures

Experimental cages are a useful tool for comparing insect herbivore impacts
on exotic plants and native plants. Cages can be constructed to serve as either
exclosures to prevent herbivore access to target plants or they can be used as
enclosures to ensure exposure of target plants to predetermined species and
densities of insect herbivores.

Cages and fences used to prevent herbivore access are most effective at
excluding vertebrate herbivores (Brown and Heske 1990; Jefferies et al. 1994;
McNaughton et al. 1996; Ritchie et al. 1998; Knapp et al. 1999), but could be
used to prevent access of insects to target plants or community plots
(Schmitz, Chap. 14, this Vol.). Because of potentially strong microclimatic
effects of cages on plant growth, control cages that contain large enough holes
to provide access by insects should be also erected. Cages can also be used to
examine trophic interactions by adding or excluding predators that feed on
herbivorous insects (Price et al. 1980; Marquis and Whelan 1996; Schmitz
1998; Schmitz, Chap. 14, this Vol.).

For insect herbivory studies, experimental cages have been most success-
fully used by enclosing stocked herbivores on a single leaf, individual plant or
assemblages of multiple species and individuals both in pots and under field
conditions (Belovsky 1986; Ritchie and Tilman 1992; Schmitz 1993; Agrawal
1998; Lill and Marquis 2001). Cage enclosures are particularly useful in exper-
imental manipulations with potted plants. Cages can easily be erected around
aboveground plant tissues, allowing the investigator to control herbivore
species, herbivore density and time of exposure to herbivory.Additionally, the
pot itself can serve as an effective enclosure for stocking and manipulating
belowground herbivores (Steinger and Müller-Schärer 1992; Blossey 1993;
Nötzold et al. 1998). Other variables like resource availability and plant com-
petition can be simultaneously manipulated in pot experiments with caged
herbivores to examine how top-down and bottom-up interactions are affected
by biotic and abiotic conditions. Pot experiments provide simple access to
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multiple morphological and physiological measures of plant responses to
damage including stem height and diameter, branch and leaf numbers, leaf
area damage, water potential and photosynthesis rates. Potted plants are use-
ful for obtaining data on measures that are frequently difficult to collect in
field conditions such as both above- and belowground productivity at the ter-
mination of the experiment. Herbivore survival and performance are also eas-
ier to measure in controlled enclosure environments. In order to simultane-
ously examine the effects of plant competition, herbivore choice and
community dynamics in controlled environments, larger foraging arenas
using container mesocosms containing more diverse assemblages of plant
species can be erected and stocked with herbivores.

Realism can be increased while only modestly sacrificing precision by
erecting cages over transplants and/or existing vegetation in field settings and
similarly stocked with herbivores. The focus can be a single target plant or a
diverse community assemblage. Likewise, field studies with caged herbivores
can be designed with factorial manipulations of resources and competitive
interactions. Important additional insights regarding herbivory effects can be
gained by conducting these bioassays with both generalist and specialist her-
bivores (Bernays and Chapman 1994; Marcel et al. 2002). Specialist herbivores
are typically absent from exotic plant species because they have unique
behavioural and physiological adaptations to their host species. Using exclo-
sure bioassays to determine and eventually re-establish feeding relationships
between exotic plants and their specialist herbivores is central to biological
control efforts (McFayden 1998; Louda et al. 2003). Generalist herbivores lack
specific adaptations to particular host plants and may avoid exotic plant
species because they possess unusually toxic novel defences to which the her-
bivore is unaccustomed. Alternatively, the exotic plant may be suitable to
native generalist herbivores, but the herbivores might lack behavioural adap-
tations necessary to recognize and utilize a new food source. Dietary experi-
mentation is generally selected against because the risks of selecting a toxic
plant often exceed the benefits of gaining an additional food source (Feeny
1975; Abrahamson and Weis 1997). Insects with many potential hosts are less
efficient in their decisions and therefore suffer increased vulnerability to nat-
ural enemies. Thus, insects have evolved to quickly recognize specific chemi-
cal cues associated with suitable hosts and ignore or avoid plants that lack
these cues (Bernays and Chapman 1994; Bernays 2001).

We have conducted several bioassay experiments using North American
acridid grasshoppers exposed to native vegetation and exotic Sapium
seedlings in both pot and field exclosures. In all of our studies we have found
that, despite negligible herbivory damage on Sapium in natural grassland and
forest conditions, when grasshoppers are placed in enclosures with Sapium
they readily feed on its foliage and show strong preferences for it over native
trees, forbs and grasses (Lankau et al. 2004; Fig. 16.6).We believe this indicates
a behavioural barrier rather than a biochemical deterrent to utilization.
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Sapium is a potentially suitable food choice that is avoided because there is
strong selection against host range expansion when new host plants may be
toxic (Chew and Courtney 1991), temporally or spatially uncommon (Chew
and Courtney 1991; Beccaloni and Symons 2000) or of limited use due to nat-
ural enemy influences (Camara 1997). We have also found that grasshoppers
that were first conditioned on Sapium foliage in small cages fed more on the
exotic tree after being introduced to multiple species mesocosms than
grasshoppers first conditioned on native trees (Lankau et al. 2004). Together,
these results suggest that behavioural constraints, rather than toxic novel
defences, prevent generalist herbivores from more fully utilizing this abun-
dant plant species.

Using grasshopper bioassays with potted Sapium seedlings derived from
native China and invasive Texas seed, we have also shown significant herbi-
vore preferences for invasive Texas foliage when offered a choice between
native and invasive Sapium (Siemann and Rogers 2003b; Fig. 16.7A). The
higher levels of consumption on native foliage caused significant decreases in
the growth of China seedlings compared to the growth of Texas seedlings
(Fig. 16.7B). Conversely, using the same seed sources, Texas Sapium seedlings
grew 40 % faster than Asia Sapium seedlings when grown in unmanipulated
field conditions where herbivores remove less than 1 % leaf area of both geno-
types (Siemann and Rogers 2003b).When grasshoppers were stocked in cages
with potted seedlings from the same continent, herbivory damage and
Sapium growth rates were indistinguishable between the different genotypes
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Fig. 16.6. Grasshopper (Melanaplus angustipennis) herbivory preferences determined
by feeding trials in enclosures containing leaves of native (Liquidambar styracifula, Pla-
tanus occidentalis and Celtis laevigata) and an exotic (Sapium sebiferum) species.
Grasshoppers consumed (estimated as mean percent leaf removal +1 SE) significantly
more Sapium foliage than the native foliage in enclosures, suggesting a behavioural
avoidance of the invasive species under field conditions. Different letters on bars indicate
significant statistical differences at P<0.05. (Modified from Lankau et al. 2004)



(Fig. 16.7). In a companion study, we allowed the Sapium seedlings 8 weeks to
regrow after grasshoppers were removed. Texas genotypes were able to com-
pensate for herbivory damage such that there was no statistical difference
between the growth of damaged and undamaged trees (Rogers and Siemann,
unpubl. data). By contrast, China genotypes exposed to grasshoppers in the
same study had significantly reduced growth compared to undamaged plants
despite 8 weeks of regrowth following herbivory (Rogers and Siemann,
unpublished data).

These findings are further support for predictions of the EICA hypothesis.
If the Enemy Release Hypothesis were correct, grasshoppers should have con-
sumed or avoided seedlings from both regions similarly and growth rates for
the different Sapium genotypes should have been indistinguishable within
the same environmental conditions. In comparison, the EICA hypothesis pre-
dicts that even though herbivores in the introduced range avoid feeding on
invasive plants in field settings, in controlled feeding trials they should over-
come behavioural barriers and prefer fast-growing, less-defended invasive
genotypes over slow-growing, better defended native genotypes.

16.6 Implications and Potential Significance

Invasions by exotic plant species are a large and growing environmental prob-
lem with tremendous societal costs. There is a pressing need to better under-
stand the mechanisms responsible for exotic plant invasions and to develop
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Fig. 16.7. A Asian genotypes of
Sapium outgrew North American
(N. Am.) genotypes of Sapium in
direct competition in laboratory
bioassays containing grasshoppers.
Grasshoppers removed less leaf
area of native Asian genotypes than
invasive North American geno-
types (percentage indicated in
bars). B Conversely, a field study in
east Texas with the same seed
sources revealed that herbivory was
uniformly low (percentage indi-
cated in bars) and North American
genotypes outgrew Asian geno-
types. Different letters on bars indi-
cate significant statistical differ-
ences at P<0.05. (Modified from
Siemann and Rogers 2003b)



effective management strategies to lessen their effects on a variety of threat-
ened species and imperiled ecosystems. In this chapter we have described a
unique, complementary suite of experimental field and greenhouse studies
examining the manner in which enhancing or reducing insect herbivory
influences the success of an exotic plant species, Sapium sebiferum, which is
aggressively invading many habitats throughout the southeastern United
States. Because invasion is a key step in community assembly, new studies like
these with other problematic invasive species will provide valuable insights
into the factors influencing successional dynamics, community structure and
ecosystem stability and integrity.

Many of these studies were designed to experimentally test between two
leading hypotheses, the Enemy Release Hypothesis and the Evolution of
Increased Competitive Ability (EICA) hypothesis. The various experimental
designs described above provide suggestions for differentiating between
these hypotheses despite the differences in spatial and temporal scales of
investigation. Experimental tests of the Enemy Release Hypothesis involve
disrupting local patterns of insect herbivory and manipulating amounts of
damage on different plants, whereas direct experimental tests of the EICA
hypothesis involve disrupting geographical patterns of herbivory and manip-
ulating evolutionary selection pressures. Nevertheless, it is important to note
that the central premise of these hypotheses shares a similar origin. Evolution
of invasiveness can only occur if exotic plants first experience an ecological
release from enemies in their introduced range that strongly alters selection
pressures and leads to genetic shifts away from defence allocation and toward
greater growth and reproduction. The EICA hypothesis predicts that while
genotypic changes in introduced species may contribute to their ecological
success, it may also increase their susceptibility to herbivores introduced from
their native range. In fact, it is possible that this phenomenon may explain the
striking success of certain biological control efforts.

Successful biological control may be not only due to a re-establishment of
feeding relationships with native herbivores, but also partially due to a host
plant that has become unusually susceptible to its native herbivores because
of a genetic shift away from chemical deterrents (Sakai et al. 2001). Invasive
plants begin to support diverse insect communities similar to those on native
plants within 300 years after introduction (Strong et al. 1977, 1984). If an inva-
sive plant has evolved a reduction in herbivore deterrents, local herbivores in
the introduced range may more likely begin to recognize and utilize the exotic
species as a viable food alternative.While the introduction of an exotic species
will by itself have profound effects on plant community composition and
ecosystem processes like primary productivity, carbon sequestration and
nutrient cycling, a shift in feeding preferences of native insect herbivores to
the invasive exotic plant species will likely have equally dramatic conse-
quences for community dynamics, trophic interactions and ecosystem func-
tion.

W.E. Rogers and E. Siemann348



Although immediate action is required to suppress certain aggressive
invaders (Simberloff 2003), a management strategy that encourages local her-
bivore recognition may be warranted considering the substantial risks associ-
ated with introducing biological control agents (Louda et al. 2003). Our results
supporting the EICA hypothesis also suggest that commonly observed time
lags from introduction to emergence as a problem invasive species may reflect
a genetic adjustment period by the exotic plant and not merely demographic
delays in recruitment and migration. This will greatly complicate the ability of
horticulturists and land managers to identify and predict problem species a
priori because the initial status of an introduced species may be a poor indi-
cator of its future ecological success if the evolution of invasiveness is com-
monplace.
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17 Herbivore-Specific Transcriptional Responses and
Their Research Potential for Ecosystem Studies

C. Voelckel and I.T. Baldwin

17.1 Summary

While simulations of herbivory with mechanical clipping provide many
experimental advantages over true herbivory for ecological research, faithful
mimicking can be onerous. Not only do herbivores differ in how and what
they remove from a plant, but also they differ in saliva and regurgitate com-
position, microbial commensalists, pathogen vectoring, feeding phenology
and tritrophic interactions, all of which can dramatically alter a plant’s
response. These differences in response emerge from alterations in primary
and secondary metabolism that are activated by specific signalling pathways
and signal recognition systems. Frequently, these responses are under tran-
scriptional control and affect genes involved in hormone biosynthesis and
perception, volatile organic compound and secondary metabolite synthesis,
photosynthesis and transcriptional and translational processes, in other
words, in metabolism sensu lato.We review studies that have identified herbi-
vore-specific transcriptional responses, introduce the molecular techniques
used to measure these changes, and argue that research into molecular mech-
anisms provides ecologists with tools to monitor and manipulate the subtle
effects that insects have on ecosystem function.

17.2 The Subtle Effects of Insects on Ecosystem Function

When insects eat leaves, suck sap, shred litter and pollinate plants, they con-
sume net primary productivity (NPP), recycle nutrients and influence ecosys-
tem function directly through their activities. In addition to these direct
effects, the activities of insects are known to alter plant phenotypes, which can
indirectly influence ecosystem function. These phenotypic alterations have
primarily been described as changes in the concentrations of secondary
metabolites (Karban and Baldwin 1997) which, in turn, can influence the

Ecological Studies,Vol. 173
W.W. Weisser and E. Siemann (Eds.) 
Insects and Ecosystem Function 
© Springer-Verlag Berlin Heidelberg 2004



‘afterlife’ of plant parts and thereby the cycling of nutrients in the ecosystem
(Driebe and Whitham 2000; Hättenschwiler and Vitousek 2000; Hartley and
Jones, Chap. 2, this Vol.). More subtle are the effects of insect attack on plant
metabolism. In order to meet the metabolic demands of the large investments
in secondary metabolism and/or structural defences (thorns, spines), plants
reconfigure their metabolism, which frequently has consequences for plant
growth and the outcome of competitive interactions (Baldwin 1998; Heil and
Baldwin 2002; Glawe et al. 2003). These indirect effects of insect attack on NPP
(the ‘costs’ of resistance) can be large (for a review on cost estimates see
Strauss et al. 2002) and add to the direct effects of NPP consumption by
insects (compare 10 % annual removal of NPP by herbivores, references in
Coley et al. 1985). Since plants play a fundamental role in most ecosystems by
providing the energy, nutrient and material input for all other trophic levels,
processes that alter plant metabolic function will, in turn, influence ecosystem
function. In this chapter, we explore the mechanisms by which insect attack
influences plant gene expression and how an understanding of these mecha-
nisms can be used by ecologists to understand ecosystem function.

17.3 Transcriptional Regulation of Plant Responses

All cellular biological processes, including maintenance of metabolic and
physiological balance (homeostasis), and responses to the environment are
controlled at the level of metabolite production/concentration, enzyme activ-
ity or gene expression. The latter is realized through a cascade comprising
transcriptional and post-transcriptional, translational and post-translational
regulation, as well as regulation through protein degradation (Libbert 1993).
Since plants are largely immobile, they have evolved a large degree of physio-
logical plasticity to cope with fluctuating environments. For example, Ara-
bidopsis dedicates 5.9 % of its genome to the production of more than 1,500
transcription factors, which is considerably more than the amount dedicated
by the genomes of Caenorhabditis elegans (3.5 %) and Drosophila melano-
gaster (4.5 %), respectively (Riechmann et al. 2000). Transcription factors can
regulate the expression of many genes, and are themselves activated by com-
plex signalling pathways, which, in turn, are triggered by various internal and
external stimuli. Through such networks of signal transduction cascades,
environmental stimuli can alter a plant’s ‘transcriptome’ (the expressed por-
tion of the genome) by both fine-tuning responses of individual genes to spe-
cific challenges and activating specific sets of genes. Since changes in the tran-
scriptome may not result in altered protein or metabolite phenotypes,
studying these transcriptional changes gives researchers the ability to moni-
tor the stimuli that a plant perceives but chooses to ignore (not respond to). In
short, transcriptional regulation in all its complexity confers the means to
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specifically tailor responses to the environment and reveals new insights into
the behavioural repertoire of a plant. In the following, we provide a short
primer (in the terminological turgidity that characterizes this literature) on
transcriptional regulation and an example of a signal transduction cascade
that mediates the transcriptional regulation of wound-induced alkaloid pro-
duction.

A typical eukaryotic gene is composed of several parts. Its transcribed
region serves as a template for RNA and protein synthesis and is interspersed
with non-coding regions (introns), which are eliminated before translation of
the coding regions (exons) (Fig. 17.1A). The transcribed region is flanked on
either side by non-coding sequences that can play a role in the regulation of
the gene. The first 1 kb or so of the 5¢ flanking region is referred to as the gene
promoter and contains sequence motifs (cis-acting elements, e.g. TATA) that
recruit proteins (trans-activating factors) that modulate the rate of initiation
of mRNA synthesis by the RNA polymerase II complex. cis-Acting elements
outside the promoter region can either enhance or suppress transcription
(Buchanan et al. 2000). See Fig. 17.1 for additional details.

Jasmonic acid (JA), the plant analogue of prostaglandin in animals, is a
member of the oxylipin family of signalling molecules that mediate increases
in the synthesis of defensive proteins, such as proteinase inhibitors (Farmer et
al. 1992), and protective metabolites, such as furanocoumarins (Miksch and
Boland 1996), terpenoids (Martin et al. 2002) and alkaloids (nicotine, Baldwin
1999; terpenoid indole alkaloids, TIAs,Aerts et al. 1994) after herbivore attack
or wounding. In Catharanthus roseus, JA increases the expression of genes
involved in TIA synthesis and TIA-precursor formation via trans-activating
factors called ORCAs (octadecanoid-responsive Catharanthus AP2-domain
proteins). ORCAs bind to a cis-acting element called JERE (jasmonate and
elicitor response element) in the promoter region of JA-inducible genes, such
as strictosidine synthase (str), which catalyzes the initial step in TIA biosyn-
thesis. However, at least three more types of transcription factors interacting
with cis-elements other than JERE have been described to regulate the expres-
sion of the str gene (Gantet and Memelink 2002 and references therein; for
details see Fig. 17.1).

While the expression of a gene is controlled by several transcriptional reg-
ulators, the activity of the transcriptional regulators themselves can be con-
trolled by several mechanisms. For example, the peaks of JA-induced ORCA
expression precede maximal induction of target genes such as str, suggesting
the existence of a transcriptional cascade in which a putative transcription
activating factor (TAF) promotes ORCA expression (Fig. 17.1C, 1). However,
JA-induced str expression is not susceptible to protein synthesis inhibitors,
indicating that JA does not induce TIA gene expression simply by increasing
ORCA protein abundance, but rather activates pre-existing ORCA protein,
which, once activated, binds to the promoters of TIA genes and the ORCA
gene itself (Fig. 17.1C, 2). Protein activity can be regulated through post-
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Fig. 17.1. A Structure and organization of a eukaryotic gene (after Buchanan et al. 2000).
Basic promoter sequence motifs such as TATA and CAAT, additional promoter elements
such as ERE (ethylene response element) and up- or downstream regulatory regions on
the same strand as the coding region are called cis-elements. Before the RNA transcript
(mRNA) serves as a template for protein biosynthesis, non-coding sequences (introns)
are eliminated, coding sequences (exons) are fused (referred to as ‘splicing’) and the 5¢
and 3¢ untranslated regions are post-transcriptionally modified. Open reading frames
(ORFs) that are translated into a protein always start with the initiator codon AUG and
end with one of the terminator codons UGA, UAA or UAG. B The promoter region of the
jasmonate (JA)-inducible strictosidine synthase (str) gene after Gantet and Memelink
(2002). JA- and elicitor-responsive ORCAs (octadecanoid-responsive Catharanthus AP2-
domain proteins) bind to JERE (jasmonate- and elicitor-responsive element) leading to
str expression; CrGBFs (C. roseus G-box-binding factors) bind to the G-Box (5¢-
CACGTG-3¢) leading to str repression. JA-responsive CrMYC2 (C. roseus MYC-type basic
helix-loop-helix transcription factor) and elicitor-responsive CrBPF1 (C. roseus box P-
binding factor 1 homologue) bind to the G-box and the BA-box, respectively, but their
transcriptional activity remains to be discovered. C Putative mechanisms regulating
transcription factors after Devoto et al. (2002) and Vom Endt et al. (2002). 1 Regulation
of factor abundance by adjusting production of the encoding mRNA through transcrip-
tional cascades involving transcription activating factors (TAFs). 2 Regulation of ORCA
activity by post-translational modification (✧) of pre-existing transcription factor pro-



translational modifications (e.g. phosphorylation, acetylation, glycosylation
and others) and/or interactions with other proteins. In the case of ORCA, JA-
responsive str expression is sensitive to protein kinase inhibitors, suggesting
that ORCA phosphorylation is required for ORCA activation and TIA gene
expression (Vom Endt et al. 2002).

In addition to regulating transcription factor production, changes in tran-
scription factor abundance can stem from modifications of stability and
turnover of these proteins. In Arabidopsis, JA-induced biosynthesis of indole
glucosinolates requires a functional COI1 (coronatine-insensitive1) protein,
which is part of the SCF (Skp1/Cul1/F-box protein) complexes that specifi-
cally recognize and target proteins for ubiquitin-mediated proteolysis. By
analogy to what is known about auxin responses, Vom Endt et al. (2002) pro-
posed that JA promotes the binding of JA response repressors (JRR) to the
SCFCOI1 ubiquitin ligase, which leads to their ubiquitination and subsequent
proteasome-mediated degradation. This results in the activation of JA
response factors (JRFs) and the de-repression of JA-responsive genes
(Fig. 17.1C, 3a). Moreover, Devoto et al. (2002) characterized COI1-interacting
proteins and recovered a histone deacetylase (RPD3b) co-immunoprecipitat-
ing with COI1. Histone deacetylation is believed to decrease the accessibility
of chromatin to the transcriptional machinery, thereby repressing transcrip-
tion. It is now examined whether COI1 regulates the ubiquitination and pro-
teolytic destruction of RPD3b, representing another mechanism of JA-medi-
ated de-repression of JA-responsive genes (Fig. 17.1C, 3b).

In summary, all steps involved in converting the information content of a
gene into a protein appear to be involved in transcriptional control. Hence, a
deep knowledge of the mechanisms underlying transcriptional regulation is
required to understand how specific environmental stimuli, such as attack
from different herbivore species or feeding guilds, are ‘recognized’ by a plant.
Furthermore, this mechanistic understanding enables molecular ecologists to
identify targets for the manipulation of herbivore-induced phenotypes, which
in turn provide the tools required to elucidate the function and significance of
herbivore-induced traits and their significance for ecosystem function.
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tein, which leads to interaction with cognate elements of responsive genes and/or genes
coding for the factors themselves (auto-regulation). 3 Regulation of factor abundance by
adjusting protein turnover rate through COI1-mediated ubiquitination (▲

▼) and subse-
quent proteolysis of jasmonate response repressors (JRRs, 3a) or a histone deacetylase
(RPD3b=COI1-interacting protein3, CIP3, 3b), resulting in activation of jasmonate
response factors (JRFs) and/or increased access of JRFs or other regulators to the regu-
latory regions, respectively



17.4 Insect-Induced Transcriptional Changes

From a plant’s perspective, herbivorous insects differ in their feeding appara-
tus, saliva composition, the type of plant tissue they attack, the amount of tis-
sue they remove or destroy and feeding rhythms; in short, they can be
assigned to different feeding guilds (Root 1973), whose damage has different
fitness consequences for the plant. Moreover, the plant–insect interaction is
not a binary interaction, since other trophic levels can considerably influence
its outcome. Herbivorous insects may or may not vector diseases and they
may or may not be negatively affected by predacious insects, parasitoids or
intra- and inter-specific competitors. These ancillary interactions can all be
influenced by plant traits, and as a consequence the plant–insect interaction is
frequently played out on a spatial scale larger than the plant itself and
includes components of the plant’s community. Consequently, plants may
fend off insect attack by eliciting direct and indirect defences that influence
herbivore performance and survival through bottom-up or top-down control,
respectively.

Herbivore attack elicits a myriad of plant responses (Karban and Baldwin
1997; Walling 2000) and some of these responses may be tailored to the par-
ticular attacker, as has been demonstrated on the level of signal molecules
(e.g. JA: Schittko et al. 2000; Ziegler et al. 2001; or ethylene: Kahl et al. 2000),
secondary metabolites (e.g. nicotine: Winz and Baldwin 2001), protein
amounts and activities (Stout et al. 1994; Tamayo et al. 2000), as well as volatile
organic compound (VOC) emission (Halitschke et al. 2001; Kahl et al. 2000).
Here we review studies that examine insect-induced changes at an earlier
stage of phenotypic expression, namely in alterations in transcript abun-
dance. Insect-induced changes in transcript abundance have been measured
using the methods summarized in Fig. 17.2, either singly or in combinations.
Real-time quantitative polymerase chain reaction (RTQ-PCR) and reverse
transcription PCR (RT-PCR) are based on the ability of a PCR to exponen-
tially amplify initial differences in transcript number even when the tran-
scripts are present in trace quantities. The amplified products are visualized
either in real time during the PCR (RTQ-PCR, Fig. 17.2B) or after (RT-PCR,
Fig. 17.2A) the reaction. In Northern blot analyses (NA), transcript-specific
radioactive probes are used to identify (by sequence-specific hybridization) a
target mRNA species within an immobilized RNA sample. The generated sig-
nal is proportional to the amount of target mRNA in the sample (Fig. 17.2, C).
In a microarray analysis, the hybridization procedure is reversed: many (e.g.
frequently more than 8,000 genes) transcript-specific, unlabelled probes are
arrayed on glass slides and competitively hybridized to two RNA pools, which
originate from samples of a binary comparison (e.g. control and insect-
attacked plants) and are labelled with two different fluorescent dyes. The sig-
nal intensities stemming from the two dyes are normalized and expressed as
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a ratio for each gene. Genes with expression ratios that deviate significantly,
either positively or negatively, from 1 indicate up- or down-regulation of a
gene, respectively (Fig. 17.2D). Transcript accumulation in response to vari-
ous environmental stimuli can also be measured indirectly by transforming
plants with promoter:glucuronidase (GUS) constructs (fusions of a promoter
of a gene of interest with a reporter gene). In comparison to measuring tran-
script abundance directly by RT-PCR, RTQ-PCR, NA or microarray proce-
dures, the activity of the reporter gene, GUS, is measured histochemically. In
many cases, the reporter gene activity has faithfully mimicked the expression
patterns of the endogenous gene from which the promoter was derived.While
these ‘reporter plants’ are only able to report the transcriptional activity of a
single gene, they allow for detailed spatial and kinetic analyses of transcript
accumulation (Fig. 17.2E).

Since insect herbivory is inevitably accompanied by wounding, many tran-
scriptional studies compared responses to herbivore attack with those to
mechanical damage. These studies confirmed the central conclusion from
secondary metabolite analyses, namely that herbivore attack may modify a
plant’s wound response. Frequently, a stronger and faster induction of a gene
is observed after insect herbivory and simulations thereof than after mechan-
ical wounding (Korth and Dixon 1997; Shen et al. 2000; Berger et al. 2002;
Table 17.1). Moreover, wound-inducible genes may only slightly or not at all
be induced after insect herbivory (Reymond et al. 2000; Table 17.1) and there
are genes only (Reymond et al. 2000; Table 17.1) or preferentially (Berger et al.
2002; Table 17.1) induced by insect feeding as compared to mechanical dam-
age. The wound response of wild tobacco, Nicotiana attenuata, is altered in
three different ways when challenged by tobacco hornworm (Manduca sexta)
larvae. Application of M. sexta-regurgitant to wounded leaves, which simu-
lates the responses elicited when M. sexta larvae attack plants, reduced the
accumulation of wound-induced transcripts (e.g. threonine deaminase and
two putrescine-methyltransferase genes) or increased both the wound-
induced suppression (e.g. a subunit of light harvesting complex II) and the
wound-induced amplification (e.g. pathogen-induced oxygenase) of many
transcripts (Schittko et al. 2001; Winz and Baldwin 2001; Table 17.1).

Herbivory is associated with a continuum of wounding intensities, which
in turn is associated with differential gene induction. While leaf chewers
such as lepidopteran larvae or adult beetles severely wound and remove
plant tissues, cell-content feeders such as mites, thrips or phytophagous
bugs, by piercing and sucking out mesophyll cells, cause considerable dam-
age, but do not substantially decrease a plant’s leaf area. Phloem feeders such
as aphids and whiteflies must be able to delicately tap into phloem cells
without eliciting wound-induced termination of phloem flow, and hence
feed stealthily with the least amount of damage of all insect herbivores. With
their flexible stylets, they move interstitially (fungus-like) before penetrating
phloem cells and appear to suppress a plant’s wound recognition system.
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Fig. 17.2. Examples of commonly applied procedures in gene-expression profiling in
plant–insect interactions. A Reverse transcription-polymerase chain reaction (RT-PCR)
analysis of pathogenesis-related protein 2 (PR2), S-adenosylmethionine synthetase
(SAMS), S-adenosylmethionine decarboxylase (SAMDC) and 1-aminocyclopropane-1-
carboxylic acid oxidase (ACO) transcripts in unattacked lima bean leaves, leaves infested
with the spider mite Tetranychus urticae, (receiver-)leaves exposed to volatiles emitted
by control leaves (control, R) and (receiver-)leaves exposed to volatiles emitted by T.
urticae-infested leaves (T. urticae, R). (After Arimura et al. 2002) B Amplification plot,
taken from a real-time quantitative PCR analysis of trypsin inhibitor (TI) transcripts in
Nicotiana attenuata plants attacked by Manduca sexta larvae, depicting local and sys-
temic induction of TIs. The cycle threshold (CT) indicates the number of cycles neces-
sary for an increase of the reporter signal (Rn) above the background signal (indicated
by threshold line) and is inversely proportional to the initial copy number of the tran-



The elicitation of wound-inducible proteinase inhibitors (PI), proteins that
interfere with herbivore digestion, reflects this pattern: while PI transcripts
increased after herbivory from corn earworm larvae (Fidantsef et al. 1999;
Stout et al. 1999), tomato hornworm larvae (Voelckel and Baldwin 2003),
two-spotted spiders (Li et al. 2002) and mirids (Voelckel and Baldwin 2003),
they do not after whitefly (Walling 2000) and aphid attack (Fidantsef et al.
1999; Table 17.1). Interestingly, these stealthy herbivores appear to elicit tran-
scriptional responses characteristic of those elicited by pathogen attack. For
example, transcripts of pathogenesis-related (PR) proteins, which are usually
involved in conferring systemic acquired resistance (SAR) after pathogen
infestation, are induced after feeding of Macrosiphum euphorbiae, Myzus
persicae and Brevicoryne brassicae aphids (Fidantsef et al. 1999; Moran and
Thompson 2001; Moran et al. 2002), Bemisia argentifolii and Trialeurodes
vaporariorum whiteflies (Walling 2000) and Tetranychus urticae mites
(Arimura et al. 2000a, b). In contrast, in response to attack from grazing her-
bivores such as Helicoverpa zea and Pieris rapae larvae, PR transcripts are
only weakly elicited (Fidantsef et al. 1999; Reymond et al. 2000; Table 17.1).
Whether this difference in response is due to the more localized and
pathogen-like damage resulting from attack by sucking as opposed to chew-
ing insects, or a higher probability of stylet feeders to vector pathogens,
remains to be determined.

Evidence is accumulating that plants can distinguish attack from closely
related species and even from different stages of the same species. Species-
specific changes in transcript accumulation are best exemplified in white-
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script. (J. Zavala and I.T. Baldwin, unpubl. results.) C Northern blot analysis of threonine
deaminase (14.2), a-dioxygenase (41.6), a light-harvesting complex II subunit (61.1) and
three unknown (23.5, 39.1, 68.1) transcripts comparing expression in wounded+
(W)ater-treated and wounded+(R)egurgitate-treated and M. sexta second and third
instar (L)arvae-attacked tissue with expression in (C)ontrol tissue. Hybridization with
an 18 S rRNA probe demonstrates equal loading of samples. (After Schittko et al. 2001)
D Microarray analysis with a cDNA microarray printed with 240 herbivory-related genes
comparing changes in N. attenuata’s transcriptome after infestation with leaf chewers
(M. sexta) and cell-content feeders (Tupiocoris notatus). Data evaluation based on statis-
tical significance tests and arbitrary threshold revealed 123 genes to be repressed or
induced: 59 were regulated by both species, either similarly (squares, 58) or inversely
(diamond, 1), while 40 were regulated only after attack by Manduca (circles) and 24 only
after attack by Tupiocoris (triangles). Unresponsive transcripts (117) were omitted;
insert depicts a fluorescence image of the array. (C. Voelckel and I.T. Baldwin, unpubl.
results.) E Expression of a vegetative storage protein (VSP) as reported by the activity of
b-glucuronidase (GUS), which was fused to a vspB promoter from soybean and trans-
formed into Arabidopsis. Note enhanced GUS expression in the midribs after diamond-
back moth feeding as compared to control leaves. VSPs are assumed to sequester plant
resources during periods of insect attack that will be remobilized when conditions
become more favourable. (After Berger et al. 2002)
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fly–squash and whitefly–tomato interactions. Transcripts coding for an
M20B metallopeptidase-like protein were elicited to a much higher level in
silverleaf whitefly-infested than in sweet potato whitefly-infested leaves, and
for transcripts of a b-glucosidase-like protein, which are induced by both
whitefly species in infested leaves, systemic induction was only observed
after silverleaf whitefly attack (van de Ven et al. 2000). Transcripts for a sub-
unit of NADPH oxidase (Wfi1) accumulate in local and systemic tomato
leaves only after whitefly- but not pink potato aphid feeding (Walling 2000).
Interestingly, only whitefly nymphs, but not adults, are responsible for these
changes in transcript accumulation (van de Ven et al. 2000; Walling 2000). In
contrast, plants appear not to distinguish attack from different instars of the
same lepidopteran species by differences in larval oral secretion chemistry,
because R collected from 3rd, 4th and 5th instars of M. sexta was equally
active in causing R-induced changes in gene expression (Schittko et al. 2001;
Table 17.1).

By monitoring changes in gene expression for hundreds of genes simulta-
neously, microarray techniques (Fig. 17.2D) have allowed plant–insect inter-
actions to be explored at the level of the plant’s transcriptome, which has led
to important new insights. First, the transcriptional signatures of various
stressors may overlap substantially. To paraphrase Shakespeare, stresses in
nature, not as single spies but in battalions come (e.g. wounding is often asso-
ciated with water stress; pathogen attack leads to oxidative stress).As a conse-
quence, plants have not been under selection to perceive well-defined stresses
individually. For example, Moran et al. (2002) found some oxidative stress
genes, which are usually expressed after ozone fumigation (Sharma and Davis
1994), such as glutathione S-transferases and one form of a superoxide dis-
mutase (SOD) to increase, but others such as another form of SOD and a per-
oxidase gene to decrease upon aphid infestation. Moreover, Reymond et al.
(2000) found that the transcriptional signature of wounding was more similar
to that of dehydration than that of Pieris rapae feeding. Presumably, P. rapae
has adopted a feeding strategy that minimizes the effects of water stress on
gene expression. Second, a plant’s response to herbivory is embedded in a
large transcriptional reconfiguration of metabolism sensu lato. Hence herbi-
vore attack elicits increases in the expression not only of defence genes (see
PRs, alkaloids, PIs, octadecanoids), but also of genes involved in (post-) tran-
scriptional and (post-) translational processes, protein folding and degrada-
tion, membrane transports, hormone- and second messenger synthesis, cell
wall modulation and carbohydrate metabolism and photosynthesis (Arimura
et al. 2000b; Reymond et al. 2000; Falco et al. 2001; Hermsmeier et al. 2001;
Moran et al. 2002; Hui et al. 2003). Techniques designed to monitor changes in
transcription factor abundance hold the potential of elucidating signal path-
ways, examining aspects of specificity and investigating large-scale transcrip-
tional changes in the context of plant–insect interactions.
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17.5 How a Molecular Understanding of Plant–Insect
Interactions Can Help Elucidate Ecosystem Function

We are just beginning to appreciate the extent to which biotic interactions
influence ecosystem function through the reconfiguration of plant metabo-
lism and the resulting bottom-up ecosystem responses that arise from recon-
figured plant metabolism. While ecosystem scientists have tried to measure
and manipulate these biotic interactions, the techniques employed have been
necessarily coarse-grained and lack the precision with which the interactions
are known to occur (Hjältén, Chap. 12, this Vol.; Lehtilä and Boalt, Chap. 13,
this Vol.; Schmitz, Chap. 14, this Vol.). Here, we provide examples of how mol-
ecular tools can be applied to monitor and eventually manipulate these elu-
sive ecosystem functions.

To examine how biotic interactions, such as plant–insect interactions,
affect ecosystem function requires first and foremost an understanding of
the frequency and duration of these interactions. Herbivore-induced
responses are a phenomenon largely studied in laboratory experiments, and
while it is known to be widespread among plant taxa, it is not known
whether plants growing in nature are induced most of the time. Inducible
reporter systems, i.e. plants transformed with constructs, consisting of
insect-inducible promoters and easy-to-measure reporter genes such as b-
glucuronidase, could monitor how often particular species or guilds of
insects attack plants by indicating how often their attack is ‘recognized’ as a
transcriptional response. Promoters of genes specifically expressed in cer-
tain tissues (e.g. roots, trichomes) or catalyzing committed steps in sec-
ondary metabolite biosyntheses could report the frequency of belowground
or plant-surface interactions as well as the production of certain metabo-
lites. Promoters for genes active in the early stages in signal-transduction
cascades that respond to insect attack, such as the early stages in JA biosyn-
thesis (Fig. 17.1C), could be used to monitor the frequency of attack from
herbivores that cause extensive wounding, in a manner similar to the
approaches used to create reporter plants that monitor bioavailability of a
specific contaminant in either soil or water.

Krizek et al. (2003) recently developed an Arabidopsis plant that ‘reports’
the bioavailability of Ni in a dose-dependent manner. The research team used
the Affimetrix Arabidopsis GeneChip microarrays to analyze the transcrip-
tome of seedlings exposed to Cd, Cu or Ni and identified AHB1 (non-symbi-
otic haemoglobin) which was strongly upregulated by Ni. The gene is induced
neither by other metals nor by other stresses including cold, dehydration, heat
shock, oxidative stress or wounding. Transgenic plants expressing GUS under
the AHB1 promoter reported on the presence and concentrations of Ni in
plant growth media. Although plant-based bioindicators are not as sensitive
as microbial biosensors, they could serve as cheap and effective monitors of
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plant-available heavy metal contaminations in soils and sediments (Krizek et
al. 2003).

A determination of recognition frequencies, however, does not reveal how
often the perception of insect attack results in alterations of plant function,
which, in turn, may lead to alterations in ecosystem function. Therefore we
would need to monitor genes whose expression reflects commitments to meta-
bolic reconfiguration, e.g. upregulation of defence and downregulation of
growth processes, after insect attack. Transcription factors, such as ORCAs,
that regulate genes of primary and secondary metabolism (Fig.17.1C) are can-
didate genes and microarray technology will likely identify more of these
major ‘metabolism switch’genes.In a similar fashion,transgene-based systems
have been used to monitor the consequences of exposure to environmental
mutagens: transgenic Arabidopsis plants, which had been designed to analyze
point mutations and homologous recombination events in a GUS transgene,
have been specifically applied to evaluate the mutagenicity of ionizing and UV
radiation and the toxicity of heavy metal ions (Kovalchuk et al. 2001).

In addition to providing the tools to monitor the frequencies and conse-
quences of plant–insect interactions, transgenic technology will also allow for
a manipulation of these interactions. To date, ecosystem consequences of
plant–insect interactions have been studied experimentally by the application
of insecticides (Siemann and Weisser, Chap. 18, this Vol.) and caging (Schmitz,
Chap. 14, this Vol.) in order to exclude insects; by mechanical damage and leaf
removal treatments (Hjältén, Chap. 12, this Vol.; Lehtilä and Boalt, Chap. 13,
this Vol.) to simulate the feeding activity of insects; and by the introduction of
insects to increase herbivore loads and, in some cases, create experimental
insect outbreaks.While these approaches relay mainly on top-down control of
insect populations, bottom-up manipulations, which are mediated by the
plant, may provide a powerful manipulation that could be exploited to study
ecosystem function. Three examples, in which plants have been transformed
with novel genes that affect ‘down-stream’ resistance traits, serve to illustrate
the procedure.

Genes for proteinaceous toxins from Bacillus thuringiensis subspecies (BT
toxins), which are specifically effective against lepidopteran, dipteran and
coleopteran insects, have been inserted into various crop species. These trans-
genic crops are widely cultivated in the USA, Australia and China and enjoy
greatly reduced herbivore loads (Sharma et al. 2000). Since BT toxins are
direct gene products that plants can produce without a measurable metabolic
load and since BT toxins are specific to particular insect taxa, one could imag-
ine creating ecosystems of plants transformed with different BT toxins in
which herbivory from lepidopteran and coleopteran herbivores was indepen-
dently manipulated. In contrast, BT-containing insecticides require repeated
applications and are difficult to target to a single plant species.

At an additional level of complexity, plants have been transformed to intro-
duce the entire pathway of a novel secondary metabolite. For example, the
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biosynthetic pathway of the tyrosine-derived cyanogenic glycoside dhurrin
from Sorghum bicolor has been engineered into acyanogenic A. thaliana,
which rendered the transgenic Arabidopsis plants more resistant to the flea
beetle Phyllotreta nemorum. This beetle specifically attacks crucifers (e.g.Ara-
bidopsis) and has not evolved mechanisms to detoxify or sequester cyanogenic
glycosides. To transfer the dhurrin pathway, plants were transformed with the
two multifunctional cytochromes P450 (CYP79A1 and CYP71E1) and a soluble
UDPG-glucosyltransferase and were substantially more resistant to flea beetles
as compared to plants expressing the cytochrome P450 genes only, the gluco-
syltransferase only or plants carrying the empty expression vectors. Thus,
increased resistance could directly be attributed to the presence of dhurrin
(Tattersall et al. 2001).

Herbivore resistance can also be increased by constitutively expressing
the signals that elicit resistance, as illustrated in Zea mays plants trans-
formed to express a wheat gene that produces hydrogen peroxide (H2O2).
H2O2 contributes to cell-wall fortification, elicits pathogen-induced defensive
proteins, inhibits pathogen growth and through lipid peroxidation harms
insect development and reproduction. Ramputh et al. (2002) overexpressed
a cell-wall-localized H2O2-generating enzyme (germin) and produced plants
less susceptible to attack by the European corn borer Ostinia nubilalis
(ECB). In addition to a reduction in ECB feeding and growth, stalk tun-
nelling damage was reduced by 50 % at plant harvest in all transgenic lines,
which should decrease crop losses resulting from plant lodging caused by
heavy ECB infestations.

The above three examples provide a means of excluding herbivores from
particular feeding guilds (BT toxins) or with particular host-specificity
(cyanogenic glycoside-intolerant insect species) or tissue specificity (stem
miners) by introducing novel genes from other species. Genetic tools can also
be used to increase the susceptibility of plants to particular groups of insects
by antisense expression-mediated silencing of endogenous genes, which is
illustrated by four examples. In 1993, Orozco-Cardenas et al. demonstrated
that resistance towards insects could be modulated by genetically engineering
a gene encoding a component of the inducible systemic signalling system
(prosystemin) that regulates a plant defence response (proteinase inhibitors).
M. sexta larvae grew much faster on tomato plants constitutively expressing a
prosystemin antisense gene. This enhanced growth was correlated with a
severe delay in prosystemin mRNA- as well as proteinase inhibitor accumula-
tion in transgenic as opposed to wild-type plants. Similarly, antisense-medi-
ated depletion of hydroperoxide lyase (HPL) has identified this enzyme as a
major route of 13-fatty acid hydroperoxide degradation, since both of its
products, hexanal and 3-hexenal, have highly reduced levels in transgenic
potato plants. Although transgenic and wild-type plants did not significantly
differ in the expression of wound-induced genes, Myzus persicae aphids feed-
ing on the HPL-depleted plants displayed a two-fold increase in fecundity
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above those feeding on non-transformed plants. Thus, HPL-catalyzed produc-
tion of C6 volatile aldehydes may be part of a constitutive resistance mecha-
nism against some sucking insect pests (Vancanneyt et al. 2001). The Col-
orado potato beetle, a specialist leaf feeder on solanaceous plants, and the beet
armyworm, a generalist feeder, have greater rates of weight gain on transgenic
potato plants devoid of a specific 13-lipoxygenase isoform (LOX-H3), an
enzyme involved in JA production (Royo et al. 1999). Suppressing the activity
of a trichome gland-specific P450 hydroxylase, Wang et al. (2001) found a
decrease in the predominant exudate component, cembatriene-diol, and an
increase in its precursor, cembatriene-ol, which is particularly toxic to Myzus
nicotianae aphids and greatly diminished aphid colonization responses. In
summary, by silencing endogenous resistance genes or by expressing novel
resistance genes from other species, ecologists could experimentally manipu-
late the species composition and the feeding behaviour of the herbivore com-
munity with a degree of specificity not possible with current techniques.

In all of the above-mentioned studies the respective transgenes have been
under the control of constitutive promoters. Constitutive gene expression
leads to changes in plant metabolism throughout the life cycle of the plant.
For ecosystem studies conditional manipulation of biotic interactions may be
advantageous. For example, an inducible BT production would allow
researchers to time insect removal with a high degree of spatial and temporal
precision. Several chemically inducible systems have been developed that
enable a precise control over gene expression (Padidam 2003 and references
therein). These systems usually contain two transcription units. The first unit
encodes a transcription factor that responds to a chemical signal, while the
second unit contains a response element (cis-element) that binds the acti-
vated transcription factor and is fused to the gene of interest. Ideally, these
inducible expression systems should have a low basal but a high induced level
of expression and respond rapidly to the addition as well as the removal of the
inducer. The inducer itself should be non-toxic to plants, highly specific and,
if intended for field use, environmentally friendly.A recent review of pros and
cons of chemically inducible expression systems highlights ones with attrib-
utes conducive to the study of ecosystem processes (Padidam 2003). With the
identification of regulatory promoter elements responsive to plant secondary
metabolites (e.g. the diterpenoid sclareol; Grec et al. 2003), new, plant-derived
inducible expression systems are imaginable. Given the recent discoveries of
insect-specific gene activation (Table 17.1), the genomes of native plants are
likely to harbour insect-specific promoters, which, when fused to BT genes,
could allow BT expression to be triggered by attack from particular herbi-
vores. Similar constructs for the silencing of endogenous genes would enable
insect-activated gene knockouts.

Moreover, artificial transcription factors that allow the activation or sup-
pression of endogenous genes and thereby represent an alternative to anti-
sense-mRNA-mediated gene silencing are being developed. These artificial
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transcription factors are based on predefined zinc-finger modules of which
each recognizes a unique 3-bp sequence of DNA (Segal et al. 2003). Six of these
modules can identify an 18-bp sequence in the promoter of interest and, when
fused to activation or repression domains, regulate the expression of the cor-
responding gene. This new technique is especially valuable for genes for
which the relevant endogenous transcription factors are yet unknown.

The utility for ecosystem scientists of these potential monitoring and
manipulation tools depends in large part on the discovery of candidate genes
and the establishment of efficient transformation protocols for plants with
natural history characteristics that are relevant for ecosystem scientists. Both
requirements are within grasp, as is suggested by the increasing number of
array and other transcriptional studies that are identifying insect-specific
genes, as well as the development of transformation procedures for non-
model plants from different functional groups (e.g. trees, herbs, grasses, nitro-
gen-fixing plants, etc.) in addition to plants of commercial interest, such as
cereals, fruits, vegetables, ornamental, aromatic and medicinal plants (Bajaj
1999, 2000, 2001a, b). In concert with the recent developments of inducible
expression systems and artificial promoters, the biotechnological precondi-
tions for the use of molecular tools in ecosystem studies are gradually being
met. Although these molecular techniques come at a substantial price, their
potential to precisely monitor and manipulate plant–insect interactions may
justify their costs.
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18 Testing the Role of Insects 
in Ecosystem Functioning

E. Siemann and W.W. Weisser

18.1 Summary

Our knowledge of how herbivores impact ecosystem processes is rudimen-
tary. More is known about how they influence plant diversity and composition
than how ecosystem processes depend on herbivores and the changes they
cause in plant communities. In particular, there is little theory, and few inves-
tigations, that incorporate insect herbivores, plants and ecosystem processes.
We present models that make predictions about how herbivore effects on
ecosystem processes vary with the diversity and functional types of plants
and herbivores. In simple niche models, impacts of generalist herbivores on
productivity varied little among ecosystems that differed in plant diversity.
However, positive responses of non-host plant species released from competi-
tion with host plant species diminished the effects of specialist herbivores on
productivity at higher levels of plant diversity. Resource models predicted
that plant populations and ecosystem productivity will be more sensitive to
belowground herbivory in soil resource-limited ecosystems and to above-
ground herbivory in light-limited ecosystems. In the reverse situations, such
as root herbivory in light-limited ecosystems, herbivory had little effect. In
resource competition models, generalist root herbivory favoured plant
species that are better belowground competitors. Generalist aboveground
herbivory favoured better light competitors. Regardless of their mode of feed-
ing (belowground vs. aboveground), specialist herbivores that fed on plants
that were better light competitors in light-limited systems or on better soil
resource competitors in soil resource-limited systems allowed competitors to
invade and increased light or soil resource availability, respectively. In systems
where both plant species co-existed in the absence of herbivores, specialist
herbivores that fed on better light competitors favoured better soil resource
competitors, allowing them to lower soil resource concentrations. Those that
fed on better soil resource competitors decreased light availability by the
same mechanism. Future research should place more emphasis on manipula-
tions of insects and plants in combination and examine ecosystem responses.

Ecological Studies,Vol. 173
W.W. Weisser and E. Siemann (Eds.) 
Insects and Ecosystem Function 
© Springer-Verlag Berlin Heidelberg 2004



18.2 Introduction

In the past two decades, an increasing number of ecologists have started to
employ experimental approaches to investigate the ecological consequences
of changes in biodiversity (Schulze and Mooney 1993; Loreau et al. 2002). A
major aim of such studies is to understand the importance of species compo-
sition and species diversity for ecological processes such as energy flow and
nutrient cycling, often referred to as ‘ecosystem functioning’. The results
obtained so far suggest that species composition and species diversity play a
critical role in ecosystem productivity and other measures of ecosystem func-
tioning (Kinzig et al. 2001; Loreau et al. 2002). A central theme is the role of
plants as primary producers and the importance of a diversity of resource
niches (i.e. rooting depths, phenology, form of nitrogen used; Tilman 1999).
Comparatively less attention has been given to their interaction with other
components of the community (Joshi et al., Chap. 6, this Vol.; Janssen and
Sabelis, Chap. 9, this Vol.; Stadler et al., Chap. 11, this Vol.; Schmitz, Chap. 14,
this Vol.).

Most terrestrial biodiversity–ecosystem function studies have so far con-
centrated on manipulating plant communities to study ecosystem processes
(Loreau et al. 2002). Other important groups of organisms such as insects have
been largely ignored other than as a response variable (Siemann et al. 1998;
Joshi et al., Chap. 6, this Vol.). Insects are the most diverse group of organisms
and therefore a major, if not the most important, component of biodiversity
(Stork 1988; Siemann et al. 1999). Insects likely play a key role in mediating
the relationship between plants and ecosystem processes by influencing the
physiology, activity and population dynamics of plants. The scarcity of
manipulative studies on the role of insects in ecosystem processes contrasts
with the expert knowledge and large body of research already available, in
particular, in the field of insect herbivory.

This book is the first to summarize the effects that insects have on ecosys-
tem functioning, focusing mainly, but not exclusively, on herbivorous insects.
The chapter authors with extensive experience in the field of plant–insect
interactions have discussed the importance of insects for ecosystem function-
ing, using examples from their own work. In addition to providing an
overview of known effects of insects on ecosystem functioning, it has pro-
vided a detailed discussion of the advantages and disadvantages of various
techniques of manipulating insect herbivory. One of the major lessons of this
book is that there is a paucity of information on how herbivore-induced
changes in plant communities impact ecosystem functioning.We know some-
thing about damage levels in typical communities and the effects of herbi-
vores on plant composition and diversity, but far less about the significance of
these changes in the plant community for ecosystem processes. There are not
many manipulative studies that investigate the importance of herbivores for
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processes other than net primary productivity. In addition, we are not aware
of any manipulative studies that investigate the importance of herbivore
diversity or composition for ecosystem functioning of any sort. There is also
very little information on how herbivores impact changes with productivity
or plant diversity. In part this may reflect a need for theory that makes clear
predictions for how herbivore influences on plant populations and ecosystem
functioning depend on herbivore species or functional diversity. We present
here a preliminary set of models that we hope will both stimulate the devel-
opment of more rigorous theory and encourage more explicit experimental
investigations of insects and ecosystem functioning.

18.3 Simple Models of Niche Space

Tilman et al. (1997b) presented a model (their ‘generalized niche model’) that
represented ecosystem productivity as the area covered by plant species in a
two-dimensional niche space (Fig. 18.1A, B). In this niche space, each plant
species occupied a circle with a different random location. This model is con-
sistent with each plant species having a combination of abiotic conditions
(such as temperature or soil pH) at which its performance is greatest and a
decline in its performance as conditions approach its limits of tolerance. In
this model, as the number of plant species increases, total ecosystem produc-
tivity increases asymptotically (Fig. 18.1C, no herbivore coverage).As the first
few species are added, they are likely to have little overlap in the niche space
they occupy, but the remaining unoccupied niche space is filled increasingly
slowly as the number of species increases. How might the addition of herbi-
vores change the relationship between plant diversity and productivity in this
model?

18.3.1 Reduced Vigour Model

One way to incorporate herbivores in the generalized niche model is to keep
the area of niche space occupied by a plant species unchanged (i.e. its range of
tolerance remains the same) but to have incomplete coverage within a plant’s
niche space. In other words, as a herbivore is introduced into the ecosystem,
the niche coverage of the plant(s) that it feeds on is discounted in the model
by some amount ranging from 0 to 100 % (Fig. 18.1A, shaded area). For
instance, if a herbivore has a 50 % impact on a species of plant, the area the
plant species covers in niche space is only counted at half value when deter-
mining ecosystem functioning. The biological analogue to this model would
be herbivores reducing plant vigour without restricting the conditions (types
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Fig. 18.1. Models of herbivore effects on the productivity of ecosystems that differ in
plant diversity. A In the reduced vigour model, the niche coverage of plants experiencing
herbivory is discounted when calculating ecosystem productivity. B In the reduced range
of tolerance model, the niche area is reduced for plants experiencing herbivory. C Gen-
eralist herbivores.Without herbivores present, ecosystem productivity increases asymp-
totically as plant species richness increases (results from simulations with 1–30 plant
species, niche radius 30, 200¥200 niche array, 30 runs). In the reduced vigour model, gen-
eralist herbivores cause reductions in ecosystem productivity that are equal to the
reduction of individual plant species (results from simulations identical to the no herbi-
vore case but with 50 % reduction by herbivores). In the reduced range of tolerance
model, the reductions in ecosystem productivity are relatively smaller at higher levels of
plant diversity (results from simulations identical to the no herbivore case but with 50 %
reduction in circle area, r=21). D Specialist herbivores. The zero specialist herbivore case
is identical to the no herbivore case in C.Addition of specialist herbivore species reduces
ecosystem productivity significantly in low plant diversity ecosystems but causes little
change in high plant diversity ecosystems (results from simulations identical to the no
herbivore case in C but with the addition of 1 to plant species richness number of herbi-
vore species in the reduced vigour model with each herbivore species causing a 50 %
reduction in the density of a single plant species). The reduced range of tolerance model
gives almost identical results for low numbers of specialist herbivore species. As the
number of herbivore species approaches the number of plant species, the specialist case
is equivalent to the generalist case (no plants are free of herbivores and impacts are
equivalent) and there is a greater effect of a large number of specialist herbivore species
in the reduced vigour model (solid line) compared to the reduced range of tolerance
model (dotted line). D Inset Reduction in productivity by the addition of 1, 2 or 4 spe-
cialist herbivore species is greatly weakened as ecosystems increase in plant diversity



of habitats, resource levels, seasons) in which they occur (e.g. Pearson et al.
2003). Perhaps the simplest case for this model is that in which herbivores are
generalists that have no feeding preferences and feed on all plants such that
their impact on each species of plant is equal (i.e. the discounting of niche
coverage for each plant species is equivalent). This might reflect equal
amounts of feeding on different plant species but might also be the result of
growth vs. defence trade-offs in which smaller amounts of damage are more
costly to well-defended, but less heavily fed upon, species of plants (Coley et
al. 1985; Maschinski and Whitham 1989). So long as the impact of herbivores
is equivalent across plant species, ecosystem productivity declines propor-
tionally with herbivore impact. Because each plant is affected the same, there
is also no effect of plant diversity on the proportional impact of herbivores on
productivity. Rather, there is a larger absolute reduction in productivity at
higher levels of plant diversity due only to the higher productivity in ecosys-
tems with a greater diversity of plants. For this simple case of a generalist her-
bivore modelled as reducing the density of niche coverage, there is therefore
little need to run simulation models. The individual species impact and com-
munity level impact of herbivory are identical at all levels of plant diversity.
However, constant relative herbivore impact on productivity is not a feature of
all simple models.

18.3.2 Reduced Range of Tolerance Model

If herbivores restrict the range of tolerances of plant species but have little
impact on their vigour in habitats or conditions to which they are most
suited (e.g. Louda and Rodman 1996; Meiners et al. 2000), reducing the size
of circles for plant species in two-dimensional niche space when they expe-
rience herbivory may be an appropriate way to model herbivore impacts on
plant productivity (Fig. 18.1B). To model this case we modified the Tilman
et al. (1997b) generalized niche model such that the area of niche covered by
each species of plant was reduced by 50 % when it was attacked by a herbi-
vore (i.e. the radius was reduced to square root of 0.5 its original size). When
generalist herbivores are modelled this way, the absolute reduction in pro-
ductivity by generalist herbivores increases less rapidly with plant diversity
than does productivity. As plant diversity increases, the amount of overlap
between plant species is higher. Because herbivores cause the niche area cov-
ered by a particular plant species (i.e. the size of its circle) to decrease, her-
bivory decreases the amount of niche overlap between plant species and
therefore decreases the loss in community productivity that is due to this
overlap at higher plant diversities. As a consequence, the proportional reduc-
tion of plant productivity due to herbivory is smaller at higher plant diver-
sity and the individual species level impact and community level impact are
not the same (Fig. 18.1. C).
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This is an interesting contrast to the pattern of plant diversity and produc-
tivity. The increasing overlap between plant species causes slow increases in
productivity with plant diversity after the first several plant species are pre-
sent (Tilman et al. 1997a; Hector et al. 1999), but also causes ecosystem pro-
ductivity to be more resistant to impacts by generalist herbivores. This is not
a resource concentration effect in the manner of Root (1973), where the mech-
anism of reduced herbivore impact is the result of the presence of inappropri-
ate host plants in diverse plant assemblages which weakens specialist herbi-
vore impacts. Rather, it is a de facto production redundancy in different
abiotic conditions that reduces the impact of generalist herbivores, restricting
the range of conditions that individual plant species can tolerate.

18.3.3 Specialist Herbivores

In the reduced vigour model, different scenarios are conceivable when a plant
species is fed upon by a specialist herbivore.At one extreme, when one species
is impacted by herbivory, the niche overlap area with other plant species could
be completely utilized by the other plant species (Fig. 18.1A). In this scenario
with complete compensation, herbivores mediate the outcome of competition
in shared niche space such that the plant species that is not attacked by the
herbivore ‘takes over’ the region of niche space that is shared with its com-
petitor. When the niche overlap of the attacked plant with other plant species
is larger, the impact of herbivory on community productivity is lower. This is
the scenario that we modelled most intensively. The other extreme has herbi-
vores reducing coverage in shared niche space as if there were no other plant
species able to take advantage of the increase in available resources. In this
scenario, community productivity decreases due to the decrease in niche cov-
erage density of the non-overlapping area of niche space of the attacked plant,
and also the niche area shared with other plants contributes less to productiv-
ity (in the analogy of Fig. 18.1A, it is also shaded to some degree). The first
scenario in which compensation is strong emphasizes the buffering effect of
plant diversity against herbivore impacts, whereas in the second scenario in
which other plants are unable to take advantage of weakened competitors this
buffering capacity is reduced.

In the reduced range of tolerance model, a specialist herbivore decreases
only the niche area of the plant species on which it is specialized (Fig. 18.1B).
In this model, herbivory has two effects: it reduces the niche area of the
attacked plant (decreasing community productivity), and it decreases the area
of overlap of this species with other plant species (increasing the contribution
of these other species to productivity).

The reduced vigour model and the reduced range of tolerance models gave
qualitatively similar results for all the responses we examined. Furthermore,
quantitative results were almost identical when plant diversity was much
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greater than herbivore diversity, and the amount of area reduction and den-
sity reduction by herbivory were identical. For low numbers of specialist her-
bivore species we present only the results of the reduced vigour model, but the
same conclusions apply for the reduced range of tolerance model. As herbi-
vore diversity approaches plant diversity, the two models give quantitatively
different results, so we present the results for both models for these extreme
examples.

At low plant diversity, productivity (i.e. area covered in niche space)
decreases rapidly with the addition of an increasing number of specialist her-
bivore species (Fig. 18.1D, inset). The simplest case with a single plant species
and a single herbivore species is analogous to the case of a general herbivore
and linear decreases in productivity with individual level impact. As plant
diversity increases, community productivity increases (Fig. 18.1D, large
graph), but for a low number of herbivore species the effect of adding a par-
ticular number of specialist herbivore species becomes increasingly weaker
with increasing plant diversity (Fig. 18.1D). This reflects the greater amount
of niche space that is occupied by more than one plant species at the higher
levels of plant diversity. In effect, plant compensation limits herbivore impacts
to changing the relative contributions of different plant species to ecosystem
productivity. At higher levels of herbivore diversity relative to plant diversity,
the effects of specialist and generalist herbivores converge once every plant
species has a specialist herbivore species. The effect of specialist herbivores is
greater in the reduced vigour model than in the reduced range of tolerance
model at high herbivore diversity (Fig. 18.1D inset, lines).

Although we modelled the case of monophagous herbivores, specialists
need not be restricted to a single plant species for there to be an effect of plant
diversity on the ecosystem-level impacts of herbivory. Any degree of special-
ization whether it is polyphagous feeding or heavier feeding on different
species of plants due to differences in spatial distribution, allocation above vs.
belowground or phenology should allow for a positive effect of plant diversity
in reducing the impact of herbivores.

18.4 Effects of Herbivores in Resource Competition Models

In a second approach, we investigated simple models of herbivore impacts in
an ecosystem with two limiting resources, to analyze how plants’ resource
requirements may influence the impact of herbivory on plant competition and
productivity. Our approach is based on the theory of resource competition
(Tilman 1982, 1988). In these models, a graphical approach is used that allows
predictions on the outcome of competition between plant species based on the
position of the resource supply point and the zero net growth isoclines (ZNGIs)
of the competing plant species (see the legend to Fig. 18.2 for a more detailed

Testing the Role of Insects in Ecosystem Functioning 389



E. Siemann and W.W. Weisser390

Fig. 18.2. The effect of above- and belowground herbivores in plant resource competi-
tion models. Axes represent available concentrations of soil resources and light. L-
shaped lines represent zero net growth isoclines (ZNGIs) which are the concentrations of
resources for which population growth is zero; population growth is negative on the ori-
gin side of the isocline and positive on the other side. The Circle marked S indicates the
resource supply point and the circles on the lines show the resource equilibrium con-
centrations with plant or herbivore in the system: dotted arraow shows the change in
resources with the plant species present, thick arrow shows the change in ZNGI with the
herbivore present and hatched isocline and dotted arrow represent the ZNGI and equi-
librium resource concentrations, respectively, when the herbivore is present. A Addition
of a belowground (root-feeding) herbivore that feeds on a primarily light-limited plant
with little ability to reallocate resources between above- and belowground structures
increases the amount of soil resources the plant requires for population equilibrium
(ZNGI moves to the right) but has little effect on the plant’s population density or con-
centrations of available resources. B Addition of a root-feeding herbivore that feeds on a
primarily soil resource limited plant reduces the plant’s population density and
increases both light and soil nutrient availability. C Addition of an aboveground (shoot-
feeding) herbivore that feeds on a primarily light limited plant increases the amount of
light required for population equilibrium, reduces plant population density and
increases both light and soil nutrient availability. D Addition of an aboveground herbi-
vore to a soil resource limited plant has no impact on plant population densities or avail-
able resource concentrations

explanation). It differs from earlier work that incorporates herbivores by mod-
elling herbivore tolerance as a resource axis (Grover 1994,1995; Holt et al.1994;
Leibold 1996; Chase et al. 2000) and instead models herbivore effects via
changes in resource requirements. In addition, earlier attempts did not explic-
itly investigate how herbivore functional types or diversity affect their impacts
on plant communities and ecosystem functioning.

For many terrestrial plant communities, limiting factors will be light and
some soil resources such as nitrogen or water. In order to capture the effects



of herbivores in ecosystems with different degrees of above- and below-
ground resource limitation and/or differences in plant allocation patterns, we
distinguished herbivores as aboveground vs. belowground feeders in our
models. So long as plants can readily adjust their allocation patterns in
response to herbivore damage, the effect of herbivores on ZNGIs will be to
move them towards the resource supply point but to have little effect on the
relative limitation by above- vs. belowground resources or the relative avail-
able concentrations of light vs. soil resources. Of course, if the effect of herbi-
vores is strong enough so as to move the ZNGI past the resource supply point,
the plant species cannot persist. Similarly, if the main effect of herbivores is to
increase plant mortality rates and/or decrease plant reproductive rates there
will be a simultaneous increase in requirements for both limiting nutrients as
herbivore damage increases. However, when root-feeding herbivores impact
the soil nutrient gathering abilities of plants more than their light gathering
abilities and aboveground herbivores (leaf or shoot feeding) primarily
decrease light gathering abilities, herbivores will have differential impacts on
plants in different resource conditions and plants that differ in their abilities
to compete for one resource versus another (Fig. 18.2).

18.4.1 Specialist Herbivores in Resource Competition Models

The effects of specialist herbivores on plants and resources depend on the
type of herbivore (above vs. belowground), the species of plant attacked (bet-
ter soil resource or light competitor) and the relative supply rates of above- vs.
belowground resources in resource competition models (Table 18.1). In these
models, when a specialist root herbivore feeds on the plant that is a better
light competitor, it reduces the ability of that plant to gather soil resources and
increases the concentration of soil resources required for population equilib-
rium (Fig. 18.3A). In order for two plant species to co-exist with this herbivore
present, there must be a higher supply of soil resources than in the absence of
the herbivore (S3 vs. S2 in Fig. 18.3A). For resource supply rates that previ-
ously allowed co-existence, concentrations of soil resources will decrease
when only the better soil resource competitor is now present at equilibrium.
For resource supply rates that previously did not allow co-existence but that
now do allow it, available concentrations of light increase.

When a specialist root herbivore feeds on the plant species that is a better
soil resource competitor, it can cause the loss of that plant species at all
resource supply rates in these models (Fig. 18.3B). This will happen if, under
herbivory, the better soil resource competitor has soil resource requirements
that exceed those of the better light competitor. Concentrations of soil
resources increase for resource supply points that previously had the better
soil competitor present but now have the better light competitor present (S1
in Fig. 18.3B). The concentration of light is lower for supply points that used

Testing the Role of Insects in Ecosystem Functioning 391



E. Siemann and W.W. Weisser392

Fig. 18.3. Specialist herbivores and resource competition (cf. Table 18.1). A Addition of a
specialist belowground herbivore, that feeds on only the plant that is the better light
competitor and that has limited ability to reallocate resources between above- and
belowground structures, results in competitive displacement at resource supply point S2
(dotted arrow), where there was previously co-existence of both plant species (solid
arrow) but results in co-existence at S3 (dotted arrow) at which the better light competi-
tor displaces the other species (solid arrow, i.e. co-existence requires higher relative rates
of soil resource supply). Concentrations of limiting resources also change for some sup-
ply points – the new equilibrium point for S3 has greater concentrations of light and S2
has lower concentrations of soil resources, but there is little change for S1. B Addition of
a specialist root herbivore that feeds on the better soil nutrient competitor results in its
displacement at all resource supply points if levels of herbivory are sufficiently high (dot-
ted arrows from supply points S1–S3). Concentrations of light decrease for S2 and con-
centrations of soil resources increase for S1. C Addition of a specialist shoot herbivore
that feeds on the better light competitor results in its displacement at all supply points if
levels of herbivory are sufficiently high (dotted arrows from supply points S1–S3).
Changes in concentrations of resources are the same as in A. D Addition of a specialist
shoot herbivore that feeds on the better soil nutrient competitor is similar to the first
case in terms of requirements for co-existence change (but in this case require a higher
light supply) and changes in available resource concentrations are the same as in B. In all
parts, arrows at the intersection of isoclines represent consumption vectors and dotted
lines projected back from the intersections of ZNGIs represent the set of resource supply
points that will lead to co-existence. For more information see Fig. 18.2 legend



to lead to co-existence but now have only the better light competitor present
(S2).

Similarly, the impact of a specialist aboveground herbivore that feeds on the
better light competitor may result in global displacement, but the changes in
resource concentrations are similar to those in the case of a specialist root her-
bivore feeding on the plant (Fig. 18.3C). The dominant change in resource for
points that formerly led to co-existence is to lower the concentrations of soil
resources to the level of the better soil competitor. The dominant change in
resource concentrations for points at which the better light competitor was the
only species is to increase light concentrations to the requirements of the bet-
ter soil competitor whether or not the better light competitor is present (root
herbivore) or not (aboveground herbivore). For a specialist shoot herbivore
that feeds on the better soil resource competitor, the changes in resource con-
centrations are the same as when root herbivores feed on the plant, but both
species can always co-exist when the relative supply of light is high (Fig.18.3D).

Specialist herbivores do not affect the available concentrations of soil
resources when light is the main limiting resource (Fig. 18.3, S3) nor do they
affect the available concentrations of light when soil resources are the main
limiting resource (Fig. 18.3, S1). They may, however, increase the concentra-
tions of soil resources when they are the main limiting resource. This is most
likely to occur when specialist herbivores feed on the better soil resource
competitor independent of the mode of feeding (belowground Fig. 18.3B, S1
vs. aboveground Fig. 18.3D, S1). Similarly, specialist herbivores have the
potential to change available light concentrations when light is the main lim-
iting resource (Fig. 18.3A, S3, C, S3).

The type of herbivory (belowground vs. aboveground) does determine
the strength of the response of plant composition when one resource is
strongly limiting (Table 18.1). For example, when soil resources are the main
limiting resource, both belowground and aboveground specialist herbivores
that feed on the better soil competitor increase the concentrations of soil
resources, allowing the better light competitor to invade. This can result in
either displacement (more likely with belowground herbivore, Fig. 18.3B, S1)
or co-existence (more likely with aboveground herbivore, Fig. 18.3D, S1).

In cases where light and soil resources are co-limiting and there is co-
existence of plant species in the absence of herbivory, the addition of a spe-
cialist herbivore always has the potential to change resource concentrations
and reduces the likelihood of co-existence (Table 18.1). Regardless of the
mode of feeding, specialist herbivores that feed on the better soil resource
competitor will favour the plant that is the better light competitor, allowing
it to decrease available light concentrations. Similarly, specialist herbivores
that feed on the better light competitor favour plants that are better soil
resource competitors and decrease available soil resource concentrations. At
least in our models, the mode of feeding has little effect on the outcome of
competition or resources.
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18.4.2 Generalist Herbivores in Resource Competition Models

If generalist herbivores have similar impacts on all plant species (see below
for reasons why this may not be the case), there may be predictable changes in
the degree of limitation by aboveground vs. belowground resources and
changes in the allocation patterns of the dominant plant species depending
on whether herbivores feed above vs. belowground. As a generalist below-
ground herbivore reduces the ability of all plant species to gather soil
resources, the concentrations of available soil resources at equilibrium will
increase (Fig. 18.4A). This assumes that the herbivore causes a proportional
increase in the level of resources needed, not an increase up to a fixed amount
independent of the previous requirements. However, so long as herbivores do
not impact species differently enough to cause the order of isoclines to
change, our qualitative results will not change.As the plant species in the com-
munity switch to those that favour soil resource gathering over light gathering
(i.e. those with higher relative belowground allocation), the concentrations of
light available at equilibrium will increase as well.

Aboveground herbivory has similar effects but in the opposite direction
(Fig. 18.4B). The ability of plants to gather light is reduced, available light con-
centration is increased, plants with greater relative allocation aboveground

Testing the Role of Insects in Ecosystem Functioning 395

Fig. 18.4. A Generalist belowground herbivore shifts all isoclines to the right (limits the
ability of all plant species to gather soil resources) in a community of plants with little
ability to reallocate resources among above- and belowground structures. This results in
a community dominated more by plants that are better soil resource competitors (i.e.
relatively lower belowground allocation) and greater availability of both light and soil
nutrients (but with the dominant plants now being relatively more efficient soil nutrient
users, increases in soil resources are more pronounced). B Generalist aboveground her-
bivore shifts all isoclines upwards (limits the ability of all plant species to intercept
light). This results in a community dominated by better light competitors and large
increases in light availability. Circle marked S indicates resource supply point



are favoured and available soil resource concentrations increase. In general,
aboveground herbivory makes competition for aboveground resources more
important and changes in plant composition cause a corresponding change in
belowground resources.

18.5 Differential Impacts on Plants with Different Traits

When herbivore impacts differ for plants that have different allocation pat-
terns, they have the potential to change plant community composition which
may in turn impact ecosystem processes when plants differ in their nutrient
requirements, tissue chemistry, rooting depths or other characteristics that
are relevant to production or nutrient cycling. For instance, if grazers reduce
aboveground vegetation to a low level, they will have a larger impact on plants
with relatively high aboveground allocation. In this case, they may shift the
plant community to species with high root allocation, such as favouring
grasses over forbs. With greater light availability and greater root mass they
will also strengthen limitation by soil nutrients and may slow nitrogen cycling
via litter feedbacks. In addition, herbivores often select host plants based on
defence chemicals. Since plant growth rates and nutrient content are corre-
lated with defence, herbivores may shift the plant community from plants
with fast growth rates to those with slower growth rates. Herbivores may also
select host plants based on nutrient content. When herbivores remove high
nutrient foliage they may cause a shift in litter quality and nutrient cycling.
These types of phenomena are poorly captured in the types of simple models
we present here but should be considered in future models.

18.6 Conclusions from the Modelling Work

A theoretical framework that incorporates herbivores within traditional
models of plant communities and ecosystem processes predicts different
impacts of herbivores on plants and ecosystem processes depending on the
types and numbers of herbivore species, types and numbers of plant species
and the limiting resources in the ecosystem. One surprising result was that the
changes in equilibrium resource concentrations are less sensitive to the addi-
tion of some types of herbivores than is plant species composition. Some of
the predictions already have support in the literature, such as the ability of
specialist insect herbivores to increase limiting resources in soil resource lim-
ited (Brown 1994) or light limited (Carson and Root 2000) ecosystems or dif-
ferential impacts of mammalian grazers on composition vs. productivity for
different ecosystems (Chase et al. 2000), but many remain untested. Improv-
ing on the rudimentary models presented here should give deeper insights
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into the relationships between insects and ecosystem processes and may
motivate more explicit experimental investigations in this emerging area of
research.

18.7 Suggestions for Future Studies

In our view, the main message of the chapters in this book is that herbivorous
insects have a large number of effects on ecosystem functioning well beyond
the simple reduction of biomass while feeding, but that we are only beginning
to quantify these effects. As this was one of the main themes in the Introduc-
tion, it is necessary to spell out more specifically the areas of research where
progress has been made and to identify how research should proceed in the
future. In our view, significant progress has recently been made and can be
made in the future using the following approaches.

18.7.1 Exploring Below- and Aboveground Interactions in More Detail

Chapters 2–5, in the second section of the book, list a large number of inter-
actions within the belowground community and between the above- and
belowground community, often mediated by effects of insects on the host
plant, which affect carbon and nutrient fluxes in the community. Most of these
effects have so far been quantified only at the scale of pot or mesocosm exper-
iments, but it is already clear that, for example, the indirect effects on the soil
community that herbivorous insects have by stimulating root exudation,
modifying plant resource allocation and influencing the quality of litter, will
have greater impact on the N cycle than the direct effect of a reduction in
standing crop. Significant advances have been made by performing clever
manipulative experiments (Wardle and Bardgett, Chap. 3, this Vol.; Bonkowski
and Scheu, Chap. 4, this Vol.; Masters, Chap. 5, this Vol.) and by applying tech-
nology such as isotope analysis (Hartley and Jones, Chap. 2, this Vol.). The
models presented here could be extended to examine linkages between
above- and belowground herbivores via changes in light vs. soil resources or
allocation of production above vs. belowground.

Readers may note that the chapters focused on above- and belowground
interactions include not only insects, but also other soil invertebrates. As may
be apparent from the chapters in Section 2, it is not always possible to disen-
tangle the effects of insects from those of other invertebrates. In part this is
because of the complex interactions among the different organisms that need
to be explored further. Another reason is that, belowground, many insect
species fulfil similar functions to that of other invertebrate species (e.g. feed-
ing on fungi, feeding on other invertebrates, breaking down litter etc.) such
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that the specific role of a particular species or group of species can only be
deduced from experiments where the presence of particular species is manip-
ulated.

Careful experimental manipulations of the belowground fauna with and
without aboveground herbivory and concomitant measurements of the nutri-
ent fluxes in these manipulated communities are the logical next step to a
fuller understanding of the role of these interactions for ecosystem function-
ing. Ideally, these studies should be performed at an increasingly larger scale,
moving from pot experiments to mesocosms and then larger-scale field
experiments. The recent surge in studies investigating these interactions
(Wardle 2002) suggests that one can be optimistic about the future advance-
ment of research in this area.

18.7.2 Measuring Herbivory Effects at Nominal Levels as Well as in
Outbreak Situations

Because herbivory is most spectacular during outbreaks, much research of
insect effects on ecosystem function has focused on biomass removal and the
release of nutrients in outbreak situations.We believe that it is not necessarily
these immediate changes in carbon and nitrogen mineralization rates where
outbreaks have the greatest effects on ecosystem functioning. Rather, it is the
effects of outbreaks on the plant community, i.e. a resetting of the course of
succession or more generally a shift in plant community structure, that may
have the longer-lasting effects on nutrient cycling (cf. Carson et al., Chap. 10,
this Vol.). These effects need to be quantified in much more detail (see also
below).

Quantifications of the effects of aboveground herbivores on nutrient
cycling during acute herbivory are also scarce, especially for sucking insects.
As Stadler et al. (Chap. 11, this Vol.) have shown for the case of forested ecosys-
tems, insects strongly modify the throughfall to the floor, for example carbon
and nitrogen concentrations. The total change in C and N fluxes with her-
bivory can be high even in non-outbreak situations. The plants’ responses to
herbivory modify the throughfall such that throughfall is a function of both
current and past herbivory as well as insect densities. Further studies such as
those by Stadler et al. are needed for different ecosystems, and the conse-
quences of a changed throughfall for belowground processes and hence nutri-
ent cycling need to be explored in more detail. This approach requires ecosys-
tem-level measurements in situations with and without herbivory, at natural
levels of herbivory as well as at experimentally augmented levels.
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18.7.3 Quantifying the Effects of Plant Resource Allocation Under
Herbivory for Ecosystem Functioning

The effects of insect herbivory on plants are spectacular, both in the way
plants employ induced defences and how plants allocate their resources to
growth or reproduction, roots or shoots, or, at a much more fundamental
level, the transcription of particular genes in their genome (cf. Voelckel and
Baldwin, Chap. 17, this Vol.). In the field of chemical ecology, it is almost daily
that new ways in which plants respond to herbivory are discovered and it is
becoming increasingly clear that not only are plants able to specifically recog-
nize particular herbivores, but also their plasticity is much greater than previ-
ously imagined. The changes in plant resource allocation under herbivory
have consequences for nutrient cycling, which may extend well beyond a
decrease in plant biomass, an increase in root exudation or a change in the
quality of plant litter. We know very little about these effects, but it is possible
that most of the change in nutrient flux under herbivory is due to changes in
plant resource allocation. Exploring these effects requires first of all the iden-
tification of the nature of plant resource allocation under herbivory (which
has so far been done for only a few model species), and scaling up to the
effects at the community level. This is a difficult task that may well take sev-
eral years to accomplish. Nevertheless, if we are to understand the mecha-
nisms through which herbivory affects nutrient cycling, such an approach is
indispensable.

18.7.4 Combining Various Methodologies to Achieve an Understanding
of Insect Effects on Ecosystem Function

In our methodology section (Chaps. 12–17), the advantages and disadvan-
tages of different techniques to enhance, reduce or simulate insect herbivory
are reviewed. All of the techniques reviewed have their disadvantages which
need to be accounted for in the interpretation of the results. It is also clear
from this section that there is no single best technique. While the develop-
ment of molecular tools might provide ecologists with possibilities for
experimental manipulations well beyond current imagination, it is not war-
ranted to defer experimentation until this new technology is readily avail-
able. Also, insecticides, cages or simulated herbivory are, despite their nega-
tive side effects, useful for addressing particular questions. Thus, a
combination of methods should be used to gain mechanistic insights. The
chapters by Schmitz (Chap. 14, this Vol.) and Rogers and Siemann (Chap. 16,
this Vol.) are cases in point. In addition, entomologists need to go beyond
simple measurements of herbivore damage or plant biomass and should
make use of isotope analysis, throughfall collectors, DOC analyzers, ion
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chromatography and other methods to be able to measure changes in nutri-
ent fluxes under herbivory. Ecological entomologists use knowledge of their
ecosystem to design experiments that manipulate the major components of
the system in a step-wise fashion. There is a need to combine this expertise
with the expertise of ecosystem ecologists which may be achieved most eas-
ily in collaborative studies. Thus, we strongly advocate the use of multiple
herbivory manipulation techniques in combination with ecosystem study
technologies.

To summarize, there are a number of research areas where future effort is
likely to yield important results that will illuminate both the magnitude and
the mechanistic basis of the way insects influence nutrient cycling.While cur-
rent knowledge may be fragmentary, there is an exciting period ahead that
will bring us much closer to a fuller understanding of the effects of insects on
ecosystem functioning.
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Taxonomic Index

A
Abies balsamea 147, 148, 196–199
Abies concolor 44
Abies lasiocarpa 196–198
Acacia karroo 262–265
Acacia longifolia 145
Acheta domestica 60
Achillea millefolium 120
Aciphylla dieffenbachii 196–198
Acleris variana 196–198
Acrosternum hilare 283, 284
Adelges piceae 216
Adelges tsugae 216, 227–229
Adoretus sinicus 334, 335
Agapeta zoegana 100
Ageratina adenophora 137
Agriotes lineatus 106
Agropyron gerardii 58
Agropyron smithii 32
Agrostis capillaris 99, 101, 103
Agrostis stolonifera 158
Allium porrum 31
Alsophila pometaria 227–229
Alternanthera philoxeroids 202
Altica spp. 196–198
Ammalo sp. 196–198
Ansates pellucida 262–265
Aphidius rhopalosiphi 313
Aphis fabae 104, 104, 161, 162
Aphthona cyparissiae 137
Apion curtirostre 120
Apion dichroum 120
Apion loti 120
Apion onopordi 162
Apis mellifera 313
Apocheima pilosaria 262–265
Aporrectodea caliginosa 81

Arabidopsis thaliana 99, 358, 366–369,
371–373

Aroga websteri 196–198
Artemisia tridentata 196–198
Artemisia tripartita 196–198
Asclepias syriaca 282, 283
Ascophyllum nodosum 262–265, 266
Aster novaeangliae 282, 283
Avicennia alba 196–198
Avicennia germinans 196–198
Avicennia marina 196–198
Azolla filiculoides 138

B
Bacillus thuringiensis 372
Barley (Hordeum vulgare) 78
Bemisia argentifolii 365, 366–369
Bemisia tabaci 366–369
Betula pendula 43, 262–265
Betula pubescens 196–198, 262–265
Betula sp. 62
Bison (Bison bison) 6
Bombus impatiens 96
Bouteloua curtipendula 108
Bracon minuator 142
Bracon urinator 142
Brassica napus 262–265, 270
Brassica oleracea 262–265
Brevicoryne brassicae 365–369

C
Cactoblastis cactorum 138, 157
Caenorhabditis elegans 358
Calluna vulgaris 32, 196–198
Campylenchia latipes 283, 284
Capra hircus 262–265
Capsella bursa-pastoris 100



Cardanus nutans 135, 140–143
Carthanus lanatus 98
Cassida rubiginosa 161, 162
Castor sp. 262–265
Casuarina junghuhniana 196–198
Catharanthus roseus 359
Celtis laevigata 336, 337
Centaurea maculosa 100
Cerapteryx graminis 196–198
Cervus elaphus 262–265
Cestrum macrophylum 196–198
Ceutorhyncus troglodytes 120
Chenopodium album 107
Chilo partellus 262–265
Chondrilla juncea 158
Choristoneura biennis 196–198
Choristoneura fumiferana 147, 148,

196–198, 216
Choristoneura occidentalis 196–198
Choristoneura pinus 196–198
Chorthippus curtipennis 283, 284
Chromatomyia syngenesiae 104, 105,

107
Chrsysomela scripta 196–198
Chrysanthemum leucanthemum 282,

283
Chrysolina hypericii 158
Chrysolina quadrigemina 137, 138, 148,

158
Chrysomela  lapponica 196–198
Chrysophtharta bimaculata 196–198
Chrysothamnus nauseosus 196–198
Cinara 219
Cinara pilicornis 217, 227–229
Cirsium arvense 138, 155–168
Cirsium palustre 105, 106
Cleora injectalia 196–198
Cleora scriptaria 262–265, 269
Clidemia hirta 138
Collembola 29, 30, 35, 36, 39, 76, 79, 80,

96
Cornus drummondii 196–198
Cotesia marginiventris 271
Craspedolepta nervosa 120
Cucurbita pepo 366–369
Cyclocephala lurida 98
Cynthia cardui 262–265
Cyphocleonus achates 100
Cyrtobagous salvinae 138, 146, 147
Cyrtobagous singularis 147

D
Daucus carota 282, 283
Delia floralis 262–265
Dendroctonus ponderosae 196–198
Dendroctonus rufipennis 196–198, 200
Deroceros reticulatum 59, 60
Deschampsia cespitosa 196–198
Diabrotica sp. 57
Didymuria violescens 196–198
Dioryctria albovitella 43
Dorynota sp. 196–198
Drosophila melanogaster 358

E
Elaphidinoides spp. 196–198
Elatobium abietinum 227–229
Epilobium latifolium 262–265
Epirrita autumnata (= Oporinia autum-

nata) 62, 196–198, 262–265
Erigeron canadensis 282, 283
Eriocrania spp. 262–265
Errastunus occelaris 120
Eteobalea (syn. Stagmatophora) 100
Eucalipteris tilidae 59
Eucalyptus 195, 199
Eucalyptus delegatensis 196–198
Eucalyptus marginata 196–198
Eucalyptus robertsoni 196–198
Eulepidotis phrygionia 196–198
Euphorbia cyparissias 137
Eurosta comma 97
Eurytoma robusta 142
Eurytoma tibialis 142
Excoecaria agallocha 196–198

F
Fagus sylvatica 220–223
Ficus sp. 196–198, 251
Folsomia candida 31
Fragaria 106, 107
Fragaria canadensis 282, 283
Frankia 73

G
Gastrophysa viridula 159, 262–265
Geomys bursarius 262–265
Glomus fasciculatum 31
Glycine max 262–265
Gossypium herbaceum 106
Gossypium  hirsutum 262–265
Gymnetron pasuorum 120

Taxonomic Index410



H
Hadramphus spinipennis 196–198
Halisidota ingens 262–265
Hayhurtsia atriplicis 107
Helicoverpa zea 365–369
Helix aspersa 60
Hepialus californicus 196–198
Heterodera trifolii 33, 56
Heteromurus nitidus 79
Hieracium aurantiacum 282, 283
Holcus mollis 40
Holcus sp. 282, 283
Homoeosoma sp. 141
Hordeum vulgare (Barley) 262–265, 266
Hybanthus prunifolius 196–198, 200
Hyblaea  purea 196–198
Hylobius transversovittatus 97
Hypera postica 262–265, 269
Hypericum perforatum 137–139, 148,

158, 202, 307

I
Idotea granulosa 262–265
Impatiens wallerana 196–198
Ipomoea tiliacea 196–198
Ipomopsis aggregata 262–265, 269
Ipomopsis arizonica 262–265, 269

J
Junonia evarete 196–198

L
Lacuna vincta 262–265
Laminaria hyperborea 262–265
Larinus sturnus 141
Lepidium verginicum 248
Leptinotarsa decemlineata 366–369
Leptopterna dolobrata 283, 284
Linaria vulgaris 100
Liothrips urichi 138
Liquidambar styraciflua 196–198
Littorina obtusata 262–265
Lochmaea suturalis 32, 196–198
Lochmaea vulgaris 32
Lolium multiflorum 78, 341
Lolium perenne 56, 81, 105, 125,

262–265
Lopidea media 283, 284
Lotus corniculatus 120
Ludwigia decurrens 196–198
Ludwigia leptocarpa 196–198
Lupinus arboreus 196–198

Lycopersicon esculentum 262–265,
366–369

Lygaeus kalmii 283, 284
Lymantria dispar 6, 36, 37, 58, 61, 62,

216, 218, 227–229
Lymantria monarcha 216
Lythrum salicaria 97

M
Macaranga tanarius 262–265
Macropiper exelsum 262–265, 269
Macrosiphum euphorbiae 365–369
Magicicada septendecim 196–198
Malacosoma disstria 196–198
Mamestra brassicae 104
Mamestra configurata 262–265, 270
Manduca sexta 260, 262–265, 269, 270,

363–369
Marmota monax 284
Mecinus pyraster 120
Medicago sativa 262–265, 269
Medicago trunculata 77
Melanagromyza aeneoventris 165, 166
Melanaplus angustipennis 346, 347
Melanoplus femurrubrum 283, 284,

292–300
Melanoplus sanguinipes 108, 262–265
Microrhopala vitata 196–198
Microtus pennsylvanicus 284
Misumena vatia 283, 284
Mompha albapalpella 262–265
Mus musculus 35
Myrica faya 157
Myzus persicae 36, 79, 104, 365–369,

373, 374

N
Neodiplogrammus quadrivittatus

143–146
Neodiprion sertifer 262–265
Nephopterix syntaractis 196–198
Nicotiana attenuata 260, 262–265, 270,

363, 364, 366–369
Nicotiana sylvestris 260, 263, 270
Nuphar luteum 196–198

O
Octolasion tyrtaeum 81
Odocoileus hemionus 262–265
Odocoileus virginianus 284
Onopordum sp. 141
Onychiurus scotarius 79, 80
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Operophtera brumata 196–198, 216,
218, 220, 221

Ophiusa melicerta 196–198
Opuntia stricta 138, 139, 157
Orgyia pseudotsugata 44
Orgyia vetusta 196–198
Oryctolagus cuniculus 262–265
Otiorhynchus sulcatus 106, 107

P
Panicum coloratum 108
Parapleurus alliaceus 120
Peltogyne gracilipes 196–198
Pemphigus betae 107
Perthida glyphopha 196–198
Phalacropis dispar 159
Phaseolus lunatus 366–369
Pheidole bicornis 41
Phidippus rimator 283, 284
Philaenus spumaris 42, 283, 284
Phleum pratense 282, 283
Phlytetreta spp. 262–265
Phocides pigmalion 196–198
Phoma lingam 159
Phrygamidia californica 227–229
Phyllopertha horticola 99, 100, 104, 105,

107
Phyllotreta 159
Phyllotreta cruciferae 262–265
Phyllotreta nemorum 373
Phytolacca  rivinoides 196–198
Picea abies 59, 219
Picea engelmannii 196–198
Picea glauca 196–198
Picea sitchensis 227–229
Pieris brassicae 262–265, 366–369
Pieris rapae 248, 262–265, 270, 365–370
Pink potato aphid (Macrosiphum

euphorbiae) 366–369
Pinus banksiana 196–198
Pinus contorta 196–198, 262–265
Pinus muricata 32
Pinus ponderosa 262–265
Pinus sylvestris 248, 249
Piper sp. 41
Pisaurina mira 283, 284, 292–300
Pisonia grandis 196–198
Planotortrix avicenniae 196–198
Plantago lanceolata 81, 82, 120
Plantago major 99
Plathypena scabra 262–265
Plutella xyllostella 262–265, 366–369

Poa annua 36, 79
Poa pratensis 125, 196–198, 282, 283,

296–300
Popillia japonica 98
Populus deltoides 58
Populus fremontii 196–198
Populus tremuloides 196–198
Potentilla simplex 282, 283
Pringleophaga marioni 35
Procecidochares utilis 137
Prunus padus 196–198, 262–265
Pseudomonas aeruginosa 77
Pseudopeziza trifolii 125
Pteroandrophysalis levantina 141, 142
Pterocallis alni 227–229
Pteromalus elevatus 105
Pteromalus sp. 142
Puccinia spp. 125
Puccinia chondrillae 158
Puccinia punctiformis 161, 162
Pyrrhalta nymphaeae 196–198
Pytygandia californica 37

Q
Quararibea asterolepis 196–198
Quercus agrifolia 227–229
Quercus emoryi 262–265
Quercus ilicifolia 196–198
Quercus lobata 227–229
Quercus petraea 220–223

R
Rabidosa rabida 283, 284
Raphanus raphanistrum 262–265
Raphanus sativus 262–265
Rhinanthus alectorolophus 120
Rhinocyllus conicus 135, 140–143
Rhinoncus sp. 120
Rhizobium sp. 73
Rhizophora mangle 196–198
Rhopalosiphum padi 80
Rhudbeckia hirta 282, 283
Rhyssomatus marginatus 143–146
Romalea guttata 107, 108
Rumex acetosa 120
Rumex crispus 262–265
Rumex obtusifolius 159, 262–265

S
Saccharum officinarum 366–369
Salix borealis 196–198
Salix cordata 196–198
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Salvinia molesta 135, 146, 147
Sapium sebiferum 329–348
Scarabeidae spp. 262–265
Schizaphis graminum 262–265
Senecio jacobaea 137, 202
Senecio vulgaris 245, 246
Sesbania punicea 135, 143–146
Shorea albida 196–198
Sigmodon hispidus 262–265
Silybum sp. 141
Sinapis alba 262–265, 270
Sinorhizobium meliloti 77
Sitobion avenae 79
Sitona lepidus 98
Sitona sp. 105
Solanum tuberosum 366–369
Solidago altissima 42, 196–198, 282, 283,

307, 308
Solidago canadensis 196–198, 282, 283,

307, 308
Solidago graminifolia 282, 283
Solidago missouriensis 97
Solidago rugosa 282, 283, 296–300
Solidago sp. 200
Sonchus oleraceus 99, 105–107
Sorbus aucuparia 262–265
Sorghum bicolor 373, 262–265
Spermophilus variegatus 262–265
Spodoptera eridania 196–198
Spodoptera exigua 262–265, 271,

366–369
Spodoptera littoralis 262–265, 366–369
Spodoptera litura 196–198
Stenopelmus rufinatus 138
Stichtocephala festina 283, 284
Streptanthus insignus 262–265
Streptanthus polygaloides 262–265

T
Tabebuia impetiginosa 196–198
Tamarix ramosissima 157
Terellia ruficauda 105, 106
Tetranychus urticae 364–369
Teticula sp. 251
Tetrastichus crassicornis 142
Thomomys sp. 262–265
Tilia sp. 59
Tipula paludosa 99, 103
Torymus chloromerus 105

Torymus sp. 142
Traxacum 125
Trialeurodes vaporariorum 365–369
Trichapion lativentre 143–146
Trichoplusia ni 262–265
Trifolium agrarium 282, 283
Trifolium repens 33, 56, 79, 81, 97–99,

103–105, 120, 282, 283
Tripleurospermum perforatum 100
Trirhabda attenuata 196–198
Trirhabda canadensis. 196–198
Trirhabda nitidicollis 196–198
Trirhabda pilosa 196–198
Trirhabda sp. 42
Trirhabda virgata 196–198
Triticum aestivum 80, 262–265
Tsuga canadensis 216
Tsuga caroliniana 216
Tupiocoris notatus 366–369
Typhlodromus pyri 313
Tyria jacobaeae 137

U
Uroleucon caligatum 42
Uroleucon cirsii 161, 162
Uromyces rumicis 159
Uromycladium tepperianum 146
Urophora cardui 163–165
Urophora solstitialis 141

V
Voracia casuariniphaga 196–198

W
Wooly apple aphid (Eriosoma lanigerum)

99

X
Xenocatantops humilis 262–265

Y
Yucca sp. 251

Z
Zea mays 32, 57, 107, 108, 262–265,

366–369, 373
Zeiraphera diniana 216
Zunacetha annulata 196–198
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