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TEJA TSCHARNTKE AND BRADFORD A. HAWKINS

Multitrophic level interactions: an introduction

Terrestrial ecosystems are characterized by a huge diversity of
species and a corresponding diversity of interactions between these species,
but community ecology has historically been dominated by interactions
between two trophic levels; in particular, plant-herbivore and preda-
tor—prey interactions. Only more recently have ecologists become inter-
ested in the nature of more complex interactions involving three or more
trophic levels (e.g., Price et al., 1980; Bernays and Graham, 1988; Barbosa et
al., 1990; Hawkins, 1994; Gange and Brown, 1997; Olff et al., 1999; Pace et al.,
1999; Dicke, 2000; Schmitz et al., 2000). It has quickly become clear that a
multitrophic level approach addresses the complexity of food-webs much
more realistically than does the simpler approach. Our reasons for generat-
ing this book are to provide an overview of progress that has been made in
demonstrating how research on more realistic models of food webs has
enriched our understanding of complex biological systems, and to high-
light new and particularly exciting avenues of future research in this area.

In the past two decades there has been intense interest in tritrophic
interactions between plants, herbivores, and natural enemies, driven by
the need both to integrate host plant resistance and biological control in
the management of arthropod pests and to understand the relative
importance of direct and indirect interactions in ecological communities.
Many examples document the direct effects of physical, chemical, and
nutritional qualities of plants on the attack rate, survival and reproduc-
tion of natural enemies. In addition, it is well known that in some cases
these same plant qualities have indirect effects on natural enemies by
influencing the distribution, abundance, and vulnerability of herbivores.
Even so, there is a need to specify conditions where multitrophic interac-
tions are important and to determine the habitat characteristics that
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influence the relative importance of top-down effects (control by preda-
tors) and bottom-up effects (control by resources). This latter problem
remains an important part of community ecology and is answerable only
when we utilize multitrophic level thinking.

This book provides an overview and current perspectives on the field
of multitrophicinteractions. The book comprises ten chapters, the topics
of which have been selected by the editors to include what we feel repre-
sent the most important aspects of multitrophic interactions. We have
selected several standard topics that should be included in a book with
this theme, but we have also selected newly emerging topics that should
receive greater attention in the coming years. Consequently, the book
will very much focus on the future rather than on the history of the field,
and the authors provide critical reviews of the areas encompassed by
their chapters, as well as an assessment of the most important areas for
further research. Hence, this edited volume, without being overly long,
provides an update of the field and serves as a guide for future research. It
will become obvious that we restrict coverage to terrestrial systems. This
represents a conscious choice to keep the book focused and relatively
short.

The concept of multitrophic interactions implies that evolved plant
traits enhance the success of natural enemies as mortality agents of herbi-
vores. Hare (chapter 2) focuses on the question of whether or not enemy
impact exerts sufficiently strong selection pressure to modify plant traits.
He develops a useful criteria set to test when natural enemies represent
significant agents of natural selection for plants. After ashort overview on
the diverse ways in which morphological and chemical plant characteris-
tics may affect the parasitoids and predators of herbivores, Hare sum-
marizes the literature on the compatibility of plant resistance and
biological control. Development of transgenic crop plants as well as con-
ventional plant breeding may be used to manipulate and exploit plant
traits for improved biological control. Due to the wide range of variation
in herbivore—enemy interactions, predictability is low and may be practi-
cal only on a case-by-case basis. Hare proposes four critical areas for future
research: the need to measure tritrophic effects on plant fitness, the iden-
tification of the mechanisms involved, whether results from applied
systems can be generalized to natural systems, and a call for the study of
natural tritrophic systems in a true coevolutionary context.

Bronstein and Barbosa (chapter 3) emphasize that mutualisms may
be multitrophic/multispecies in nature and that this complexity has
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received little attention in the past. They provide a variety of examples of
mutualisms with a third species involved, either of the same or another
trophiclevel. In many cases, mutualism depends on the impact of natural
enemies or competitors. Ant-lycaenid caterpillar mutualisms may be
only important in case of high rates of parasitism and predation.
Mycorrhizae—plant mutualisms may depend on the impact of competing
plants and promote species coexistence in terrestrial vegetation. A review
of the evidence of third-species mediation of mutualism or “apparent”
mutualism is the basis of a proposed set of working hypotheses. They
hypothesize that the conditional nature of many mutualisms may
depend on the behavior of a third species and discuss both the ecological
and evolutionary implications.

Although the latitudinal gradient in species diversity is the oldest
known pattern in ecology, many of the major hypotheses attempting to
explain differences between tropical and temperate communities
remain untested. Dyer and Coley (chapter 4) address the assumptions
underlying, for example, the hypothesis that species are more special-
ized and the impact of predation is greater in the tropics, with special
emphasis on the relative importance of bottom-up versus top-down
forces across the latitudinal gradient. They review the evidence sug-
gesting that, in the tropics, plants are better defended and herbivory as
well as natural enemy impacts are higher. They further present a meta-
analysis testing whether herbivores have adapted to selection pressures
from bottom-up and top-down forces. Dyer and Coley found enhanced
levels of plant defenses (mechanical, biotic, and chemical effects), but
not a more negative effect on tropical herbivores, presumably due to
better adaptations to plant defences. In contrast, top-down effects of
predators on herbivores and herbivores on plants were significantly
stronger in the tropics. Clearly, more empirical studies are needed to
test latitudinal differences in top-down cascades on plant communities
and bottom-up cascades on consumer communities, to reduce the still
great number of speculative points in the discussion on tropical—-
temperate differences.

The sheer number of endophytic fungi and insect taxa associated with
plants implies that plant—fungi-insect interactions are much more
common and important than the relatively few studies conducted to date
suggest. Plant pathogens may change host resistance to herbivores and
herbivore—enemy interactions in diverse ways. Faeth and Bultman
(chapter 5) focus on changes in host plant resistance in response to an
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infection with endophytic fungi, with special emphasis on grass endo-
phytes. Evidence is accumulating that the mycotoxins of grass endophy-
tes not only negatively affect herbivores, but consistently also affect insect
parasitoids. Since contents of alkaloid mycotoxins tend to be lower in
native than agronomic grasses, negative effects on herbivores and their
parasitoids should also be lower in native systems. Whether the increased
host grass resistance is counterbalanced by decreased natural enemy
impact remains untested in these little-studied natural systems. Given
that endophytic infections in woody plants are probably neutral or have,
at best, weak and indirect impacts on herbivores, Faeth and Bultmann
predict even weaker effects of endophytes on the third trophic level.

Van Nouhuys and Hanski (chapter 6) argue that an organism’s spatial dis-
tribution may be considered to be a further attribute that potentially affects
its trophic interactions. The addition of landscape structure and of spatial
population dynamics to the analysis of multitrophic level interactions is
becoming increasingly important in fragmented natural landscapes. The
inclusion of space may show how local trophic interactions affect regional
dynamics and how large-scale population dynamics, such as extinction—col-
onization dynamics in metapopulations, affect local interactions. Van
Nouhuys and Hanski review the theory of metapopulation dynamics
extended to several interacting species and trophic levels. They then discuss
empirical findings from the literature. A basic conclusion from metapopula-
tion models is that specialist food chains are constrained in fragmented
landscapes, and the degrees of specialization and dispersal rates are essential
for understanding the resulting patterns. Empirical findings from inten-
sively studied plant-butterfly—parasitoid-hyperparasitoid interactions con-
firmed the theoretical predictions that poorly dispersing parasitoids and
hyperparasitoids were absent from a small-patch network. The truncation of
food chains as a consequence of habitat fragmentation is probably a common
occurrence, although empirical evidence is currently limited.

Turlings, Gouinguené, Degen, and Fritzsche-Hoballah (chapter 7)
review chemically mediated tritrophiclevel interactions. They emphasize
three aspects relevant to the evolution of herbivore-induced plantsignals,
the factors inducing the emission of these signals, the specificity and reli-
ability of the signals for natural enemies, and the benefits that plants may
derive from attracting enemies. The importance of herbivore-induced
plant volatiles in the location of hosts and prey by parasitoids and preda-
tors was not demonstrated until the 1980s, and these fascinating interac-
tions turned out to vary greatly depending on the species involved.
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Signals are very specific in only some cases, and the mechanisms that
allow for this specificity within the constraints of genotypic plant varia-
tion remain to be shown. The direct benefits of plants derived from the
impact of natural enemies appear to be equally variable. From the applied
point of view, manipulation of traits of crop plants to enhance pest
control is a major challenge. Future research can be expected to show
whether genetic modifications of volatile emissions in conventionally
bred and transgenic plants may have the potential to largely attract bene-
ficial insects and to reduce pest damage.

Plant architecture defines the physical environment in which most
herbivores and their natural enemies move, but only rarely has the geom-
etry of the environment been incorporated in predictions of the outcome
of prey—predator and host—parasitoid interactions. Casas and Djemai
(chapter 8) review the available information on the role of plant geometry
for the distribution of herbivores and the intrinsic movement rules of
predators and parasitoids. Decision rules of parasitoids, such as giving-up
times, may be influenced by the structural complexity of the environ-
ment, including the surface area within which predators have to forage,
as well as the structural heterogeneity and connectivity of plant parts.
The authors describe the latest developments in the modeling of plant
canopies in relation to random walking. Simple random walks in homo-
geneous environments, and the approximating diffusion equations,
appear to be poor guides for understanding search strategies of predators
and successful prey location in plant canopies. They are best replaced by a
concept of random walks in randomly or deterministically determined,
geometrically structured environments. In the future, an integration of
modeling of canopy architecture with carefully designed field experi-
ments encompassing detailed observations of prey and predator move-
ments will lead to significant progress in this newly developing field.

Indirect interactions between spatially separated organisms are
common, due to changes in plant growth or other mediating mecha-
nisms. Even more complex interactions occur between below- and above-
ground organisms, which belong to traditionally separated research
areas, but which affect each other in manifold ways. Differential effects on
plant life-history groups modify competition between species and drive
ecological successions of plants and plant—insect interactions, as shown
by Brown and Gange (chapter 9). The authors focus on plant-mycorrhizal
fungal-herbivore interactions in grasslands and present a simple model
of community structure. For example, the exclusion of foliar-feeding, but
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not the root-feeding insects leads to a high grass—forb ratio, and this effect
is particularly strong when mycorrhizal fungi are absent. There are very
many species involved in the below- and above-ground food-web, and
analyses of the possible combinations of species in both laboratory
experiments and field studies are a challenge for the future. Plant succes-
sion is not solely a domain of plant ecologists. There are still many gaps in
our understanding of how succession in plant communities is influenced
by pathogens, mycorrhizae, nematodes, decomposers, vertebrates, and
their interactions.

Concepts in food-web ecology largely rely on aquatic systems and
above-ground terrestrial systems, while the trophic interactions in the
soil have received little attention. Reinforcing the potential importance
of below-ground components of food-webs discussed by Brown and
Gange, Scheu and Setili (chapter 10) stress that soil ecosystems form the
basis of virtually all terrestrial life, and an appreciation of their many
unique features may significantly change the way we perceive nature.
Large soil invertebrates, in particular earthworms, function as ecosystem
engineers and affect other soil organisms via habitat modifications. Due
to the dense species packing, the prevalence of generalist feeders and the
ubiquity of omnivory, soil communities are exceptionally complex.
Trophic cascades are presumably of limited importance, but top-down
control appears to be widespread. For example, fungivores, nematodes,
and detritivores are under certain conditions controlled by predators, and
the interactions between the bacterivorous microfauna (mainly Protozoa
and Nematoda) and bacteria regulate the nutrient acquisition by plants.
The many unresolved questions include how mineralization of nutrients
by decomposer activity influences above-ground plant growth and the
associated food-web, and how plant foliar-herbivore interactions modify
soil communities.

In conclusion, the focus in ecology is changing from the traditional
study of simple systems and interactions to approaches that consider the
spatio-temporal variability of direct and indirect interactions among
multiple trophic levels. This turning-point in ecology includes the real-
ization that plants directly influence the behavior of their herbivores’
natural enemies (chapters 1, 7, and 8), that ecological interactions between
two species are often indirectly mediated by a third species (chapters 3
and 5), that landscape structure directly affects local tritrophic interac-
tions and community structure (chapter 6), and that below-ground food-
webs are extremely complex and vital to above-ground organisms
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(chapters 9 and 10). No one book can cover all the complexity found in
nature. However, it is our hope that this volume will facilitate further
development of the study of a range of ecological phenomena and pat-
terns encompassed within the concept of “multitrophic level interac-
tions.” Integrating carefully designed field studies and mathematical
models will be a necessary precondition for further development in this
field. We have only recently started on a most exciting path to find out the
main mechanisms and driving forces of ecosystems typically determined
by multitrophiclevel interactions.
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2

Plant genetic variation in tritrophic interactions

Introduction

The host plants of herbivores are not neutral substrates upon which inter-
esting herbivores—natural enemies occur. Both the dynamics as well as
the outcome of particular herbivore-natural enemy interactions may
vary with the herbivore’s host plant species, or genotype within species,
and understanding such variation is central to the study of tritrophic
interactions. The theory of tritrophicinteractions implies that plant char-
acteristics that enhance the success of the natural enemies have evolved;
plants with traits that encourage the success of natural enemies should
have a selective advantage over plants that do not, thus the trait should
spread through the plant population (Price et al., 1980; Fritz, 1992, 1995;
Hare, 1992). The primary genetic question underlying this chapter is
whether the impact of natural enemies on herbivores is sufficiently
strong and systematic to cause changes in gene frequencies in plant traits
affecting the impact of natural enemies on those herbivores.

In this chapter, I will provide a brief review of several studies showing
how genetic variation in plants may affect the outcomes of herbi-
vore—natural enemy interactions. Most of these studies originated from
applied studies in biological control. The strengths and weaknesses of
those data in developing a general expectation of tritrophic interactions
will be evaluated. I will conclude with a list of specific research objectives
that may facilitate the development of a more predictive theory of tri-
trophic interactions.

The main goal in research on tritrophic interactions in applied
systems is to determine whether biological control can be combined with
host plant resistance in developing a more highly integrated pest

(8]
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management program. Studies on the interaction between genetically
determined host plant resistance and biological control agents are useful
for the development of theories of tritrophic interactions because they
clearly demonstrate the potential for natural enemies to vary in effective-
ness on different plant genotypes. What must not be forgotten, however,
is that genetically based variation in any plant trait that affects biological
control agents is most likely fortuitous; plant breeders have not, as yet,
explicitly incorporated such traits into plant breeding programs. Applied
systems therefore are primarily valuable in showing how pre-existing
host plant variation may affect herbivore—natural enemy interactions.
Such systems are less useful to determine if natural enemies might
impose natural selection on plants for traits that enhance the success of
those natural enemies.

Overview of effects

The growth of studies showing effects of plant traits on herbi-
vore-natural enemy interactions has grown considerably since the
reviews by Bergman and Tingey (1979) and Price et al. (1980). It is impos-
sible to provide an exhaustive review of those studies here, but several
recent reviews appear elsewhere (e.g., Vet and Dicke, 1992; Tumlinson et
al., 1992; Marquis and Whelan, 1996; Bottrell ez al., 1998; Turlings and
Benrey, 1998; Cortesaro et al., 2000).

Bottrell et al. (1998), for example, provide a table that lists 74 selected
references on how various plant traits may directly or indirectly affect
arthropod parasitoids and predators. Some of the morphological fea-
tures include plant size, aspects of shape of whole plants and plant
parts, aspects of color, phenological differences, and surface characteris-
tics such as pubescence. Semiochemical features acting directly on
natural enemies include the production of various attractants, repel-
lents, mimics, sticky substances, and plant toxins. Plant population
traits affecting natural enemies directly include variation in plant
density, host patch size, and vegetation diversity. In addition to these
direct effects, Bottrell ez al. (1998) also list several indirect plant effects,
including the release of semiochemicals following plant attack by her-
bivores, the sequestration of plant toxins by herbivores, the effect of
nutritional and resistance factors affecting herbivore quality for utiliza-
tion by natural enemies, and the effect of microbial symbionts on
herbivore-natural enemy interactions.
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Similarly, Cortesaro et al. (2000) provide another table listing 148 cita-
tions to many plant traits similar to the above but also including how
plants may provide food and shelter for natural enemies. The fact that
these two tables contain only 15 citations in common speaks to the
volume of research on the various ways in which plant characteristics may
affect the natural enemies of herbivores.

Some general effects of plants on herbivore—natural enemy interac-
tions include the following. Plant morphological features may either
enhance or reduce natural enemy activity. Among the more beneficial
traits are “domatia,” which are small structures that provide food, shelter,
or a hospitable environment for natural enemies (Agrawal and Karban,
1997). Other domatia may house ants that may protect the plants from
herbivores (Beattie, 1985). In general, plant pubescence (i.e., plant tri-
chomes) interferes with the movement of natural enemies, and this often
reduces their effectiveness (Kauffman and Kennedy, 1989). In some cases,
however, the presence of plant trichomes reduces the walking speed of
parasitoids, thereby causing them to search more thoroughly (van
Lenteren and de Ponti, 1991). The presence of wax on leaves can reduce the
efficiency of searching by natural enemies because the leaves are too slip-
pery for the insects to grip (see Eigenbrode and Espelie, 1995 for a review).
Increasing complexity of leaf shape also interferes with the foraging effi-
ciency of some predators (Kareiva and Sahakian, 1990) and parasitoids
(Andow and Prokrym, 1990).

Plant chemical compounds can have diverse effects on natural
enemies. Volatile semiochemicals often serve as attractants, not only for
herbivorous insects, but also for their natural enemies. Some of these
compounds may be constitutive plant products that are produced
whether plants are damaged or not. Others may be released after mechan-
ical damage from diverse agents, and still others may be released only
after feeding by particular herbivore species (reviewed by Tumlinson et
al., 1992; Vet and Dicke 1992; Turlings et al., 1995; Turlings and Benrey,
1998). Plant allelochemicals that are taken up by herbivores often may be
deleterious to natural enemies, either through active sequestration of
toxins to which the herbivore is well adapted, or indirectly by causing
reductions in feeding that lead to reductions in the size or quality of her-
bivores as hosts for natural enemies. Alternatively, plant toxins can also
be advantageous to the natural enemies and indirectly to the plant if the
toxins weaken the defenses or prolong the vulnerability of the herbivores
(reviewed by Turlings and Benrey, 1998).
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Host plant resistance and biological control

Historically, pest managers assumed that host plant resistance and bio-
logical control were compatible and largely independent pest manage-
ment strategies (Adkisson and Dyck, 1980; Kogan, 1982). An early
theoretical approach reflecting this view was derived from deterministic
mathematical models of host—parasitoid population dynamics. Those
models show that effective control by natural enemies would be enhanced
if the rate of increase of the host population were reduced (van Emden,
1966; Beddington et al., 1978; Hassell, 1978; Lawton and McNeil 1979;
Hassell and Anderson 1984). Such a prediction assumes that the host
plant affects only the growth rate of the prey population and not the
attractiveness or quality of prey individuals for discovery and utilization
by natural enemies. One can argue that the development of tritrophic
interactions as a separate field of inquiry grew from tests of this basic
assumption. By now, it is well known that prey on different host plants
are often not of uniform quality (reviewed by Bergman and Tingey, 1979;
Price et al., 1980; Boethel and Eikenbary, 1986; Duffey and Bloem, 1986;
Price, 1986; Vinson and Barbosa, 1987; Barbosa and Letourneau, 1988;
Fritz, 1992; Hare, 1992; Vet and Dicke, 1992; Turlings and Benrey, 1998).

In order to better understand the consequences of host plant variation
on population dynamics of herbivore and natural enemies, I previously
developed five models of responses based upon the statistical form of the
interaction between host plant resistance and biological control on equi-
librium pest density (Hare, 1992). Since then, these models have been
useful in resolving some of the confusion in the use of the term “compat-
ibility” between host plant resistance and biological control. Four of
these models are reviewed below.

A purely additive relationship between host plant resistance and bio-
logical control exists when the incremental numerical reduction in equi-
librium herbivore density caused by natural enemies is independent of
that caused by host plant resistance, and uniform at all levels of host plant
resistance. Therefore, the expected equilibrium pest density due to host
plant resistance and natural enemies can be predicted simply from the
combined effects of both acting independently. An additive relationship
is the “null” hypothesis and precludes any biological or statistical interac-
tions.

In a simple synergistic model, the incremental reduction in equilib-
rium herbivore density caused by natural enemies is relatively greater at

1
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high host plant resistance levels than at low. This form of interaction is
obviously compatiblein a pest management program and the ideal model
to be sought.

An antagonistic model specifies that the reduction in equilibrium her-
bivore density due to host plant resistance and natural enemies is less
than would be calculated if the interaction were additive. Mildly antago-
nistic interactions also may be “compatible” interactions in pest manage-
ment because the reduction in equilibrium pest densities due to both
host plant resistance and biological control is still greater than that
expected from either tactic alone.

When the antagonism is more severe, then host plant resistance
replaces mortality once caused by natural enemies in reducing equilib-
rium herbivore density. This was termed a disruptive interaction (Hare,
1992). Such an interaction would be expected when natural enemies are
more susceptible than herbivores to plant resistance mechanisms (e.g.,
Campbell and Dulffey, 1979; Obrycki and Tauber, 1984; Farrar et al., 1994).
This form of interaction would be incompatible from low to intermediate
host plant resistance levels, and there would be essentially no interaction
at high host plant resistance levels due to the high mortality suffered by
natural enemies.

Animportant point to recognize is that all models except the disrup-
tive model show qualitative compatibility between host plant resis-
tance and biological control. The only difference between the additive,
synergistic, or mildly antagonistic models is whether the magnitude of
pest population reduction differs from that predicted assuming host
plant resistance and biological control imposed independent sources of
mortality.

A summary of 61 studies exploring the potential interaction between
resistant crop varieties and natural enemies in a number of crops is shown
in Table 2.1. With regard to parasitoids, antagonistic interactions were
found in eight of 30 unambiguous cases (27%), while a synergistic rela-
tionship was found in only three (10%). Additive interactions were found
in 16 of the cases (53%), and three clearly disruptive cases also were found
(10%). A similar summary was developed about ten years ago from a
smaller number of studies (Hare, 1992). In that summary, antagonistic
interactions were slightly more frequent than additive interactions,
while synergistic interactions were rare and no disruptive interactions
were identified. Much of the more recent literature tends to show a higher
frequency of additive interactions since the earlier review.
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The three cases of synergism all involved greater parasitization rates of
hosts on resistant plants. For Spodoptera frugiperda being attacked by
Campoletis spp., the greater parasitization rate may have been the result of
greater movement of host larvae on the antixenotic maize varieties,
thereby increasing their conspicuousness and time of exposure to forag-
ing natural enemies (Pair et al., 1986). For the egg parasitoid Trichogramma
pretiosum attacking eggs of Helicoverpa zea, it is likely that the absence of
leaf pubescence increased the foraging efficiency of this small wasp on the
cotton cultivars that also were antixenotic to H. zea larvae (Treacy et al.,
1985). No specific mechanism was presented in the third example for
increased parasitization of bruchid beetle larvae on partially resistant
genotypes of pea (Annis and O’Keefe, 1987).

Host plant resistance in soybean was responsible for four of the eight
clearly antagonistic interactions. These antagonistic interactions may
reflect the absence of any long-term coevolutionary history between
soybean, its North American pests, and those pests’ natural enemies, for
this group of species has been associated for less than a century (see also
Orr and Boethel, 1986; Boethel, 1999).

The disruptive interactions involved parasitoids attacking hosts on
wild tomato plants (Lycopersicon hirsutum f. glabratum) with two resistance
mechanisms. The first is a trichome-based mechanism that confers resis-
tance to Manduca sexta and other insect species, and the second is a non-
trichome-based mechanism conferring partial resistance to Helicoverpa zea
and Heliothis virescens. In a number of studies, Kennedy and co-workers
showed that the methyl ketones causing the trichome-based resistance
were toxic or deleterious to several species of insect parasitoids (Farrar
and Kennedy, 1993; Farrar et al., 1994; and references therein). In the field,
the deleterious impact on the natural enemies of Helicoverpa zea and
Heliothis virescens was sufficiently great that the densities of these two
insect pests were similar, if not higher, on the partially resistant plants
(Farrar et al., 1994).

The general trend is for host plant resistance to be compatible with
biological control by generalist predators (59% of the cases involving
predators). The only clearly antagonistic interactions involve two preda-
tors of pests of soybean. One of these, Geocoris punctipes, may acquire dele-
terious allelochemicals from resistant soybean cultivars through direct
host plant feeding (Rogers and Sullivan, 1986), although this is appar-
ently not the case for the other negatively affected predator, Podisius macu-
liventris (Orr and Boethel, 1986).



Plant genetic variation in tritrophic interactions

Three synergistic interactions involving predators are probably the
result of an increased rate of discovery of prey by predators due to
increased prey movement on antixenotic cultivars (Kartohardjono and
Heinrichs, 1984; Isenhour et al., 1989). In the fourth synergistic interac-
tion noted, foraging efficiency of chrysopid larvae increased as plant tri-
chome density declined (Treacy et al., 1985).

Although a number of laboratory studies have shown both positive
and negative effects of selected plant chemicals on the efficacy of insect
pathogens (reviewed by Reichelderfer, 1991; Schultz and Keating, 1991),
most studies using susceptible and resistant plant cultivars generally
show an overall compatibility between host plant resistance and biologi-
cal control by pathogens (64% additive interactions and 36% synergistic
interactions). For the synergistic interactions, the susceptibility of host
larvae to pathogens was inversely related to the growth and vigor of the
larvae, which itself was directly related to the level of host plant suscepti-
bility. In none of the 11 cases evaluated were there any antagonistic or dis-
ruptive interactions.

The implications of many of the results in Table 2.1 must be accepted
with caution, for most of them simply examine the impact of host plant
resistance on selected life history parameters of natural enemies. There
could have been other effects opposite to those listed in other, unmeas-
ured natural enemy parameters. Without explicit population studies, it
may be difficult to translate results of short-term studies showing
changes in such life history parameters of natural enemies into changes in
herbivore—natural enemy population dynamics. Reductions in survivor-
ship, growth, or fecundity of a particular natural enemy would not result
in a reduction in biological control if the population growth rate of the
prey population were reduced even more.

For example, while plant resistance led to a reduction in the size and
number of parasitoids from greenbugs, overall plant damage was least
and greenbug populations were smallest on resistant varieties in the pres-
ence of parasitoids (Starks et al., 1972). Similarly, several life history
parameters of Pediobius foveolatus, a parasitoid of the Mexican bean beetle,
Epilachna varivestis, were reduced when reared on hosts that were them-
selves reared on resistant soybean cultivars. However, the population
growth potential of the parasitoid was reduced less than was that of the
host by host plant resistance, so that the intrinsic rate of increase of the
parasitoid was greatest relative to that of its host on the resistant cultivar
(Kauffman and Flanders, 1985).
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More recently, Yang and Sadof (1997) compared population growth
rates of the citrus mealybug, Planococcus citri, with those of its parasitoid,
Leptomastix dactylopii, and concluded that most effective biological control
would occur on a coleus cultivar (Coleus blumei) that expressed an interme-
diate level of resistance to citrus mealybugs. This was despite the fact that
parasitoids reached greatest size and fecundity on mealybugs reared on
the most susceptible Coleus cultivar. However, despite the increased para-
sitoid population growth rate on the most susceptible cultivar, the parasi-
toid could not compensate for the even greater population growth rate of
the host on that cultivar. On the most resistant cultivar, the parasitoid’s
rate of population growth was reduced more than that of its host, so the
host was expected to have a net advantage on the most resistant cultivar as
well as the least resistant cultivar (Yang and Sadof, 1997). These three
studies point out the continuing need for comparative research on popu-
lation growth in order to better resolve ambiguities from laboratory
studies on the actual impact of host plant resistance on herbivore and
natural enemy population dynamics.

Biological control and transgenic plants

Transgenic crop plants expressing toxic proteins from Bacillus thuringien-
sis (hereafter Bt) are being grown commercially on ever-increasing acreage
(Gould, 1998; Schuler et al., 1998). Such releases have occurred without
much concern on how those plants may affect natural levels of biological
control, not only of the primary target pest of the crop, but also secondary
pests within the agroecosystem (Schuler ez al., 1999a.)

Such effects could include substantial reductions in population den-
sities of biocontrol agents resulting from: (1) reduction in densities of
hosts, (2) feeding on hosts that have acquired the toxin, or (3) reductions
in densities by feeding on hosts of smaller size or otherwise reduced
quality. The latter factor may be more important for the dynamics of par-
asitoid populations than for predators, for predators simply may increase
their feeding rate to compensate for reduced prey size (Schuler et al.,
19992).

To date, the effects of transgenic Bt toxins on natural enemies seem to
be relatively minor (Table 2.2). Part of the reason for this may be the selec-
tive toxicity of Bt proteins against Lepidoptera or Coleoptera but not
Hymenoptera. Some indirect effects have been noted, however, when tar-
geted pests ingest sublethal Bt doses. This results in a reduction or



syued od£1-plim 10 dTUIZSuLI)
U0 S1S01] JULISISAI-1g JO SSAUIAIIDLINE

U1 DUIYIP ou {syuefd 9dL1-prim 10 (sndpu
Q6661 DIUA3SUEI] PAJ UIYM SISOY] JUBISISI-1g DIISSDIT)
1 32 191NYDS u1 sdsem JO [BATAINS UT DUIIIPTP ON 2ATIPPY  2deI pads[io avy1aan1d v15230D D]1215014X vI12IN)d
2661 020€q03 1 U0 PIYIEIIE UdYM
‘pInoo R uosuyof A11[E1I0W 1S0Y PIIDIdXd UBY] 191EIIDH J11SISI9UAS 020eqO], sisualouos spa)dur)d SU2ISAIA S1Y102]9H
(wnovqvy
2661 Apnis DPUDIIONN)
1030 UUEWOH POy 10[d-[[EWS UT SIMIISUIP U0 1991J9 ON ANIPPY 000eqOL, ~dds siqpN 19z pd124021]9H
9[399q £103ePpa1d 10 SPIYdE U0 19939 (tunsotaqny
ON *91193q 01€10d OPEIO[0D 3 Isurese wnupjos)
9661 “1p 72 Ue30oQ Ppasn urxol 1g passaidxa sa01elIod 103JJ9 ONl ojelod SUazI2A10) D1UYPOdAIH v18.12d SNZAW
swn Judwdo[aAdp
8661 11 22 PqQ[TH PIseaIdUI KI1TeII0OW paseadul  dfIs[uodeIuy 9ZTEN DauvI v1adosL1yD syvpqnu vIuLIISO
866T 11 22 PqQ[TH AITe1I0W PasLanU]  d1IsTuoSeIuy JZIEIN a3 D]12d0sL1YD ppiadinifviardopods
PIoY 93 U SanISuap
U1 SUOIdNPaI 10 S101ePard 95311 Uo DauvI 12dosL1yD ‘Snsorpisur
£661 10 72 I9YI[1d ud[[od dZrew dTuUI3SsueII JO 199139 ON QANIIPPY JZIEN SNLLO “DIVINIVUL D]]I5IUL02]0D) QUON
s103epaid Jo L31SuUdp J0 ‘vonepard s103epaid 19310 pue npwnivu
661 ‘stpueT R 110 ‘sa1e1 uonreznisered U0 199339 ON ATIPPY IZIEN D]1132UL02]0D “SNSOIPISUL SNLLO SHPRNU DIULIISO
Apnis poy e1a1doprda Surpasy-yesf
66T 1 12 UOSTIM. J0[d-[ews Ul SOIISUIP U0 193JJ9 ON. QAIIPPY u0110D SNOLIBA  IOYIO “V))21dA5503 v.101dou1II9d
Apnis ploy e1a1doprda Suipasy-Jes|
S661 “p 123Ul J0[d-[ewWs UT SIIIISUIP U0 123JJ9 ON AIIIPPY u0110D SNOLIBA  IYIO “V))21dA5503 v.101dou11Id
DUIJY SJUdWWOD  AUWIAUD [eInieu do1D AwWaud eInIeN 1594
uo0 129549

SINUIUD |DANIDU J0 $I115142300.40Y2 £10151Y) 2f1) 10 STSUISULINY SN{[10eg 1U2FSUDLJ0 192J7 *2°T 9]qeL



26

J. DANIEL HARE

termination of feeding and slower growth. Thus hosts may spend an
increased time in life stages that are vulnerable to natural enemies (e.g.,
Johnson and Gould, 1992).

The reduced feeding, however, also may result in reduced emissions of
feeding-related kairomones or synomones thus reducing the rate of dis-
covery (Johnson et al., 1997). Reduced consumption of Bt-transgenic
oilseed rape foliage by Bt-susceptible diamondback moth, Plutella xylos-
tella, was apparently responsible for the significantly lower attractiveness
of damaged transgenic oilseed rape foliage compared to wild-type foliage
to the parasitoid, Coteslia plutellae. The observation that the wasp was
equally attracted to transgenic and wild-type foliage that were damaged
equivalently by Bt-resistant P. xylostella (Schuler et al., 1999b) ruled out a
direct, differential response of the wasp to wild-type vs. transgenic foliage
alone.

Both an increased time of vulnerability and reduced attractiveness of
damaged transgenic foliage effects occurred in the system involving H.
virescens and the parasitoid, Campoletis sonorensis and transgenic tobacco.
The net result of these opposing effects was that H. virescens suffered
reduced parasitism on transgenic tobacco plants (Johnson et al., 1997).
Thus, sublethal effects of consumption and ingestion of Bt-transgenic
foliage on subsequent risk to natural enemies may affect the risk of herbi-
vores to discovery and utilization via several potentially conflicting mech-
anisms, thereby making the overall outcome locally variable and difficult
to predict.

Such conflicting mechanisms also introduce a variety of outcomes
when predicting how the activity of natural enemies might affect the rate
of adaptation of pests to resistant plants. Gould et al. (1991) developed
mathematical models addressing this point that yielded straightforward
conclusions: enemies that increase the difference in fitness between
adapted and non-adapted plants increased the rate of adaptation to resist-
ant plants, while enemies that decreased the difference in fitness between
adapted and non-adapted plants retarded the rate of adaptation to resist-
ant plants.

For example, in many natural enemies, host quality is a function of
host size. Larger hosts provide greater resources for parasitoid utilization
and are preferentially attacked. On resistant plants, better-adapted hosts
are likely to reach a larger size than are less-adapted hosts. The natural
enemy will preferentially attack these larger, better-adapted larvae,
however, and the natural enemy will therefore preferentially impose
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additional mortality on the better-adapted hosts from the population.
Thus, the natural enemy acts to decrease the difference in fitness between
adapted and non-adapted hosts, thereby reducing the rate of adaptation
of the host population.

In contrast, other natural enemies are limited to attacking small hosts
within alimited size range. In this case, the better-adapted hosts may pass
through the window of vulnerability more rapidly than may less-adapted
hosts. If so, then the natural enemy will preferentially attack the less-
adapted hosts, thereby imposing additional mortality on the less-adapted
hosts. As a result, the natural enemy will increase the difference in fitness
between adapted and less-adapted hosts, thereby increasing the rate of
adaptation to resistant plants. Given the wide range of variation in herbi-
vore—parasitoid interactions, predictions on the effect of natural enemies
on pest adaptation to resistant plants may be practical only on a case-by-
case basis (Gould et al., 1991).

Plant breeding for attributes that improve biological
control

With the growth of our understanding about how the effectiveness of
natural enemies may vary as a function of specific host plant traits, it may
be possible to manipulate and exploit those traits for improved biological
control. There have been several recent reviews addressing this topic,
(e.g., Poppy, 1997; Bottrell et al., 1998; Verkerk et al., 1998; Cortesero et al.,
2000). My purpose here is only to summarize some of the major prospects
and problems concerning this novel approach toward improved pest
management.

The deployment of plant trichomes in insect pest management illus-
trates an important problem in the breeding of natural-enemy-friendly
plants. Glandular trichomes often directly defend plants against several
insect pests (Dimock and Kennedy, 1983; Wagner, 1991; Duke, 1994; Juvik
et al., 1994), but they also may be as deleterious to particular natural
enemies as to pest species (Farrar et al., 1994). Thus, the plant breeder
faces a dilemma of breeding for increased plant trichomes as a direct
mechanism of plant defense, or breeding for reduced trichome numbers
to encourage natural enemies. Although, in some cases, intermediate tri-
chome densities may be an acceptable compromise (Obrycki, 1986), the
final outcome may not be known without more detailed information on
such factors as the herbivore mortalities imposed directly by trichomes,
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how much additional mortality might be provided by natural enemies
on trichome-free plants, and which herbivore species are the most
important to control.

In theory, breeding plants that produce greater quantities of
herbivore-induced synomones that attract natural enemies should lead to
enhanced biological control. Genetic variation in induced synomone pro-
duction has been shown to exist among genotypes of cotton (Loughrin et
al., 1995) and maize (Gouinguené et al., 2001; Turlings et al., chapter 7, this
volume). The effectiveness of this approach, however, may be uncertain
and depend upon particular characteristics of the plant-herbivore-
parasitoid system.

Turlings et al. (1995) developed three criteria to evaluate whether her-
bivore-induced volatiles can serve as effective signals of plant damage to
natural enemies. First, the emitted signal must be clear enough so that it
can be perceived and distinguished from background noise (e. g., normal
plant volatiles). Second, the signal has to be specific enough to reliably
indicate the presence of a suitable host or prey. Third, the signal must be
emitted when natural enemies are foraging. For the volatile emissions of
corn and cotton plants, Turlings et al. (1995) concluded that the criteria of
clarity and appropriate timing were satisfied, but the criterion of specific-
ity had limited support, especially when different herbivores damage the
same plant and cause the release of similar, if not identical volatile com-
pound blends. (See Dicke (1999) for a recent review of the evidence in favor
or against the hypothesis of the specificity of herbivore-induced syn-
omones.)

Parasitoid species also are known to vary in their response to plants
with varying degrees and types of damage. Even closely related natural
enemy species may differ in their response to damaged vs. undamaged
plants and different sources of damage (Takabayashi et al., 1998).
Although some wasps respond only to specific volatile compounds that
are released only in response to host feeding, sometimes by a particular
life stage of the herbivore (e.g., Takabayashi et al., 1998), other wasps
appear to be as attracted to damage caused by non-host insects as host
insects, (e.g., Geervliet et al., 1996).

Additional factors in manipulating plant-produced synomones for
pest management include complications caused by environmental varia-
tion in the ability of plants to emit such synomones as a function of varia-
tion among leaves within plants, among cultivars, or growing conditions
within cultivars (Takabayashi et al., 1994). The emission of synomone
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components that attract predatory mites differed qualitatively between
young and old leaves, between leaves exposed to different lightlevels, and
under different levels of water stress. In general, young leaves produced
more attractive chemical blends than older leaves, leaves grown under
high light levels produced more attractive blends than leaves under low
light, and leaves from water-stressed plants produced more attractive vol-
atile blends than leaves that were not water stressed (Takabayashi et al.,
1994). Such sources of variation in the strength and composition of
herbivore-induced synomones may result in variable levels of natural-
enemy enhancement under field conditions.

Bottrell et al. (1998) conclude their chapter on manipulation of natural
enemies for pest management by listing several important considera-
tions. The first is to carefully choose which natural enemies require
manipulation. If a suite of natural enemies is necessary for successful pest
control, then plant cultivars that only enhance the effectiveness of one
may be of little value. Bottrell ez al. (1998) also warn against unwanted
side-effects, in which characteristics that enhance the effectiveness of
natural enemies of one pest have deleterious consequences for other
pests. The “frego bract” characteristic of cotton is an example of such a
trait. Biological control of cotton boll weevils, Anthonomus grandis, by
Bracon mellitor is enhanced on frego bract cotton, but frego bract cotton
also is more susceptible to Lygus spp. and other homopterans that feed on
floral buds (Lincoln et al., 1971). Thus the deployment of a trait of cotton
that enhances the success of a natural enemy of the boll weevil would
occur at the expense of increasing the susceptibility of cotton to other
pests.

Although there is substantial information on the ways in which
plants may influence biological control agents, often we still lack an
appropriate ecological context within which to interpret that informa-
tion. The potential interactions among the pests of different crops, the
dynamics of single pests in different crop systems, and interactions
among natural enemies all need to be understood before the value of
manipulating a particular natural enemy of a single pest species can be
determined.

Finally, if natural-enemy enhancement is to succeed as a commercially
viable pest management strategy, then growers also need to be convinced
of its effectiveness. This requires that studies be carried out to demon-
strate the values of natural-enemy manipulations on crop yield and crop
value. Simple demonstrations of more immediate phenomena, such as
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greater densities of natural enemies following manipulation, are encour-
aging, but they are far from convincing proof that such manipulations
have a role in contemporary agricultural production systems.

Tritrophic interactions in natural systems

One substantial gap in our understanding of how to exploit tritrophic
interactions in agricultural systems is an almost complete lack of an
understanding of the dynamics of tritrophic interactions in natural
systems. This situation has changed little since a previous review of this
topic (Hare, 1992). As with the applied systems reviewed earlier, most
available studies on natural systems demonstrate that host plant varia-
tion can influence the interaction between predators and natural
enemies. The studies, however, were not designed to address whether the
host plant effects on natural enemies are evolved responses or simply for-
tuitous consequences of pre-existing plant genetic variation.

In goldenrod (Solidago altissima), the size of galls induced by Eurosta
solidaginis is a heritable character of both insect and plant genotype
(Weis and Abrahamson, 1986). In this system, gall-makers inhabiting
large galls are less susceptible to parasitoids due to limitations on the
length of the parasitoids’ ovipositors. To the extent that gall diameter is
under partial genetic control of the host plant, there exists the possibil-
ity that plants, their gall-makers, and the gall-makers’ parasitoids may
impose competing selection on plants for gall size. Variation among
plant genotypes for gall size (and ultimate parasitoid success) would
not, in general, lead to differential reproduction of plant genotypes
(Weis and Abrahamson, 1985). The effect of parasitoids as selective
agents favoring gall-makers that induce larger galls was more signifi-
cant than was the effect of parasitoids reducing herbivore damage to
plants. An additional complicating factor in this system is the fact that
avian predators more readily attack large galls, and the advantage for
gall-makers to induce large galls appears to be partially (but not com-
pletely) offset by increasing their risk of predation by birds (Weis and
Abrahamson, 1986).

Price and Clancy (1986) and Clancy and Price (1987) similarly impli-
cated genetic variation among clones of willow Salix lasiolepis in the size
of galls induced by stem-galling sawflies. In the first study, mean gall
diameter induced by Euura lasiolepis differed consistently among willow
clones over a five-year study. Sawflies in smaller galls were more suscep-
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tible to parasitization by Pteromalus sp., and parasitism by Pteromalus
was inversely related to gall diameter. In the second study, mean gall
diameter induced by another tenthredinid, Pontania sp., also differed
significantly among willow clones. In this case, the sawflies in the more
rapidly growing and larger galls were more susceptible to parasitism.
Individuals of another leaf-folding sawfly (Phyllocolpa sp.) attacking
these willows also consistently differed in their susceptibility to para-
sites and other sources of mortality depending upon which plant clone
they attacked (Fritz and Nobel, 1990). The question as to whether the
variation in susceptibility of sawflies to their natural enemies due to
variation among clones ultimately influences clone fitness has not yet
been examined, however.

More recently, the effect of genetic variation among two willow
species, S. sericen and S. eriocephala, and their hybrids on interactions
between a leaf miner, Phyllonorycter salicifoliella and their eulophid parasi-
toids were studied over a two-year period (Fritz etal.,1997). Survival of the
leaf miner varied among taxa as well as among individual plants within
taxa. Differences in rates of parasitization were not consistent between
years, however, which may suggest that the genetic differences among
and within taxa may be modified by environmental conditions.

In none of these studies was it possible to examine whether the differ-
ences in natural-enemy activity had any measurable impact on plant
fitness. Nevertheless these studies clearly document that genetic varia-
tion among plants influences the interaction between herbivores and
their natural enemies.

Criteria to demonstrate that herbivores’ natural enemies
are agents of natural selection on plants

In order to test for the significance of herbivores’ natural enemies of
agents of natural selection on plants for traits that enhance the success of
those natural enemies, I propose the following set of four testable criteria
that should be satisfied (Table 2.3). These criteria can be tested by a series
of experiments that sequentially protect plants from both herbivores and
natural enemies, then expose them to herbivores only, and finally to her-
bivores and natural enemies. The criteria are as follows:

1. Plant populations polymorphic for a natural-enemy-enhancing trait
must be identified and the polymorphism must be controlled at least
in part by additive genetic mechanisms.
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2. In the absence of both herbivores and natural enemies, plant fitness
should be equal or lower for plants expressing the natural-enemy-
enhancing trait than for those that do not.

3. In the presence of herbivores but not natural enemies, plant fitness
should be equal or lower for plants expressing the natural-enemy-
enhancing trait than for those that do not.

4. In the presence of both herbivores and natural enemies, plant fitness
should be greater for plants expressing the natural-enemy-enhancing
trait than for those that do not.

The significance of these criteria are as follows: criterion 1 must be satis-
fied simply to demonstrate the existence of genetic variation upon which
natural selection can act. In the absence of this criterion, then there is
little reason to pursue research on the particular plant-herbivore—
natural enemy association. In addition, criterion 2 must be satisfied in
order to rule out any benefit of the plant trait on plant fitness via direct
increases in plant reproduction. In addition to these two, criterion 3 must
be satisfied in order to rule out any effects of the trait acting upon herbi-
vores directly as a plant resistance factor. Criterion 4 must be satisfied in
order to demonstrate that the trait is beneficial to plants. Criterion 4 may
besatisfied in the absence of criteria 2 and 3. If so, then additional research
may be needed to determine the importance of the tritrophic aspects of
the trait relative to the aspects that increase plant fitness directly through
increased growth (criterion 2) or through increased levels of direct resis-
tance to herbivores (criterion 3).

Critical areas for future research

Measure plant fitness
There are two general models for the development of tritrophic interac-
tions. The most exciting model assumes that tritrophic interactions are
coevolved mutualisms between plants and natural enemies attacking the
plant’s herbivores. A more mundane model assumes that observable tri-
trophic interactions only reflect evolutionary responses of natural
enemies to plant traits that coincidentally improve the fitness of natural
enemies; any benefit to plants is entirely fortuitous. If plant traits that
enhance the success of natural enemies are indeed evolved traits, then
they evolved because plants possessing such traits were more fit than
plants that did not (see also van der Meijden and Klinkhamer, 2000). The
only way to demonstrate that such traits are beneficial to plants is to
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measure plant fitness under experimental conditions where such traits
can be manipulated experimentally (see above). Without such measure-
ments, then the question of whether the beneficial plant effects on
herbivore—natural enemy interactions are the result of plant evolution, or
simply fortuitous, can never be resolved.

Itis not sufficient to assume that plant fitness will be improved simply
through the result of increased rates of parasitization of the plant’s herbi-
vores. Such observed differences must be manifest in terms of differential
reproduction of plant genotypes that differentially express traits affect-
ing the susceptibility of herbivores to natural enemies.

One particularly troublesome point in relying only on inferences
about plant fitness is that the benefits of increased parasitization rates of
herbivores may not be obvious. Although parasitized herbivores often
consume less foliage than unparasitized caterpillars, in some cases, the
parasitized hosts consume more foliage than unparasitized ones (Slansky,
1986). An immediate benefit on plant fitness of plants enhancing parasit-
ization of their herbivores may not exist (e.g., Coleman et al., 1999; see
Turlings and Benrey, 1998 for additional examples). There is simply no
alternative to careful measurements on plant fitness in order to demon-
strate that plant traits that enhance successful parasitization are the
results of natural selection.

Recently, Vinson (1999) developed an alternative model of tritrophic
interactions. In his model, specialist tritrophic interactions are the result
of evolved mutualisms. Vinson (1999) postulates that plants benefit from
having a few specialized herbivores that facilitate chemical cycling and /or
displace competitively more opportunistic herbivore species. Specialist
natural enemies have coevolved with plants to keep these particular her-
bivores in check. This model also could be tested with specific measure-
ments of plant fitness under different combinations of herbivore and
natural enemy manipulations.

Consider all aspects of the mechanisms involved
Unfortunately, much of our appreciation of tritrophic interactions is
based on an incomplete understanding of many of the underlying mech-
anisms. For example, the compound that causes corn to release volatile
compounds that attract the parasitoid Microplitis croceipes is volicitin
(Turlings et al., 2000). This compound is synthesized by the herbivore
Spodoptera exigua but is comprised of a fatty acid portion acquired from
the plant and glutamine that is of insect origin (Paré et al., 1998). The fact
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that the elicitor is synthesized by the insect and not the plantleads to two
important and related points. The first is that if M. croceipes is so effective
in reducing damage by volicitin-producing herbivores, then natural
selection would favor herbivores that produce less volicitin. Alternatively,
volicitin must have some other more important role in herbivore biology
that overrides its deleterious effect in herbivore—parasitoid interactions if
herbivores continue to produce it. Such additional functions of volicitin
and related compound from other insect species (Pohnert et al., 1999)
need to be identified before the evolution and maintenance of the inter-
action between corn, S. exigua, and M. croceipes can be fully understood.

Recognize the limitations of applied systems
Tritrophicinteractions in applied systems should be studied mainly to
determine how host plant resistance and biological control can be best
utilized for pest management. Inferences about how tritrophic
systems evolved in general should be drawn with extreme caution
from applied systems, for such systems are often far removed from
their coevolutionary context. Applied studies may clearly illustrate
how tritrophic interactions function in ecological time. Applied
studies also can be used to develop better expectations about the effec-
tiveness of a particular natural enemy attacking its host on different
cultivars (e.g., Hare and Luck, 1991; Hare and Morgan, 2000). It may be
problematic, however, to attempt to infer from applied systems how
natural tritrophic interactions evolve because the interactions
observed in the applied system may be far removed from their original
ecological context.

Investigate more natural systems
Natural tritrophic systems require several attributes for profitable study.
Ideally, in order to carry out controlled experiments, the systems must be
tractable at all three levels. Plants must be easily grown, and both the her-
bivores and their natural enemies must be easily reared in the laboratory.
In addition, plants must be polymorphic for traits that influence natural
enemies and sufficiently short-lived that plant fitness can be measured
(see above). Because these conditions must be met simultaneously, it is
probably not surprising that so little work has been done in natural
systems. Nevertheless, such work is necessary in order to determine the
evolutionary trajectories of tritrophic interactions. Without such
research, we will continue to be unable to determine to what extent the
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tritrophic effects that we commonly observe are evolved or merely fortui-
tous.
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Multitrophic/multispecies mutualistic
interactions: the role of non-mutualists in
shaping and mediating mutualisms

Introduction

Off the coast of Massachusetts (USA), the hermit crab Pagurus longicarpus is
often found carrying a colonial hydroid, Hydractinia, on its shell. In some
situations, this interaction is clearly mutualistic: hermit crabs transport
hydroids to rich feeding sites, and hydroids in turn deter larger, damag-
ing organisms from colonizing hermit crab shells. The outcome of this
interaction shifts away from mutualism, however, under other ecological
conditions. The hydroid tends to be positively associated with a burrow-
ing marine worm that weakens hermit crab shells to the point where they
are easily crushed by predatory blue crabs (Callinectes sapidus). The nature
of the hermit crab-hydroid association thus varies depending on which
other species are present, shifting from mutualism (when blue crabs
and/or worms are scarce), to commensalism, to antagonism (Buckley and
Ebersole, 1994).

In most introductory biology textbooks, mutualism is defined as an asso-
ciation between organisms of two species in which both species benefit (e.g.,
Starr and Taggart, 1998; Tobin and Dusheck, 1998; Krogh, 2000). However,
the hermit crab-hydroid interaction clearly demonstrates that at least some
mutualisms can only be understood within a broader community context.
The influence of other species and other trophic levels on mutualism has
received curiously little attention, particularly in contrast to other types of
interactions (see Barbosa and Letourneau, 1988; Cardé and Bell, 1995;
Barbosa and Benrey, 1998; Barbosa and Wratten, 1998; Olff et al., 1999).
Mutualisms have been discussed to a certain extent within the literature on
indirect and tritrophic interactions (e.g., Vandermeer et al., 1985; Bertness
and Callaway, 1994; Wootton, 1994; Menge, 1995; Callaway and Walker, 1997;
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Sabelis et al., 1999). However, the full range of multi-trophic effects on mutu-
alism remains incompletely defined (but see Thompson, 1988; Cushman,
1991; Cushman and Addicott, 1991; Bronstein, 1994), and consideration of
their possible evolutionary consequences has been minimal (but see, e.g.,
Wilson and Knollenberg, 1987; West and Herre, 1994; Strauss, 1997).

In this chapter, we provide a review of multitrophic/multispecies
mutualisms, that is, interactions in which other species and trophiclevels
influence the nature and outcome of a potentially beneficial pairwise
interaction. We outline the conditions under which third species’ influ-
ence will be an essential feature of a mutualism, in that a pairwise rela-
tionship will only be beneficial in the context of these species’ influence.
(The hermit crab-hydroid interaction is an example of one such mutual-
ism.) We also document interactions that can in fact be considered mutu-
alistic in a strictly pairwise context, but whose outcomes and effects will
be substantially determined by the abundance or actions of other species.
In particular, we show that variation in the abundance of third species
leads the outcomes of many mutualisms to vary in space and in time, in
some cases to the point where they are no longer beneficial to one or even
both partners. Finally, based on the lessons gleaned from these examples,
we develop a set of working hypotheses regarding the broader evolution-
ary implications of third species mediation of mutualism.

Table 3.1 summarizes the range of interactions that we identify and
discuss. The examples we present were chosen to illustrate these phe-
nomena from diverse habitats, taxa, and kinds of mutualism. Some of the
examples are documented in studies explicitly designed to test hypothe-
ses about third-species mediation of mutualism; others emerge from
more inferential data collected for other purposes. Throughout this
chapter, we will emphasize the need for further direct tests of all of the
phenomena we identify.

Mutualisms that exist only in the presence of a third species

Mutualisms are commonly grouped according to the nature of the bene-
fits that partners exchange (Boucher et al., 1982). Three kinds of benefits
are usually recognized: transportation, in which one species moves its
partner or its partner’s gametes to places they could not otherwise reach;
nutrition, in which partners are provided with essential limiting nutri-
ents; and protection, in which one species protects its partners from nega-
tive influences of their biotic or abiotic environments. This section
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Table 3.1. Types of multitrophic/multispecies mutualism discussed in this chapter

I. Mutualisms that exist only in the presence of other species

I.A. Mutualism in the presence of a natural enemy of one of the partners
I.A.1.  Directattack on partner’s predators and parasites
I.A.2. Modification of partner traits so as to reduce its susceptibility to attack
1.A.3. Shared defense againsta common enemy

I.B. Mutualism in the presence of a competitor of one of the partners
1.B.1. Directattack on partner’s competitors
I.B.2. Modification of partner traits so as to increase its competitive

performance

II. Mutualisms whose outcomes are influenced by other species
II.A. Mutualisms altered by antagonists of one of the partners
II.A.1. Reduction in benefit via depressed density of one partner
II.A.2. Reduction in benefit via effects mediated by one partner’s natural
enemies
II.A.3. Reduction in benefit via effects mediated by one partner’s competitors
II.A.4. Augmentation in benefit via effects mediated by one partner’s natural
enemies
II.B. Mutualisms altered by other mutualists of one of the partners
II.B.1. Augmentation in benefit via shared attraction of mutualists
II.B.2. Augmention in benefit via facilitated colonization by mutualists

II.C. Mutualisms altered by exploiters of mutualism
II.C.1. Reduction in benefit via competition for mutualistic rewards and
services
II.C.2. Reduction in benefit via deterrence of mutualistic partners
II.D. Mutualisms altered by incidental disruption by humans and other species
II.D.1. Reduction in benefit via introduction of natural enemies or
competitors
II.D.2. Reduction in benefit via habitat modification

focuses on a subgroup of protective mutualisms in which one mutualist
shields its partner from the effects of natural enemies or competitors.
These mutualisms are of particular interest from a multitrophic/multi-
species perspective because, in these interactions, a pair of interacting
species can be defined as mutualists only in the context of their association with
a third species. In the absence of that species, most of these pairwise interac-
tions appear not to involve reciprocal benefits. The range of phenomena we
discuss in this section is summarized under the first heading in Table 3.1.

Mutualisms dependent on third species: natural

enemies
The best-known examples of protective mutualism, and some of the best-
known mutualisms overall, are those in which one species deters its part-



Multitrophic/multispecies mutualistic interactions

ner’s predators, parasites, parasitoids, or herbivores. Deterrence can take
atleast three forms: one partner can directly attack the other’s enemies, it
can modify the other’s traits in ways that reduce that partner’s susceptibil-
ity to enemies, or it can share in defense against a common enemy. Below,
we discuss each of these forms of deterrence. They are summarized in
sectionI.A of Table 3.1.

Ants aggressively defend diverse plants, homopterans, and lycaenid
caterpillars from their natural enemies in exchange for various food
rewards (Pierce, 1987; Huxley and Cutler, 1991; Koptur, 1992). When
enemies are abundant, these behaviors can translate into increased
growth, survival, or reproduction for ant-tended individuals. For
example, Pierce et al. (1987) showed that rates of predation and parasitism
of larvae of the lycaenid Jalmenus evagoras are so high that individuals
deprived of ant defenders cannot survive. Similarly, ant-defended Maieta
guianensis plants (Melastomataceae) experience little herbivory and are
able to produce 45 times more fruits than individuals denied ants for a
year (Vasconcelos, 1991). Ant defense can be effective even when less than
ferocious. Certain relatively timid, competitively inferior species benefit
plants by removing very small herbivores and their eggs (Letourneau,
1983; Gaume et al., 1997).

Another kind of active deterrence involves removal and consumption
of the partner’s ectoparasites. Interactions of this form are known from
both marine and terrestrial habitats, and include cleaner fish and their
hosts (Poulin and Grutter, 1996) and oxpeckers and oxen (Weeks, 2000).
However, it has proven very difficult to show that cleaners significantly
reduce parasite loads (but see Grutter, 1999), and no case is yet known in
which cleaning unequivocally increases host fitness. It is possible that
parasite loads are only rarely high enough to reduce host success, and
thus for parasite removal to confer a measurable benefit (Grutter, 1997). In
fact, cleaners commonly inflict significant damage to host tissues while
feeding, and this cost may outweigh any benefit conferred. Thus, while
cleaning is a multitrophic and multispecies interaction, it is debatable
whether its outcome is ever truly mutualistic.

Some mutualists deter their partners’ enemies by means other than
direct attack. In general, these interactions involve some modification of
the partner’s traits in ways that reduce the partner’s susceptibility to
enemies. For example, certain endophytic (leaf-inhabiting) fungi
produce secondary compounds that render their host plants distasteful
or even fatal to herbivores (Clay, 1991; Saikkonen et al., 1998; see also
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chapter 5). Decorator crabs gain protection from predator attack by
adorning themselves with distasteful algae (Stachowicz and Hay, 1999a).
Other invertebrates become covered with plants that effectively alter
their hosts’ colors or shapes, making them difficult for visually oriented
predators to recognize (Gressit ¢t al., 1965; Espoz et al., 1995). It should be
pointed out, however, that the consequences to the plants in these associ-
ations remain generally uninvestigated. It is entirely possible that, like
cleaning associations, they are rarely if ever mutualistic.

A final form of mutualistic protection is shared defense against a
common enemy. For example, in Miillerian mimicry systems, different
chemically defended species resemble one another and thus predators can
learn more quickly and remember more effectively to avoid distasteful
prey (Gilbert, 1983). Similarly, mixed-species foraging associations confer
joint protection when the benefit of group predator vigilance outweighs
competition for food (Metcalfe, 1989; Székely et al., 1989).

Mutualists dependent on third species: competitors

All of the examples above involve situations in which one mutualist alters
an interaction between its partner and its partner’s enemies. In a second,
overlapping category of mutualism, mutualists provide protection
against competitors (Table 3.1, section 1. B). As is true for mutualisms that
modify predator—prey interactions, many of these relationships confer no
other benefits to the protected partner, and often inflict some costs as
well. Hence, the pairwise relationship tends to be mutualistic only when
competitors are abundant.

Many examples are known in which one species directly attacks its
partner’s competitors, either by consuming or simply removing them.
The best-documented cases involve removal of epibionts, species that use
the external surface of another species as a habitat and thus compete with
it for a key resource such as light and/or nutrients (Witman, 1987; Fiala et
al., 1989; Dudley, 1992; McQuaid and Froneman, 1993; Ellison ez al., 1996;
Amsler et al., 1999). For example, along the coast of North Carolina (USA),
the coral Oculina arbuscula harbors the omnivorous crab Mithrax forceps,
which feeds on seaweeds and invertebrates growing on or near the coral.
Stachowicz and Hay (1999b) have shown that in certain habitats, corals
from which crabs have been experimentally removed develop a dense
cover of epibionts, resulting in reduced coral growth and increased mor-
tality relative to crab-associated corals, which remain epibiont-free.

Other mutualists modify competition not by active removal of their
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partner’s competitors, but by more indirect reductions of their competi-
tive effects. For example, Andropogon grasses function as competitive dom-
inants in tallgrass prairie communities only when colonized by
mutualistic mycorrhizae, which provide them with a resource-access
advantage (Hartnett et al., 1993). Endophytic fungi can confer sufficient
resistance to natural enemies that infected plants outperform competi-
tors that would otherwise displace them (Marks et al., 1991; Clay et al.,
1993).

By augmenting the performance of otherwise competitively inferior
species, mutualists like these can promote species coexistence, particu-
larly in communities where competition is intense (Wilson and
Hartnett, 1997; Stachowicz and Hay, 1999b). Thus, it is possible that
multitrophic/multispecies mutualisms that modify competitive envi-
ronments play critical roles in the maintenance of biological diversity at
the community scale. The role of mutualisms in generating and main-
taining community and ecosystem-level diversity is attracting increas-
ingattention (e.g., see Bever, 1999; Traveset 1999; Wall and Moore, 1999),
and this currently untested hypothesis deserves close scrutiny in this
context.

Do these mutualisms confer multiple benefits?

The examples we have cited here for third-species mediation of mutual-
ism are based on studies ranging from simple observations to complex
manipulative experiments. We strongly emphasize the importance of
further studies, particularly those that use experimental approaches, to
explore these phenomena further. In some cases, mutualistic third-
species mediation, although present, plays a fairly insignificant role in
the association between two species. This appears to be the case for many
plant-endophyte interactions, as Faeth and Bultman describe in chapter
5. In other protective mutualisms, additional, more direct benefits have
been identified. For example, Morales (2000) explored an ant—trechopper
mutualism via experimental manipulations of both ant and predator
densities. He demonstrated that ants do benefit trechoppers by protect-
ing them from predators, but also showed that they must provide other
benefits as well, since trechoppers perform better in the presence of ants
even when predators are absent; some evidence suggests that ant-tending
may increase trechopper feeding rates. Multiple benefits like these may
prove to be common within mutualisms, but as yet have barely been
explored.
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Mutualisms whose outcomes are influenced by third species

From the perspective of each participant, the net effect of any interaction
can be thought of as its gross benefits to that partner minus its costs. It is
now clear that the magnitudes of both gross benefits and costs, and thus
of net effects as well, are highly variable for virtually all mutualisms
(Thompson, 1988; Bronstein, 1994, in press). At times and places where
the costs of mutualism exceed its benefits, the net effect can even be
antagonistic. The idea that the effects of a single interaction can range
from mutualistic to antagonistic at ecological scales of time and space has
only been considered relatively recently; hence, we know very little about
the conditions (e.g., mutualist densities, presence of third species, and
abiotic factors) that produce observed patterns of variation. In this
section, we discuss variation in the intensity and outcome of mutualisms
that is mediated by species external to the mutualism. These effects
(which are summarized in the second section of Table 3.1) can be found in
all forms of mutualism, not only in the set of protective mutualisms dis-
cussed in the previous section of this chapter.

Mutualisms altered by third species: antagonists

Natural enemies not only reduce the fitness of their prey, but can also
indirectly reduce the fitness of their prey’s mutualists (Table 3.1, section
II.A). In the simplest case, densities of mutualistic species might be
expected to rise and fall together depending on the abundance of natural
enemies, but it is surprisingly difficult to find good examples of this in
nature (but see Dyer and Letourneau (1999) for a suggestive case). Tightly
linked density fluctuations may only be common in relatively obligate
and species-specific mutualisms. In more generalized mutualisms, the
reduction of any one partner species can have a barely discernible effect on
partner density. For example, declines in one species can spur increases in
the abundance of species that were previously excluded or suppressed
competitively; these resurgent species can function as equally effective, or
even more effective, mutualists (e.g., Young et al., 1997).

More complex antagonist-mediated effects, in which the benefits of
mutualism are reduced in the presence of antagonists even though mutu-
alist density per se is not, have been documented in a wide variety of
systems. For example, the spider Dipoena banksii, an ant predator, inter-
feres with protective mutualisms between the ant Pheidole bicornis and
Piper plants (Piperaceae) by building webs at the base of new leaves. Since
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the ant can detect and will avoid these webs, plants with spiders suffer
more herbivory than those without spiders (Gastreich, 1999). Herbivores
interfere with pollination and seed dispersal mutualisms by making
plants less attractive or accessible to their partners (Christensen and
Whitham, 1993; Strauss, 1997). For example, effects of herbivory on polli-
nation occur via reductions in resource allocation to flowers, nectar, and
pollen grains (Aizen and Raffaele, 1996, 1998; Lohman et al., 1996; Lehtila
and Strauss, 1997; Mothershead and Marquis, 2000), as well as via modifi-
cations in plant architecture and flowering phenology (Juenger and
Bergelson, 1997). Parasites can also interfere with pollination. Schmid-
Hempel and Stauffer (1998) describe a case in which the quality of bumble-
bees as pollinators deteriorates when they are infected with larvae of an
endoparasitic conopid fly: parasitized individuals show reduced fidelity
to any one plant species. Similarly, pathogenic fungi and bacteria that col-
onize nectar, flowers, and fruit can make plants less attractive to pollina-
tors and dispersers, leading to reduced visitation rates to infected plants
(Alexander, 1987; Borowicz, 1988; Buchholz and Levey, 1990; Ehlers and
Olesen, 1997).

Competitors of mutualists can similarly reduce the benefits of mutual-
ism. Plant species that flower simultaneously can compete for pollina-
tors, reducing reproductive success of one or more of them relative to
their performance when flowering alone (Rathcke, 1988). Different polli-
nator species, in turn, can compete for access to plants, with inferior com-
petitors left with inferior resources (Johnson and Hubbell, 1975).
Pollinators also compete with non-pollinators for flowers. For example,
wasp species that feed on sterile tissue within developing figs compete for
resources with the offspring of pollinator wasps that also develop there.
In some cases, this reduces pollinator maturation success, and hence the
potential success of the fig tree as a pollen donor (West and Herre, 1994;
Kerdelhué and Rasplus, 1996).

In some cases antagonists can actually enhance mutualistic benefits, at
least for one of the two partners. One type of unidirectional enhancement
takes place in interactions in which mutualistic rewards are only pro-
duced, or are produced in greater quantities, when attack by a natural
enemy increases the rewarding species’ need for defenders. Leimar and
Axén (1993), for example, demonstrated that the rate of reward secretion
by one lycaenid caterpillar increases after simulated predator attacks.
Similarly, in some plants, extrafloral nectar is an inducible defense pri-
marily produced in response to herbivore damage (Agrawal and Rutter,
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1998). In these interactions, the rewarded species is the one that benefits
from the presence of its mutualist’s antagonists; the species under attack
clearly does worse. Attack by herbivores occasionally leads to increases in
flower production, however, potentially benefiting pollinators and plants
alike (e.g., Lennartson et al., 1998).

Mutualisms altered by third species: mutualists

In so-called “friend’s friend” interactions (Boucher et al., 1982), the success
of one mutualism enhances the success of another (Table 3.1, section IL. B).
Two species that share a mutualist species are sometimes able to attract so
many more partner individuals when they co-occur that the positive
effects of sharing partners outweigh the negative effects of having to
compete for their attention. For example, certain plant species that flower
at the same place and time attract disproportionately high numbers of
pollinators, facilitating each other’s reproductive success (Rathcke, 1983;
Laverty, 1992). Similarly, plants may attract more seed dispersers when
neighboring species that share those dispersers bear fruit at the same
time (Sargent, 1990). Different plant species may also share root symbi-
onts via underground connections, resulting in bidirectional nutrient
transfer beneficial to both plants (Simard et al., 1997). Another form of
mutualistic enhancement of mutualism occurs when an individual is able
to obtain more mutualists once it has established another kind of mutual-
ism with a third species. Mycorrhizal inoculation can lead to an increase
in nodulation of the same plant by Rhizobium, as a consequence of the pos-
itive effect of mycorrhizae on plant size (Cluett and Boucher, 1983). Such
mutually facilitated colonization has been observed in other pairs of root
symbionts as well (Sempavalan et al., 1995).

Mutualisms altered by third species: exploiters
Exploiter species and individuals (often called “cheaters”) interfere with
mutualisms by reaping the benefits that mutualists offer their partners
while providing no benefits in return (Table 3.1, section II.C; Soberon and
Martinez del Rio, 1985; Bronstein, 2001). For example, species requiring
transport may advertise rewards but deliver none. Many orchids, for
instance, display nectarless flowers that mimic those of rewarding
species, and they receive sufficient visits to set seed (Dafni, 1984).
Exploitation can occur on the transport side of a transportation mutual-
ism as well, by visitors that collect rewards but do not transport or even
destroy the associate or its gametes. For example, nectar-robbers consume
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nectar but neither pick up nor deposit pollen (Maloof and Inouye, 2000).
Exploiters in protective mutualisms include species that consume plant
and insect rewards but never protect the reward-provider from its
enemies (DeVries and Baker, 1989; Gaume and McKey, 1999), as well as
Batesian mimics associated with Miillerian mimicry complexes, which
gain protection from enemies without producing the expensive chemical
defenses shared by the Miillerian species (Gilbert, 1983). In nutritional
mutualisms, exploiters include strains of mycorrhizae (Smith and Smith,
1996) and Rhizobium (Batzli et al., 1992) that obtain fixed carbon from their
host plants but transport no nutrients back to them. Lichens are attacked
by diverse parasitic fungi that enslave the algae and confer no benefit in
return (Richardson, 1999). As these examples might suggest, exploiters
can be found within essentially every kind of mutualism (Bronstein,
2001).

Exploiters do not always reduce the benefits that mutualists accrue
from their interaction (e.g., Maloof and Inouye, 2000). However, the neg-
ative impact of exploitation can sometimes be dramatic. Letourneau
(1990) has documented such an effect by a clerid beetle associated with an
obligate ant—plant mutualism in Costa Rica. The plant, a species of Piper,
produces food rewards once it detects the presence of its specific ant-
defender species. However, the beetle invades the plant, consumes the
ants, then somehow induces the plant to continue producing food bodies
forit. Thus, the plantloses its biotic defense system and its ant mutualists
lose their lives. Ant defensive mutualisms also can be disrupted by non-
predatory exploiters. Non-mutualistic ants have recently been shown to
prune buds and flowers from the ant-plants with which they are asso-
ciated, increasing vegetative plant growth but reducing sexual reproduc-
tion to near zero (Yu and Pierce, 1998; Stanton et al., 1999). In some cases,
monopolization of a reward by a non-mutualistic ant species deters visits
by more mutualistic ants (Gaume and McKey, 1999).

Mutualisms altered by third species: incidental and

anthropogenic disruptions
Finally, some species disrupt mutualisms simply as by-products of other
behaviors. Prominent among these disruptions are the activities of
humans (Table 3.1, section II.D). Anthropogenic effects on mutualisms
can be dramatic and are increasing at an alarming rate (e.g., see Smith and
Buddemeier, 1992; Buchmann and Nabhan, 1996; Kearns et al., 1998;
Richardson ez al., 2000). Notable among these effects is the intentional or
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accidental introduction of mutualists’ predators, parasites, and competi-
tors. For example, invasion by the Argentine ant (Linepithema humile) has
been altering mutualisms worldwide. In South Africa, it outcompetes
native ants, resulting in reduced seed dispersal of native myrmecochor-
ous plants (Bond and Slingsby, 1984), while in Hawaii it destroys nests of
endemicbees that are essential pollinators of the endemic flora(Coleezal.,
1992). Humans also alter the environment in a number of ways that lead
mutualisms to break down, including habitat destruction and fragmen-
tation (Aizen and Feinsinger, 1994), generation of inferior edge habitats
(Jules and Rathcke, 1999), introduction of pollutants (Kevan et al., 1985),
and carbon dioxide enrichment (Smith and Buddemeier, 1992; but see
Staddon and Fitter (1998) for a case in which increased CO2 may enhance a
set of mutualisms).

Variation in third-species effects

In each of the examples discussed in this section, a third species has been
shown to have either a positive or negative effect on one or both mutual-
ists, and thus on the mutualism as a whole. However, it is not uncommon
for third-species effects on a given mutualism to vary in direction. For
example, consider the effects that plants experience from certain antago-
nists of their biotic pollinators and seed dispersers. The benefits of both
pollination and seed dispersal depend not only upon mutualists arriving
to the plants, but upon whether they depart with the plant’s gametes.
Visits that are too long are therefore less beneficial, since they can resultin
selfing in the case of pollination, and deposition of seeds directly under
the parent plant in the case of seed dispersal. For this reason, predators
and other antagonists whose presence leads mutualists to shorten their
visits therefore might actually enhance plant reproductive success (Pratt
and Stiles, 1983; Maloof and Inouye, 2000). However, if these antagonists
are either too common or too successful, mutualist visits might well
become limiting to plant success. In other words, depending on their
abundance and actions, certain antagonists might either increase or
decrease the benefits of the mutualism they disrupt.

The most thoroughly studied cases in which species external to a
mutualism have varying effects involve interactions that are mutualistic
only in the presence of a third species (Table 3.1, sectionI). In these cases, it
is the presence and identity of a fourth species that affects the direction of
the outcome. One group of mutualisms in which these effects are seen are
those in which ants defend other insect species from their natural
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enemies. The fourth species in these situations are the plants on which
the insects feed while they are defended. At least two kinds of plant traits
affect the magnitude of benefits that tended insects receive from their
defenders. First, the nutritional status and water content of the host plant
influences the quality and quantity of rewards produced by ant-tended
herbivores for their ants, and hence the degree of protection that ants
provide to them in return (Fiedler, 1990; Pierce et al., 1991; Burghardt and
Fiedler, 1996). Baylis and Pierce (1991), for example, showed that larvae of
the lycaenid Jalmenus evagoras that feed on fertilized plants attract more
ant defenders, and consequently experience higher survivorship. Not
surprisingly, adult lycaenids preferentially oviposit on fertilized plants
(Pierce and Elgar, 1985). Second, whether or not the plant directly offers
rewards to ants can potentially affect the success of ant-insect defensive
mutualisms taking place on its surface. Plant rewards could either shift
ant attention away from the insects they tend, disrupting ant-insect
mutualisms (Becerra and Venable, 1989), or else contribute to the support
of a larger population of defenders, enhancing ant—insect mutualisms
(Del-Claro and Oliveira, 1993). Converse effects are also possible: if ants
prefer insect rewards over plant rewards, ant—plant mutualisms can be
disrupted (Buckley, 1983; DeVries and Baker, 1989).

Evolutionary implications of multitrophic/multispecies
mutualisms

Cushman and Addicott (1991) have suggested three general sources of
variation in the outcomes of mutualism: (1) variation in the kinds of eco-
logical “problems” species experience; (2) variation in the solutions that
partners can provide to these problems; and (3) variation in the availabil-
ity of mutualists. The direct and indirect influences of other species are
key determinants of all of these sources of variation. Although this point
has been developed previously (Thompson, 1988; Bronstein, 1994) and
elaborated upon for one kind of mutualism (Cushman, 1991; Cushman
and Addicott, 1991), its broader effects, particularly in an evolutionary
context, have been underappreciated. In this final section, we speculate
upon and offer some hypotheses regarding the evolutionary dimension of
multitrophic/multispecies mutualisms.

Itis clear that species from various trophic levels not only mediate the
interactions between mutualists in ecological time, but may act as selec-
tive forces in the evolution of mutualism. That is, interactions between
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mutualists are mediated by species of the same and other trophic levels not only at
ecological but evolutionary time-scales. The evolutionary influence of a third
species on mutualists is likely to be difficult to demonstrate, particularly
in circumstances in which the influence of third species is indirect. In the
(usual) absence of opportunities to demonstrate ongoing evolution,
attempts to prove evolutionary pathways have generally entailed demon-
strations that the mechanisms and conditions that would facilitate the
proposed evolutionary scenario do at least exist.

Following this approach, we suggest that (1) traits mediating mutualisms
that exist only in the presence of external species are likely to indicate the evolution-
ary influence of those external species. For example, it has proven difficult to
explain the evolution of certain complex plant and insect structures and
exudates (e.g., Pierce, 1987; Letourneau, 1990; Folgarait and Davidson,
1994) outside the context of soliciting ant protection against natural
enemies. Put another way, in the absence of selective pressure imposed by
natural enemies, those ant rewards would not have arisen. (Of course, the
natural enemy species important within these interactions today are not
necessarily the same ones that exerted selection at the time those traits
evolved. Furthermore, additional past or present functions of these traits
might well be found some day.) At the same time, however, it should be
remembered that many of the critical traits that mediate protective
mutualisms probably did not evolve within those interactions. For
example, ants exhibit diverse behaviors that facilitate their functions as
mutualistic protectors of plants and insects, but it is difficult to find evi-
dence that any of these behaviors arose or changed after the establish-
ment of those associations. Rather, other species evolved traits that
co-opted and redirected pre-existing ant behaviors, such as interspecific
aggression and nest-cleaning.

We further suggest that (2) traits within mutualisms that serve multiple
functions often indicate an evolutionary role of other species. The existence of
traits that serve multiple functions and that influence several species can
be observed in all pairwise interactions, not only mutualisms. In
predator—prey interactions, many anti-predator behaviors are exapta-
tions, i.e., traits that originally evolved in response to a third species or
other selective force but now serve additional functions (Sih, 1992; Yosef
and Whitman, 1992; Kudo, 1996; Kudo and Ishibashi, 1996; Matsuda et al.,
1996; Rayor, 1996). For example, many lepidopteran larvae drop (balloon)
on a strand of silk as a method of dispersal (McManus and Mason, 1983).
This same behavior can also serve as an anti-predator defense. It is not
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effective against all types of predators and parasitoids (see Yeargan and
Braman, 1989a, b), that is, the outcome of the expression of this behavior
is conditional. One might speculate that the evolution of ballooning as an
anti-predator defense may have been constrained by its importance in
dispersal, or vice versa. Another example of single traits that function in
multiple interactions involves guppies (Poecilia reticulata), in which mate
selection by females is based on male color patterns. The evolution of
interactions between males and females may have been constrained by
the responses of other species, such as predators, to the color patterns.
Thus, as predation intensity increases, color patterns become simpler,
body size is reduced, and schooling intensifies (Endler, 1995).

In the case of mutualism, indirect influences like these might arise ifa
behavioral, physical, or physiological trait that originally evolved in
response to a third species concurrently or subsequently acquired arolein
the context of a mutualistic interaction. It might then come under selec-
tion in the context of that mutualism. In the clearest example to date,
Armbruster (1997; Armbruster et al., 1997) has provided extensive phylo-
genetic evidence documenting that floral compounds in Dalechampia
vines (Euphorbiaceae) are exaptations; they apparently originated as
chemical defenses against herbivores, and were subsequently co-opted
and further modified in the context of attracting and rewarding pollina-
tors.

Considerably more complex evolutionary scenarios can also be envi-
sioned. We offer one hypothetical example to illustrate this point. Many
flowering plants lose nectar to animals that provide no pollination service
(Maloof and Inouye, 2000). Floral morphologies of some of these species,
such as highly elongated corolla tubes, have been hypothesized to have
evolved as mechanisms to deter such nectar-robbers. However, some of
these same floral traits restrict the pool of pollinators to species that
possess matching morphologies (e.g., hummingbirds with highly elon-
gated bills), and may in fact have selected for those morphologies
(McDade, 1992). At the same time, many robbers have evolved traits or
adopted behaviors that allow them to feed on nectar regardless of corolla
length. For instance, certain hummingbird species have evolved serrated
bills that allow them to rip corollas open (Ornelas, 1994). It is possible that
floral traits like these evolved in the context of robbing and subsequently
influenced the evolution of the mutualism, particularly the evolution of
specialization to pollinators. Alternatively, these floral traits may have
evolved in the context of mutualism, and subsequently influenced the
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evolution of robbing. It is also conceivable that they have been selected
simultaneously in the context of fostering mutualists and deterring
robbers. To our knowledge, there is as yet no evidence available that
would lend support any one of these scenarios over the other two.
Whichever happened, it is clear that multiple evolutionary (and coevolu-
tionary) processes can take place at one time within a given mutualism,
and can interact when they do.

Traits that affect multiple species can impart remarkable ecological
and evolutionary complexity to mutualistic relationships. For example,
many plants possess extrafloral nectaries (EFNs), and the most common
mutualists that feed from them are ants that defend those plants (Koptur,
1992). However, most plant defense mutualisms based on EFNs are highly
generalized, involving interactions with many species other than or in
addition to ants. Some of these EFN visitors benefit the plant, including
predatory and fungivorous mites and parasitic wasps (Pemberton, 1993;
Pemberton and Lee, 1996; van Rijn and Tanigoshi, 1999). Others are com-
mensal or even antagonistic towards the plant (e.g., DeVries and Baker,
1989). The evolution of pairwise interactions between ants and plants is
likely to have constrained and been constrained by the evolution of
plants’ relationships with many other species. It will be a challenge to
tease apart and identify the evolutionary pressures exerted by single
species in diffuse multitrophic/multispecies mutualisms like these.

This will be a particularly difficult (although interesting!) challenge
when a single species functions either as a mutualist or antagonist of its
partner, depending on the ecological context. For example, traits might
evolve in response to selection on the mutualistic component of an inter-
action in one subset of ecological habitats, but in response to selection on
its antagonistic component elsewhere. Such a process might give rise the
kind of “geographic mosaic of coevolution” studied by John Thompson
and his colleagues for strictly pairwise mutualisms (i.e., ones consider-
ably simpler than those discussed in this chapter), in which a single
species pair coevolves as mutualists in some patches but as antagonists in
others (e.g., Nuismer et al., 1999, 2000; Gomulkiewicz et al., 2000;
Hochberg et al., 2000). An important step for future research is to delin-
eate the kinds of mutualisms in which these and other evolutionary pro-
cesses might be expected.

This review has barely touched on a number of other fascinating ques-
tions about the ecological and evolutionary distribution of multi-
trophic/multispecies effects. For instance, are they more common in
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symbiotic versus non-symbiotic, specialized versus generalized, or obli-
gate versus non-obligate mutualisms? Are they more abundant in certain
habitats? In symbiotic mutualisms, are third-party influences greater on
the symbiont or the external partner? Is there a relationship between the
evolutionary age of a mutualism and the likelihood that it is mediated by
other species? Can multitrophic/multispecies mutualisms undergo coev-
olution?

It is quite clear that third species influence both the ecological nature
and intensity of mutualistic relationships, and quite likely that they have
played important roles in the evolution of mutualistic traits. It is equally
apparent that major new insights stand to be gained by studying mutual-
isms in the context of the role that other species play within them both
currently and in the past. Only a handful of unifying principles have yet
been proposed that help us understand the nature of mutualisms, and the
few that do exist have as yet generated even fewer testable hypotheses.
The review and analysis of the literature on multitrophic/multispecies
mutualisms that we have presented here generates several testable
hypotheses that we hope ultimately will contribute to this process.
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4

Tritrophic interactions in tropical versus
temperate communities

Introduction

The latitudinal gradient in diversity is one of the oldest (e.g., Wallace,
1878) and most obvious trends in ecology, and a wealth of literature is
devoted to understanding both the causes and consequences of this gradi-
ent (Dobzhansky, 1950; also reviewed by Rohde, 1992). Given the enor-
mous latitudinal differences in both diversity and productivity between
temperate and tropical habitats, it is likely that relationships among
trophic levels may also be fundamentally different. Although trophic
interactions can be complex, a current research goal in community
ecology is to determine which populations at different trophic levels are
limited due to resource availability and which are limited due to con-
sumption by higher trophic levels. In this chapter, we review the litera-
ture to determine if latitudinal trends exist for trophic controls.
Identifying these patterns should help clarify whether ecological para-
digms developed in temperate systems are useful for understanding trop-
ical systems. Tropical ecologists, conservation biologists, and agricultural
scientists have suggested that many ecological paradigms do not apply to
tropical systems and should not be used to make management decisions
or theoretical assumptions. Another advantage of identifying latitudinal
gradients in tritrophic level interactions is that many of the hypotheses
attempting to explain the latitudinal gradient in diversity are based on
untested assumptions about the differences between tropical and tem-
perate communities. For example, it is assumed that higher levels of spe-
cialization (for all consumers) in the tropics have allowed for greater
numbers of species (Dobzhansky, 1950; Pianka, 1966; MacArthur and
Wilson, 1967), but it is not at all clear that a latitudinal gradient in
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specialization exists (Price, 1991a; Marquis and Braker, 1994; Fiedler,
1998). Similarly, levels of predation are assumed to be higher in the
tropics (Paine, 1966; Janzen, 1970), and these high levels are hypothesized
asafactor that maintains higher levels of diversity (Pianka, 1966). Tests of
these assumptions are an important part of understanding the latitudi-
nal gradient in diversity.

In order to describe latitudinal gradients in terrestrial tritrophicinter-
actions we focus on direct and indirect effects of predators and parasitoids
on lower trophic levels, and effects of plant resources on upper trophic
levels. Hairston et al.’s (1960) initial top-down hypothesis for herbivore
regulation resulted in many theoretical and empirical studies on the
effects of top-down and bottom-up forces on community structure (most
recently reviewed by Pace et al., 1999; Persson, 1999; Polis, 1999). However,
there is still disagreement regarding which factors limit populations of
different trophiclevels. Currently, there are three prominent models that
incorporate direct and indirect effects in tritrophic interactions (Fig. 4.1):

1. Top-down trophic cascades. In these models, predators and plants are
resource-limited while herbivores are limited by their consumers.
Thus, predators regulate their prey and indirectly benefit plants.

2. Bottom-up trophic cascades. These models suggest that both
herbivores and enemies are regulated by plant biomass. Bottom-up
hypotheses incorporate basic thermodynamics: energy is lost as it is
transferred up the trophic chain, so the biomass of herbivores, then
primary and secondary carnivores attenuates and is dependent on total
primary productivity (Lindeman, 1942; Slobodkin, 1960).

3. The green desert. This also addresses bottom-up hypotheses but
focuses on resource limitation as the factor determining community
structure (Menge, 1992; Moen et al., 1993). In this hypothesis it is
assumed that herbivores cannot utilize most plant parts, either
because they cannot digest the most common plant macromolecules
(e.g., cellulose; Abe and Higashi, 1991) or because of toxic secondary
metabolites (e.g., Murdoch, 1966; White, 1978).

Although the above models are not necessarily mutually exclusive,
each one probably has better predictive power in specific ecosystems.
Some authors have criticized these models and presented convincing
arguments to dispose of trophic cascade theories (Polis and Strong, 1996)
because of the ubiquity of factors such as omnivory and diet shifts and a
general lack of demonstrable trophic structure in real communities. For
example, many terrestrial predators eat both herbivores and plants,
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Fig. 4.1. Direct and indirect effects among three trophic levels and plant
resources. Direct effects are indicated by a solid line between two trophic
levels, and indirect effects (cascades) are indicated by a dashed line. A negative
effect of one trophic level on the other is drawn with a bullet-head, and a
positive effect is drawn with an arrowhead. The effect is on the trophic level
nearest to the arrow- or bullet-head. The numbers closest to the lines refer to
current models in ecology that examine trophic relationships: (1) top-down
trophic cascades; (2) bottom-up trophic cascades; (3) the green desert model;
and (4) resource availability models. The meta-analysis measured the strength
of these interactions in tropical versus temperate systems.

potentially having no indirect positive effect on plants. Persson (1999)
adds to these criticisms by pointing out that terrestrial studies of trophic
cascades have not included appropriately scaled experiments with large
vertebrate herbivores and predators and that there are many other indi-
rect interactions that are equally important in structuring communities.
Thus, the validity of these trophic models and their applicability to differ-
ent habitats have been the target of much discussion. In this chapter, we
compile information from the literature to assess the relative strength of
top-down and bottom-up forces across a latitudinal gradient.

Specific predictions have been made about how aspects of tritrophic
interactions differ between tropical and temperate systems. Below we
review the evidence that suggests that in the tropics plants are better
defended, herbivory is higher, and pressure from natural enemies is more
intense. These patterns imply that tropical herbivore populations have
adapted to pressures from intense bottom-up and top-down forces. In this
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chapter, we examine the literature relevant to the specific predictions of
latitudinal differences and present a meta-analysis from 14 years of
research in tropical and temperate communities. Using this analysis we
evaluate the relative effects of top-down and bottom-up forces by directly
comparing the suppression of herbivores by natural enemies versus by
chemical compounds. We also assess the effects of plant resource avail-
ability on upper trophic levels via chemical defense or plant biomass.

Meta-analysis methods

The meta-analysis included data from January, 1985 through December,
1998. All papers in the journals Oecologia, Biotropica, and the Journal of
Tropical Ecology were examined for quantitative measures of the following
direct and indirect interactions: resources (light, nitrogen, phosphorus)
on plant biomass or survivorship and on plant defenses; plant defenses
(chemical defenses and leaf toughness) on percentage herbivory, herbi-
vore biomass, or herbivore survivorship; herbivores (natural and artificial
damage) on plant biomass or survivorship; natural enemies on prey
biomass or survivorship; and natural enemies on plant biomass (see Fig.
4.1). The starting date was chosen because the first issue of the Journal of
Tropical Ecology was published in that year. For the journal Oecologia, we
used the same starting date but only included nine years of studies
(1985-1993) because the work reported in that journal is mostly temper-
ate, and we were attempting to collect a balanced sample of tropical and
temperate work. A bibliography of the papers that were examined can be
found on the internet along with the effect sizes from each study
(http://www.caterpillars.org). Papers that were actually included in the
meta-analysis were those that contained means, measures of dispersion,
and sample sizes. We conducted a mixed model meta-analysis for temper-
ate versus tropical systems to uncover potential latitudinal differences.
We defined tropical studies as all those conducted in natural ecosystems
below 2000 m within the tropics of Cancer and Capricorn or on organisms
that live exclusively in those latitudes.

Equations in Gurevitch and Hedges (1993) were used to calculate com-
bined effect sizes across all studies and 95% confidence intervals for the
meta-analysis. Means and standard deviations were taken directly from
tables or text, were calculated from other statistics, or were gleaned from
figures (using a ruler). We calculated only one effect size per interaction
per paper. If more than one effect size was available for an interaction, we
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randomly selected a value or used the last value in a series of measure-
ments. In this chapter, we report all effect sizes along with the range of the
95% confidence intervals (after Gurevitch and Hedges, 1993); all other
measures of dispersion reported here are +1 standard error. Any effect
sizes greater than 1.0 were considered to be large effects (Gurevitch and
Hedges, 1993). We compared the strength of specific trophic interactions
(Fig. 4.1) in tropical versus temperate systems by using the between class
heterogeneity statistic, Op, which has approximately a x2 distribution
(Gurevitch and Hedges, 1993).

Utilizing a meta-analysis for a review such as this one has notable
advantages because the effect size calculated is independent of sample
size, avoiding the problems arising from the positive correlation between
sample size and likelihood of attaining a significant result. However,
meta-analyses are subject to the same problems as any literature review
based on vote-counting or more subjective narrative reviews of existing
studies, including subjectivity of data collection from the literature,
biases in collections of studies, and loss of system-specific details for the
sake of generality (Gurevitch and Hedges, 1993). We attempted to mini-
mize subjectivity of data collection by only including those studies that
had distinct statistics reported in tables, figures, or text. The only obvious
bias in the studies we examined was a tendency to examine specialist
invertebrate herbivores when studying the effects of herbivory on plants.
We discuss consequences of this bias below.

Latitudinal trends in plant defenses

Plant defenses are an important component of tritrophic interactions
over both ecological and evolutionary time-scales. Latitudinal differ-
ences in defenses among plant communities should influence popula-
tion dynamics of plants, herbivores, and natural enemies, and these
interactions shape the evolution of defenses. Several reviews and empir-
ical studies indicate that there is a strong latitudinal gradient in chemi-
cal defenses, with tropical plants being better defended than temperate
plants (Crankshaw and Langenheim, 1981; Langenheim et al., 1986;
Miller and Hanson, 1989; Coley and Aide, 1991; Basset, 1994; Gauld and
Gaston, 1994; Coley and Kursar, 1996, in press a). Alkaloids are more
common and toxic in the tropics (Levin, 1976; Levin and York, 1978).
About 16% of the temperate species surveyed in these studies contained
alkaloids, compared to more than 35% of the tropical species. Simple
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phenolics do not seem to vary between latitudes, but condensed tannins
in mature leaves are almost three times higher in tropical forests
(Becker, 1981; Coley and Aide, 1991; Turner, 1995). The diversity of secon-
dary compounds is also much higher in tropical than temperate forests
(Miller and Hanson, 1989; Gauld and Gaston, 1994). This may occur
because plant diversity is far greater in the tropics, but it is also true that
many sympatric closely related plants have different chemical defenses
(Waterman, 1983; Gauld and Gaston, 1994). For many herbivores, leaf
toughness is the most effective feeding deterrent (Coley, 1983; Lowman
and Box, 1983; Langenheim et al., 1986; Aide and Londofio, 1989). This
defense increases threefold in the tropics across four different forest
types, being lowest in temperate plants. Indirect plant defenses, such as
domatia and extrafloral nectaries are also more common in the tropics
(Koptur, 1991).

Another striking difference between tropical and temperate plant
defenses is that young, expanding tropical leaves have the highest levels
of investment in secondary compounds, while temperate plants invest in
higher levels of chemical defense in mature leaves. In tropical trees,
young leaves contain much higher concentrations of simple phenolics,
condensed tannins, terpenes, and alkaloids compared to the concentra-
tions found in mature leaves (Coley and Kursar, in press a). In temperate
trees, young leaves contain half the concentration of condensed tannins
as mature leaves (Coley and Kursar, in press a).

While the above data strongly indicate that both young and mature
leaves of tropical species are substantially better defended than leaves
from temperate species, our meta-analysis suggests that the negative
impact of defenses on herbivores is similar in temperate and tropical
regions (Fig. 4.2). There were large negative effects of plant defenses on
herbivores for tropical (—1.06) and temperate (—1.32) systems, and
there were no significant differences between the latitudes (O =1.18,
df=1,P>o0.5). These results are not inconsistent with the documented
latitudinal gradient in plant defenses. In this case, herbivore response
is not an adequate measure of severity of plant defense, since many of
these studies examined specialist herbivores that are adapted to the
defenses of their hosts. Temperate and tropical studies alike have dem-
onstrated that specialists have evolved adaptations to detoxify or
sequester the defensive compounds that are unique to their restricted
array of host plants (Krieger et al., 1971; Whittaker and Feeny, 1971;
Feeny, 1976; Dyer, 1995; Camara, 1997). So, the similar magnitude of the



Tropical versus temperate communities

4 _ R
2 e
3 A & Ml Temperate
3 Tropical 4
2 4
*
11 Resources Pl i *
ant Herbivoras 2
on plant defense on on plant Pradators
x defensa herbivoras  biomass on priy
¥ 01 —
Resources Resources Trophic
on plant on plant cascade
1 - biomass defense *
2
=3 1
1
-4 T T T T T T T T

Fig. 4.2. Accumulated effect sizes across studies (di+) in tropical and temperate
systems and 95% confidence intervals. The dependent variables included
measures of biomass, defense, survivorship, and percentage damage. Any
effect sizes greater than 1.0 were considered to be large effects. An asterisk
indicates a significant difference (P <0.05, based on the between class
heterogeneity statistic, Og) for that interaction across lattitudes. The numbers
above or below each bar indicate the number of studies included for the meta-
analysis.

negative effect of defenses on herbivores across latitudes may result
from coevolutionary interactions, where elevated defenses in the
tropics are countered by elevated modes of tolerance or detoxification
by specialist herbivores.

A more appropriate test of latitudinal differences in the effectiveness
of plant defenses was recorded by Miller and Hanson (1989), who con-
ducted experiments and literature reviews to compare development of a
naive generalist herbivore (Lymantria dispar) on 658 species of tropical and
temperate food plants. Their results were consistent with the hypothesis
that tropical plants are better defended: plant chemistry was a good pre-
dictor of suitability of host plants, and when tropical plants were added to
their assay, the proportion of host plant rejections increased. A more
extensive meta-analysis than the one reported here might allow for dis-
tinguishing the effects of plant defenses on adapted specialists versus
generalists or naive herbivores; in that case, we predict a greater negative
effect of tropical versus temperate plants on the generalist or naive herbi-
vores.
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Plant responses to resource availability

A number of studies on anti-herbivore defenses of plants have proposed
relationships between resource availability, plant growth rates, plant
vigor, and plant defense relevant to the three models of community struc-
ture that we present in our introduction (e.g., Bryant et al., 1983; White,
1984; Larsson et al., 1986; Nichols-Orians, 1991a; Price, 1991b; Herms and
Mattson, 1992; Shure and Wilson, 1993; Fig. 4.1). However, in order to
make sense of plant responses to resource availability, we must distin-
guish between interspecific trends, where we compare species that have
evolved adaptations to different habitats, and intraspecific trends, where
we compare phenotypic responses of plants to short-term changes in
resources. These inter- and intraspecific responses are frequently oppo-
site. For example, in chronically resource-poor communities, such as
those with low light or poor soils, plants grow slowly and are selected to
invest heavily in defenses (Janzen, 1974; Grime, 1979; Coley et al., 1985).
This in turn would limit herbivore populations, as predicted by the green
desert hypothesis. However, in a given system, changing the availability
of resources could either enhance or confound traditional hypotheses of
bottom-up control. This is because plastic responses of plants reflect
source—sink imbalances (not optimal solutions), and some resources
increase growth, while others increase defenses. An example of enhance-
ment of thermodynamic bottom-up control would be under lowered
nitrogen conditions: levels of carbon-based defenses will increase, and
herbivores will decline because of increased plant defense as well as lower
plant biomass. The opposite situation (i.e., contradicting bottom-up pre-
dictions) could also result from variation in nitrogen or light availability.
Kyto et al. (1996) found that despite predictions by bottom-up models, fol-
ivore populations did not increase in response to nitrogen additions,
perhaps because of increases in nitrogen-based defenses. Similarly, under
low light availability, herbivore populations might be expected to decline
because of reduced plant productivity, but they are just as likely to
increase because of lower levels of carbon-based defenses (Bryant et al.,
1983). Variation in light availability might also affect nitrogen-based
defenses (Bryant et al., 1983), which would alter effects of enhanced plant
biomass on upper trophic levels. The few studies that have examined
associations between resource availability, plant biomass, plant chemis-
try, and herbivory have yielded inconsistent results (Waterman et al., 1984;
Larsson etal., 1986; Bryantet al., 1987; Briggs, 1990; Dudt and Shure, 1994);
thus the relationships between these variables need to be examined more
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closely. This type of work will enhance bottom-up models by improving
our understanding of how communities adapt to different resource levels
and how they respond to short-term fluctuations.

Plasticity in plant defenses

In an earlier section, we discussed evidence for a latitudinal trend in
defenses that results from selection. The data suggest that the optimal
level of defense is greater in the tropics. Here we examine plastic
responses of plants to variation in light and mineral resources (Bryant et
al., 1983; White, 1984; Larsson et al., 1986; Nichols-Orians, 1991a; Price,
1991b; Herms and Mattson, 1992; Shure and Wilson, 1993). Not surpris-
ingly, data from our meta-analysis showed that plants respond to an
increase in resources by increasing growth (Fig. 4.2). In addition, there
were defense responses consistent with the theory of carbon-nutrient
balance (Bryant et al., 1983). This hypothesis suggests that resources in
excess of baseline requirements for growth and defense are invested in
defenses. Thus, under conditions of high light, carbon-based defenses
(e.g., tannins and terpenes) should increase, whereas under nitrogen fer-
tilization, nitrogen-containing compounds (e.g., alkaloids) should
increase. In our analysis, increases in nitrogen, phosphorus, and light
availability had strong effects on plant defenses. Depending on the
resources and the defenses, both positive and negative effects were seen in
approximately equal numbers of studies (Fig. 4.2). For example, Nichols-
Orians (1991b) found that increased light availability was correlated with
increased concentrations of condensed tannins (positive effect of
resources), while Mihaliak and Lincoln (1985) found that increased levels
of nitrate (from fertilizing) led to decreased concentrations of volatile ter-
penes (negative effect of resources). Although resource levels clearly influ-
enced plant growth and levels of defense, there were no differences
between tropical and temperate systems in the magnitude of effect
(resources on plant biomass, O =0.19, df =1, P> o0.5; resources negatively
affecting plant defense, Qp=2.16, df=1, P>o0.1; resources positively
affecting plant defense, Op = 0.0016, df =1, P>0.9).

Herbivory

Levels of herbivory are variable at many different scales of time and space
at all latitudes. For example, herbivores generally prefer young leaves
over mature ones, but the difference is most dramatic in the tropics (Coley
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and Aide, 1991). In addition, within the tropics, leaf damage is signifi-
cantly less in wet than in dry tropical forests (Barone, in press a), pioneer
species have higher levels of herbivory than understory species (Coley,
1988; Nufiez-Farfan and Dirzo, 1989; Marquis and Braker, 1994), and
understory plants suffer more herbivory than canopy plants (Lowman,
1985; Barone, in press b).

Despite this variation within latitudes, there is a detectable latitudinal
pattern of herbivory. A review of herbivory in tropical versus temperate
systems reported that mean folivory was 7% (n=13 studies) in the temper-
ate zone versus 16.6% (n=29 studies) in the tropics (Coley and Barone,
1996). The effect sizes calculated in the meta-analysis support the hypoth-
esis that herbivory is more intense in the tropics and has a greater nega-
tive effect on plant biomass and survivorship than herbivory on
temperate plants (Fig. 4.2; Op = 31.0, df =1, P<0.0001). Despite this differ-
ence, the effects of herbivory on plants were large for both temperate
(—1.25) and tropical (—2.1) studies.

Differences in herbivory on young versus mature leaves create a latitu-
dinal pattern that mirrors the pattern of chemical defenses (Coley and
Kursar, 1996). In the temperate zone, most of the damage occurs on
mature leaves, while in the shade-tolerant species of the tropical wet
forests, approximately 75% of the lifetime damage occurs during the
short period of leaf expansion. The concentration of herbivores on
ephemeral young leaves allows rapid herbivore development and might
also select for efficient host-finding abilities in parasitoids.

Because physical and chemical defenses are higher in the tropics, the
higher levels of herbivory suggest that herbivore pressure or specialized
adaptations to specific plant defenses must also be greater. Our meta-
analysis indicates that tropical herbivores probably are better adapted to
defenses because the increased levels of tropical defenses do not have a
greater negative effect on tropical herbivores when compared to the effect
of weaker temperate plant defenses on their herbivores (Fig. 4.2). Some
diversity hypotheses suggest that increased levels of specialized herbi-
vory in the tropics help maintain the high diversity of trees (Janzen, 1970;
Leigh, 1999). These authors suggest that if the herbivores are specialized,
the intense levels of tropical herbivory will keep their host plant rare,
allowing other species to coexist. Again, our meta-analysis supports this
hypothesis since the tropical herbivores are more likely to suppress
overall biomass of superior plant competitors. For example, one of the
papers in our meta-analysis (Letourneau and Dyer, 1998b) uncovers a dra-
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matic increase in the density of one understory plant (Piper cenocladum)
when specialist herbivores are suppressed. Since P. cenocladum can occur at
very high densities (Letourneau and Dyer, 1998b), forests where the plant
is suppressed should be able to support higher species richness of under-
story plants.

Natural enemies

In addition to facing a diverse array of plant toxins, herbivores in the
tropics may also be subjected to more intense pressure from natural
enemies. It has long been thought that predation is more intense in tropi-
cal compared to temperate ecosystems (Paine, 1966; Elton, 1973; Rathcke
and Price, 1976; Gauld and Gaston, 1994). There are some data that
support this hypothesis (Jeanne, 1979) along with some indirect evidence,
but very few appropriate comparisons have been made. The most cited
indirect evidence that predation is more intense is that important preda-
tory taxa are more diverse in the tropics. Ants provide a clear example of
an important group of predators that are more species-rich and abundant
in tropical versus temperate systems (Kusnezov, 1957; Fischer, 1960;
Wilson, 1971). Jeanne (1979) tested the hypothesis of a latitudinal gradient
in ant predation by offering wasp larvae to ants at five locations along a
latitudinal gradient and found that rates of predation were significantly
greater in the tropics. Our meta-analysis also confirms that natural
enemies have strong negative effects on herbivores at all latitudes, but the
magnitude of the effect is significantly higher in tropical (—1.89) versus
temperate (—1.0) systems (Fig. 4.2; Op=21.3, df =1, P<0.0001).
Overalllevels of parasitism are either the same in tropical and temper-
ate systems (Hawkins, 1994) or are slightly higher in tropical systems,
despite the fact that for some parasitoid groups diversity is lower and
assemblage sizes are smaller in the tropics compared to temperate
systems. Hawkins (1994) examined levels of parasitism for over 1200
hosts all over the world and found no latitudinal gradient in mortality,
and while he did document a positive relationship between parasitoid
species richness and mean parasitism rates, the lower levels of diversity
in the tropics were not associated with lower levels of parasitoid-induced
mortality. Other rearing studies indicate that levels of parasitism are
slightly higher in tropical versus temperate forests. G. Gentry and L. A.
Dyer (unpublished data, but also see http://www.caterpillars.org and
Dyer and Gentry, 1999) have compiled a five-year database of over 200
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species of tropical Lepidoptera and have found that mean yearly levels of
parasitism for 55 well-sampled species (17 families) were 32.5% = 3%. In
contrast, mean levels of parasitism across 98 species (13 families) of tem-
perate caterpillars (from a long-term database published in Schaffner
and Griswold, 1934 and used by Sheehan, 1991 then by Dyer and Gentry,
1999) were 17% * 2%. Even if pressure from parasitoids is higher in the
tropics than in the temperate zone, it is likely that predation is a more
important source of mortality than parasitism in tropical systems while
parasitism is more important source of mortality in temperate systems.
Hawkins et al. (1997) quantified enemy-induced mortality for 78 species
of herbivores and found that predators represent the dominant natural
enemy in the tropics, whereas parasitoids are dominant in temperate
systems.

An examination of latitudinal trends in plant defenses provides addi-
tional indirect evidence for higher pressure from natural enemies in trop-
ical systems. Mature leaves of rainforest species have extremely high
concentrations of condensed tannins as compared to temperate ones
(Coley and Aide, 1991). Tannins as defenses present a paradox, because
they cause herbivores to grow more slowly but also to consume more leaf
tissue (Price et al., 1980; Coley and Kursar, in press a). The paradox is
solved if prolonged larval development makes herbivores susceptible to
predation for longer, as the removal of larvae, particularly in the early
instars, will reduce damage to the plant (Benrey and Denno, 1997).
Therefore, we would only expect tannins to evolve as a defense if, by
slowing herbivore growth, they made larvae more vulnerable to preda-
tors. The high tannin levels in mature tropical leaves, and the low abun-
dance of mature leaf feeders, suggests that natural enemies may be quite
effective in reducing herbivory in tropical forests (Coley and Kursar, in
press a).

Herbivore defenses

The large negative effects of plant toxins on herbivores are attenuated by
the fact that many specialized herbivores utilize these toxins for their
own defense. Studies comparing different defensive mechanisms of her-
bivores have found chemical defenses to be the most effective against a
diverse suite of natural enemies (Dyer, 1995, 1997). Chemical defenses of
tropical versus temperate herbivores potentially mirror the defenses
found in their host plants: tropical herbivores are generally more toxic
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than their temperate counterparts. Both direct and indirect evidence has
been accumulated to support this generalization. Sime and Brower (1998)
presented direct evidence that tropical Lepidoptera are more toxic than
those in temperate latitudes. They demonstrated that the latitudinal gra-
dient in species richness of unpalatable butterflies is greater than the gra-
dient for the Papilionidae, which they use as an average (in terms of
palatability) butterfly family. These results should be viewed with
caution, since many supposedly toxic groups have never been investi-
gated for toxicity (DeVries, 1987, 1997), and many groups that were
thought to be toxic were not toxic to several different invertebrate preda-
tors (Dyer, 1995, 1997). In addition, the assumption that the immatures of
entire families or subfamilies of butterflies are unpalatable (Sime and
Brower, 1998) is unrealistic and has not been supported by empirical data
(Dyer, 1995).

The “nasty host hypothesis” (Gauld et al., 1992; Gauld and Gaston,
1994) provides further indirect evidence for the elevated toxicity of tropi-
cal herbivores. Many taxa of parasitoid Hymenoptera are not more
diverse in the tropics, and one explanation for this could be that tropical
hosts are more toxic than extra-tropical hosts. The parasitoid groups that
are negatively affected by “nasty” compounds are less diverse in the
tropics. Furthermore, diversity of tropical parasitoids is not lower for egg
or pupal parasitoids because these stages are usually not chemically
defended; likewise diversity is high for tropical parasitoids of herbivores
that eat non-toxic plant tissue (Gauld et al., 1992; Gauld and Gaston, 1994).
Gauld et al. (1992) also pointed out that the proportion of aposematic
insects is higher for many taxa in the tropics and that the tissues of most
of these insects are likely to be toxic.

Chemically defended herbivores are often dietary specialists (Duffey,
1980; Bowers, 1990; Dyer, 1995), therefore it is possible that the gradientin
herbivore unpalatability (if it does exist) is correlated with a latitudinal
gradient in specialization. Limited evidence has been provided in
support of such a gradient (Scriber, 1973, 1984; Basset, 1994; Scriber et al.,
1995; Sime and Brower, 1998), although there are notable exceptions
where chemical and phylogenetic constraints minimize any latitudinal
gradients in host plant specialization (Fiedler, 1998). For those groups for
which diet breadths are narrower in the tropics, the increased specializa-
tion may be a result of plant chemistry (Ehrlich and Raven, 1964) or pres-
sure from natural enemies (Bernays and Graham, 1988), or a combination
of these top-down and bottom-up forces (Dyer and Floyd, 1993).
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Tritrophic interactions and trophic cascades

Tropical ecosystems are generally considered to be more complex, con-
taining longer trophic chains and trophic webs that exhibit more omni-
vory, intraguild predation, and unpredictable indirect effects. Convincing
arguments have been made suggesting that top-down and bottom-up
trophic cascades are unlikely to occur in such complex ecosystems.
However, studies that have focused on top-down forces have discovered
recipient control in terrestrial systems with high diversity that include
omnivory and opportunistic diets (Spiller and Schoener, 1994; Dial and
Roughgarden, 1995; Floyd, 1996; Moran et al., 1996; Letourneau and Dyer,
1998b; Dyer and Letourneau, 19993, b; Pace et al., 1999). The concept of dis-
tinct trophiclevels that exert statistically detectable forces on other levels
(whether they be donors or recipients) is useful for community ecology;
rather than discarding this concept, more empirical tests are needed to
examine the role of omnivory with respect to mediating or mitigating
top-down and bottom-up forces. Alternatively, the concept of “effective”
trophic levels, in which trophic levels are fractional rather than discrete
integers (e.g., 3=a predator with a 100% diet of herbivores, 2.5=an omni-
vore with a 50% herbivores and 50% plant diet), could be utilized to
enhance the predictive power of the major trophic cascades models
(Christian and Luczkovich, 1999).

Using either the traditional concept of trophic levels or the new
concept of functional trophic levels, very few terrestrial studies have doc-
umented clear top-down cascades (as actual indirect effects) anywhere
(Letourneau and Dyer, 1998a). This is because it is difficult to control for
direct effects of predators and parasitoids on plants (or top predators on
herbivores). For example, many of the ant—plant systems in the tropics,
which have been used to demonstrate the positive effects of predators on
plants, have not measured clear indirect effects because the ants may have
considerable positive direct effects on the plant (nutrient procurement),
considerable negative direct effects (costs of producing food), or other
indirect effects (see Bronstein and Barbosa, chapter 3, this volume). With
this caveat in mind, the limited numbers of studies that do exist suggest
that top-down cascades occur in terrestrial systems (reviewed by Pace et
al., 1999). In fact, the strong negative effects of enemies on herbivores and
negative effects of herbivores on plants uncovered by our meta-analysis
(Fig. 4.2) support the idea that enemies can have indirect positive effects
on plants even if they do shift diets, eat plants, or compete with other con-
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sumers. The very few studies in our meta-analysis that directly docu-
mented a top-down cascade also support this idea (Fig. 4.2). Effects of
enemies on plants were positive for both tropical (1.44) and temperate
(0.38) systems, but the effects were significantly greater for the tropics (Op
=6.03,df=1,P<0.025).

The strong top-down (direct and indirect effects) control demon-
strated by tropical studies in our meta-analysis included large vertebrate
predators and herbivores (e.g., Jedrzejewski et al., 1992; Meserve et al.,
1993), which partially addresses Persson’s (1999) criticism that trophic cas-
cades studies have not been appropriately scaled. The results of these
studies are also relevant to tropical conservation issues. Terborgh (1992)
suggested that top-down cascades are important in Neotropical forests,
and he hypothesized that the decline of large mammalian predators due
to forest fragmentation and hunting could lead to an increase of mam-
malian seed predators and a decline in tree species with large seeds.
Terborgh’s specific predictions may be incorrect because a correlation
between herbivore body size and seed size may not exist (Brewer et al.,
1997). However, it is clear that top-down control is important in tropical
systems, and various cascading effects may cause tropical conservation
problems similar to the negative cascading effects of disappearing coyotes
(caused by habitat fragmentation) on bird diversity in temperate commu-
nities (Crooks and Soulé, 1999).

Conclusions

The main latitudinal trends noticed across the three trophic levels of
plant, herbivore, and natural enemy indicate that with respect to temper-
ate ecosystems, the tropics exhibit: (1) increased diversity for most taxa at
all three trophic levels, with the exception of some parasitoids, (2) higher
levels of plant defenses (mechanical, biotic, and chemical), (3) increased
levels of herbivory, (4) more toxic herbivores, and (5) more intense pres-
sure from natural enemies.

Examination of the effect sizes in the meta-analysis revealed that
strong top-down and bottom-up forces were detectable in both temper-
ate and tropical systems (Fig. 4.2). Despite the complex trophic structure
of tropical communities, distinct trophic levels exert statistically detect-
able forces on other levels. There was no latitudinal difference in the effect
of plant defenses on herbivores, however, top-down effects of predators
on herbivores and herbivores on plants were significantly stronger in the
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tropics. Thus, if one looks at the relative importance of these forces on
community structure, we see quite surprising and distinct patterns in the
different systems. In temperate systems, plant chemistry appears to have
astronger ecological impact on herbivores than do natural enemies, even
though levels of defense are relatively low. On the other hand, in tropical
systems natural enemies seem to be more important than plant defenses.
Thus, controls on community organization may follow different rules
along a latitudinal gradient.

Why do we see these latitudinal differences, with top-down controls
being relatively more important in the tropics? We offer several specu-
lative suggestions. First, the exploitation ecosystem hypothesis posits
that greater productivity should favor top-down control because when
plant productivity is high, as in the tropics, sufficient resources will be
available to allow natural enemies to act as “effective trophic levels”
that control herbivore populations (Fretwell, 1977; Oksanen et al., 1981).
Second, because tropical climates are more favorable year round, popu-
lations of both herbivores and natural enemies do not suffer severe sea-
sonal crashes. This should lead to a more reliable presence of an
effective third trophic level in tropical communities. And finally,
because natural enemies are predictable due to benign tropical cli-
mates, plants have had the evolutionary opportunity to enlist the help
of natural enemies in controlling herbivores (Coley and Kursar, in press
b). For example, tropical plants more frequently have extrafloral nec-
taries. They also have twice the levels of tannins and toughness, which
slow herbivore growth and increase their susceptibility to natural
enemies. Thus, we suggest that the high, year-round productivity of
the tropics may be an important factor leading to the observed gradient
in trophic controls.

Many aspects of trophic cascades models remain untested in tropical
or temperate systems. Most studies have focused on biomass at differ-
ent trophiclevels, and very few studies have examined top-down effects
of predators on plant community structure or bottom-up effects of
plant resources on animal community structure (Persson 1999). Clearly,
more empirical studies are needed to understand the scope of trophic
cascades and the conditions under which they occur. Future studies
should attempt to test the effects of top-down cascades on plant com-
munity structure and bottom-up cascades on consumer community
structure, and investigators should utilize creative approaches, such as
examining effective trophic levels (Christian and Luczkovich, 1999), to
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alleviate some of the problems pointed out by critics of trophic cascades
theory (Polis and Strong, 1996). These studies will undoubtedly reveal
some of the mechanisms driving the strong latitudinal gradient in
species diversity.
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Endophytic fungi and interactions among host
plants, herbivores, and natural enemies

Introduction

Plant-associated microbes are well known for mediating interactions
between plants, herbivores, and natural enemies. Plant pathogens may
increase or decrease host resistance to invertebrate herbivores and alter
attack by natural enemies of the herbivores (e.g., Hatcher, 1995).
Mycorrhizal associations alter plant nutrition and growth and thus indi-
rectly influence herbivores feeding upon host plants (e.g., Gehring and
Whitham, 1994; Gehring et al., 1997) as well as their natural enemies.
Endophytic fungi (fungi that live asymptomatically within plants, at
least for part of their life cycle), however, are the only plant-associated
microorganisms that are postulated to directly increase host plant
defenses against both vertebrate and invertebrate herbivores (Carroll,
1988; Clay, 1988). Endophytic fungi have been considered as “acquired
chemical defenses” (Cheplick and Clay, 1988) in grasses and “inducible
defenses” and herbivore “antagonists” in woody plants (Carroll, 1988,
1991).

Endophytic fungi are very abundant and often extremely diverse in
both woody (e.g., Carroll, 1991; Faeth and Hammon, 1997 a, b; Stone and
Petrini, 1997; Arnold etal., 2000) and grass host plants (Leuchtmann, 1992;
Saikkonen et al., 1998; Schulthess and Faeth, 1998). The main mechanism
for increased plant resistance to herbivores is the production of mycotox-
ins. Additionally, endophytes may also alter plant physiology and
morphology (Clay, 1990; Bacon, 1993), similar to mycorrhizal associations.
Endophytic mycotoxins, notably alkaloids, are now well documented for
some systemic endophyte infections in pooid grasses, but far less so for
the more diverse and localized infections in grasses and woody plants

[89]



90

STANLEY H. FAETH AND THOMAS L. BULTMAN

(Petrini et al. 1992; Siegel and Bush, 1997; Saikkonen et al., 1998). Some
endophytes in woody plants have been shown to increase host plant resis-
tance to insect herbivores, especially sedentary insects, such as galling
insects (Wilson and Carroll, 1997). However, the vast majority of this
diverse group of microorganisms probably are neutral, and even occa-
sionally positive (e.g, Gange, 1996), in their interactions with host plant
herbivores (Faeth and Hammon, 1996, 1997a, b; Saikkonen et al., 1998).
These endophytes generally form localized infections, are horizontally
transmitted via spores, and most have little effect on either the host plant
or herbivores (Saikkonen et al., 1998). Consequently, we should not expect
widespread and strong effects on the third trophiclevel, natural enemies
(but see Preszler et al., 1996).

In this chapter, we examine the generality of increased host plant
resistance via endophytic fungal associations. We focus largely on the sys-
temic, specialized endophytes inhabiting pooid grasses because: (1) these
associations have been studied much more than other endophyte-host
plant interactions, (2) alkaloidal mycotoxins responsible for increased
herbivore resistance are fairly well known, and (3) the interactions of sys-
temic endophytes with their hosts are considered strongly mutualistic.
Thus, if plant defenses via endophytes are common in nature, we expect
they should be especially evident in these grass—endophyte associations.
Further, we predict that any effects of endophytes on the third trophic
level should also be most prominent in these systems compared to endo-
phytes that non-systemically infect grasses and to those that infect plants
other than grasses.

Grass systemic endophytes

Background
Systemic endophytes of cool season grasses in the Pooideae subfamily are
typically members of the ergot family, Clavicipitaceae (Ascomycota). Most
of these endophytes are found as the anamorphic (asexual) stage and are
transmitted vertically by growing into seeds of maternal plants (Clay,
1988; Schardl et al., 1997). Other clavicipitaceous, systemic endophytes
(e.g., Balansia) and epiphytes (e.g., Atkinsonella) may produce mycotoxins
that affect herbivores and natural enemies (Clay, 1989), but they, for the
most part, negatively affect their host plants by producing stromata
which sterilize the host. Thus, these fungi are not considered strongly
mutualistic in terms of increasing host plant resistance to herbivores.
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These endophytes and their effects on herbivores have been reviewed else-
where (e.g., Clay 1988, 1989, 1991, 1998; Breen, 1994; Saikkonen et al., 1998)
and we do not consider them further here. Instead, we focus on Epichloé
and Neotyphodium, systemic endophytes of cool-season grasses. There are
at least nine known described species of Epichlo¢ (Schardl and
Leuchtmann, 1999) and at least eight species of Neotyphodium (Clay, 1998).
However, many others are yet undescribed taxonomically (e.g., White,
1987; White et al., 1996; Miles et al., 1998; Marshall et al., 1999) and still
others yet to be discovered and isolated from host grasses (e.g.,
Leuchtmann, 1992).

Exclusively asexual forms of Epichloé have been classified by conven-
tion as the genus Neotyphodium (formerly Acremonium sect. Albo-lanosa:
Glenn et al., 1996). While Neotyphodium is always transmitted vertically
(Type III infection: Schardl and Phillips, 1997), strains of Epichloé can
either be transmitted vertically via seeds or horizontally (Type II infec-
tion). Epichloé can produce stromata in grass inflorescences that produce
disease conditions (choke panicle) and both asexual and sexual spores
(Bucheli and Leuchtmann, 1996). Production of stromata depends both
on the Epichloé strain and environmental conditions (Schardl et al., 1997)
which, in turn, can affect the outcome of the interaction. Vertically trans-
mitted Epichlo¢ are more mutualistic relative to the host grass than those
strictly horizontally transmitted Epichloé (Bucheli and Leuchtmann, 1996;
Schardl and Clay, 1997; Schardl et al., 1997).

Asexual Neotyphodium endophytes, alternatively, are always transmit-
ted from maternal plant to offspring (Type III infection), similar to cyto-
plasmic organelles (Siegel and Schardl, 1992; Schardl and Tsai, 1992;
White et al., 1993a, b; but see White et al., 1996). Evolutionary theory (Law,
1985; Lewis, 1985; Massad, 1987; Ewald, 1988, 1994; Marquis and
Alexander, 1992; Frank, 1994) predicts that vertically transmitted strains
of Epichloé¢ and especially Neotyphodium endophytes should exhibit a high
degree of mutualistic interaction with the host plant and a high degree of
specificity. For the seed-borne endophytes in Festuca species of grasses,
molecular phylogenic studies support this prediction, showing a high
degree of specificity, suggesting long evolutionary relationships with the
host plant (An et al., 1992, 1993; Schardl and Tsai, 1992; Schardl ez al., 1994,
1997). Molecular phylogenies suggest that Neotyphodium endophytes
evolved from parasitic, pathogenic strains of Epichloé species on multiple
occasions (White, 1988; Schardl and Clay, 1997) and may have diversified
via hybridization with several Epichloé species, at least in perennial
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rye-grass and tall fescue (e.g., Schardl et al., 1994, 1997; Tsai et al., 1994;
Schardl and Phillips, 1997).

Effects on vertebrate herbivores

Undoubtedly, the presence of Neotyphodium and Epichloé endophytes
inhabiting pasture and turf grasses, such as tall fescue and perennial rye-
grass, have dramatic biological effects on vertebrate grazers. Endophyte
infections in these introduced grasses cause toxicoses to grazing livestock
(Reddick and Collins, 1988; Clay, 1989,1990, 1991, 1992; Ball et al., 1993;
Hoveland, 1993). In perennial ryegrass (Lolium perenne), Neotyphodium-
linked ergot and indole diterpene-type (e.g., lolitrem B) alkaloids
produce staggers, intoxication, and general poor health in sheep and
cattle. In tall fescue (Festuca arundinacea), pyrrolizidine (lolines) and ergot-
type alkaloids cause gangrene of extremities, reduced conception, and
general poor health in livestock (see Siegel and Bush, 1996; Bush et al.,
1997).

However, while cases of livestock toxicity are well known from tall
fescue and perennial ryegrass introduced to North America (Clay, 1988,
1991; Siegel and Schardl, 1991), these grasses appear much less toxic to ver-
tebrates in their native ranges (Siegel and Bush, 1996). Infected tall fescue
and perennial ryegrass in native habitats tend to produce far fewer types
and lower levels of alkaloids than in the introduced and cultivated varie-
ties of these grasses (e.g. Siegel and Bush, 1997; Saikkonen et al., 1998).
Most populations contained only one type of alkaloid (peramine) rather
than the three to four types typically found in introduced tall fescue and
perennial ryegrass (Saikkonen et al., 1998). Also, tall fescue in native habi-
tats appears to be far less dominant and invasive (Saikkonen, 2000) than
its agronomic counterpart in the USA (Clay and Holah, 1999), suggesting
reduced competitive advantages related to grazing in native habitats
(Saikkonen, 2000).

There are surprisingly few examples of Epichlo¢ and Neotyphodium
endophytes in native grasses with marked biological effects on vertebrate
herbivores (Table 5.1) given the widespread occurrence of these endophy-
tes in grasses. Systemic Epichloé or Neotyphodium endophytes are known
from all tribes and most genera in the subfamily Pooideae, including
Poeae (Festuceae), Aveneae, Meliceae, Triticeae, Brachypoideae, and
Bromeae. Also, if one considers Stipeae as a tribe within the subfamily
Arundinoideae (e.g., Barkworth and Everett, 1988), then these endophy-
tes may also occur across grass subfamilies because Neotyphodium is found
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in Achnatherum (Stipa). Leuchtmann (1992) reported that about 290 grass
species are infected by systemic clavicipitaceous endophytes, or about 4%
of 8ooo known grass species. Leuchtmann (1992), however, considered
this as a very conservative estimate, since relatively few grass species have
been systematically studied. He estimated that at least 20%—30% of grass
species (1600—2400 species) harbor systemic endophytes. Of the 3000+
species of the Pooideae (MacFarlane, 1988), we can expect conservatively
20%-30% are likewise infected with Epichloé or Neotyphodium. In fact, new
discoveries of Neotyphodium endophytes appear to be accelerating as more
native grasses are tested (e.g., White, 1987; White et al., 1993, 1996; Li et al.,
1997; Marlattetal., 1997; Miles et al., 1998; Marshall et al., 1999; Nan and Li,
2001; Saikkonen et al., 2001).

Neutral or positive effects of grass endophytes on vertebrates are prob-
ably underreported (e.g., Carroll, 1991). In contrast, there are probably
very few unreported cases of strong negative effects of endophytes on ver-
tebrates. The biological effects of endophyte poisoning on livestock are
often striking, and many cool-season grasses are important forage for
livestock and wildlife. This contention is borne out by very old reports in
botanical, ecological, and agronomic literature of toxic or narcotic
grasses, long before the endophytic mechanism of toxicity was known
(Hance, 1876; Vogl, 1898; Bailey, 1903; Freeman, 1904; Marsh and Clawson,
1929; White, 1987; Miles et al. 1998).

Comprehensive studies of the effects of systemic endophytes in native
grasses on vertebrate grazers are scarce, but they suggest that negative
effects on vertebrates are uncommon. Contrary to predictions of the anti-
herbivory hypothesis, our studies of Arizona fescue show no relationship
between frequency of endophytes infection and livestock and native
ungulate grazing (Saikkonen et al., 1998, 1999, Schulthess and Faeth,
1998). In a recent study of Elymus canadensis, wild ryegrass, in North
American grasslands, infection by Neotyphodium is common and wide-
spread but apparently has little or no effect on grazing mammals (Vinton
et al., 2001). In Morocco, Neotyphodium-infected Festuca mairei, a native
grass, apparently does not deter cattle grazing, but does confer drought
resistance (Marlatt et al., 1997). Many native grasses in China, although
infected by Neotyphodium, usually are not toxic to livestock (Nan and Li,
2001).

Even reported cases of strong herbivore resistance to vertebrate
grazing (Table 5.1) may be exaggerated. For example, Achnatherum (Stipa)
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robusta, termed “sleepy grass” for its strong narcotic effects on horses
(e.g., Petroski et al., 1992), is toxic in only a few isolated populations in
the Sacramento Mountains in New Mexico. Forty-eight other popula-
tions from across the southwestern USA harbor high frequencies of
endophyte infection but do not exhibit narcotic or toxic effects on live-
stock (Jones et al., 2000). In another case, Miles ez al. (1998) reports that
toxicity of infected Echinopogon ovatus is limited to only certain popula-
tions, and other Echiinopogon species infected with Neotyphodium are not
toxic to livestock. Finally, two other oft-cited grasses in Table 5.1 causing
strong vertebrate toxicity, Lolium perenne and L. temulentum, are not toxic
in many populations within their native range, and in many intro-
duced, agronomic populations (Bor, 1973). Apparently, only the seeds of
L. temulentum are toxic to vertebrates in populations where vertebrate
toxicity is known (Bor, 1973). This evidence supports the hypothesis that
alkaloids of seed-borne endophytes should be most effective at seed and
seedling stages, rather than adult plant stage (see section “Alternative
hypotheses for diversity and maintenance of systemic endophytes,”
below).

Effects on invertebrate and microherbivores

In addition to deterring vertebrate herbivory, systemic endophytes in
grasses are also well known for increasing resistance to invertebrate
herbivores and pathogenic microorganisms (Clay, 1987a, 1988, 1989,
1990, 1991; Carroll, 1988; West et al., 1988; Gwinn and Bernard, 1990;
Kimmons et al., 1990; Dahlman et al., 1991; Clay et al., 1993; Breen, 1994).
Resistance to insect pests in tall fescue appears to result from high
levels of peramine and pyrrolizidine (loline) alkaloids produced by the
endophyte (Siegel and Bush, 1996, 1997). Clay (1989, 1991: Table 17.1) pre-
sents a list of 14 pooid and 10 non-pooid endophyte-infected grass
species known to have increased resistance to insect pests. Most of the
grasses and invertebrate species tested thus far, however, are non-
native, agronomic grasses and generalist pest species introduced to
North America. One would expect that native specialists are less
affected by alkaloids in their host plants (Saikkonen et al., 1998) so any
conclusions regarding the generality of endophytes increasing resis-
tance to invertebrates must be tempered since few native grass/inverte-
brate systems have been examined.

Even in the agronomic grass/insect pest studies, systemic endophytes
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donotalways increase, and, in some cases, may decrease, resistance to her-
bivores. Saikkonen et al. (1998) summarized studies of agronomic grasses
and found only 66% and 71% of bioassays showed negative effects of
infected tall fescue and perennial ryegrass, respectively, on invertebrates.
These percentages are surprisingly low because endophyte infection in
these introduced grasses are thought to be universally detrimental to
insect herbivores. Selective breeding, low genetic diversity, and intense
grazing selection apparently have selected for endophytes that produce
unusually high levels and multiple types of alkaloids relative to most
known infected grasses, but even these do not always increase herbivore
resistance (Saikkonen et al., 1998).

Relatively few native grass populations and their systemic endophytes
have been studied for effects on native invertebrate herbivores. We have
extensively tested the role of Neotyphodium in Arizona fescue (Festuca ari-
zonica), a native southwestern US grass, in resistance to a variety of native
and non-native invertebrates. We have found either no increase in resis-
tance or decreases in resistance due to the presence of Neotyphodium (Lopez
et al., 1995; Saikkonen et al., 1999; Tibbets and Faeth, 1999). Infected
Arizona fescue produces one type of alkaloid, peramine, and at highly
variable levels within and among populations (L. P. Bush and S. H. Faeth,
unpublished data). Since these low and variable levels of alkaloids appear
typical of many Neotyphodium-infected native grasses (Siegel and Bush,
1997; Saikkonen et al., 1998; Leuchtmann et al., 2001), we predict that resis-
tance to invertebrate herbivores should not be common in Neotyphodium-
infected native grasses, and certainly less frequent than invertebrate
resistance found in agronomic grasses.

Herbivory on grasses: the raison d’étre for endophytes?
Increased resistance to herbivores has been postulated as the main selec-
tive pressure maintaining high frequencies of Epichloé, and especially,
Neotyphodium, endophytes in pooid grasses (Clay, 1988, 1991, 1998; Siegel
and Schardl, 1991). This hypothesis is partially supported in that most
cases of strong anti-herbivore effects are associated with seed-borne endo-
phytes. Vertically transmitted symbionts are predicted to be more mutua-
listic with their hosts than horizontally transmitted endophytes by
evolutionary theory (Law, 1985; Massad, 1987; Ewald, 1088, 1994; Marquis
and Alexander, 1992; Frank, 1994; Schardl et al., 1997; Wilkinson and
Schardl, 1997). One expects frequent and strong anti-herbivore mutual-
isms (e.g., Clay, 1998) since endophyte and host growth and reproduction
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are closely linked. Further, since most Epichloé or Neotyphodium endophy-
tes produce some alkaloids (Siegel and Bush, 1997), albeit often at low
levels (Saikkonen et al., 1998, 1999), systemic endophytes generally have
the basic metabolic pathways in place for alkaloid production.
Additionally, variation in alkaloid types and levels exists within and
among populations of infected grasses (Siegel and Bush, 1997) and is
genetically based (Wilkinson et al., 2000). For example, peramine levels in
infected Arizona fescue plants range from zero to >3 ppm within the
same population (S. H. Faeth and L. P. Bush, unpublished data). Thus, one
would expect that if herbivory exerts strong selective pressure, then high
concentrations and numerous types of alkaloids should characterize
many more endophyte—grass associations. This begs the question: why
aren’t there more cases of systemic, vertically transmitted endophytes
resulting in strong anti-herbivore effects? Possible explanations include:

1. Herbivory on adult plants may not be a strong selective force in
maintaining endophytes that produce high levels of alkaloids. The
effects of herbivory on plant fitness are highly variable and often indirect
(e.g., Crawley, 1983; Marquis, 1992) and in some cases, absent or even
positive (e.g., Paige and Whitham, 1987). For grasses, these effects may
even be weaker due to the evolutionary trajectory taken by graminoids to
tolerate grazing with adaptations like below- or near-ground
meristematic tissue, rather than evolving defense against herbivores
(Crawley, 1983; Strauss and Agrawal, 1999). Intensive livestock grazing
and even herbivory by insect pest species (Siegel and Bush, 1996) may
change competitive abilities of grasses and lead to higher frequencies of
infected agronomic grasses (Clay, 1996, 1998; Rambo and Faeth, 1999).
However, grazing pressure by vertebrates in natural grasslands is
generally less intense and more sporadic than agronomic pastures.
Likewise, herbivory by insect pest species is often persistent and severe
on agronomic grasses of low genetic diversity grown in near
monocultures (Siegel and Bush, 1996). In natural grasslands, increased
plant diversity and host plant heterogeneity, as well as increased natural
enemy attack (e.g., Barbosa and Schultz, 1987), generally act to reduce
herbivore loads relative to agronomic pastures and lawns.

2. The prevalence of mutualisms tends to be greatest under stressful
environmental conditions where the partnership ameliorates the
stress (e.g., Hacker and Gaines, 1997). Maintenance of high frequencies
of endophytes may be more related to continuously stressful abiotic
factors, such as low water and nutrient availability, rather than
inconsistent and unpredictable herbivory. Indeed, infections increase
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resistance to drought (see below) and there is some evidence that
endophytes, like mycorrhizal counterparts, may enhance nutrient
uptake by altering root structure and releasing phenolic acids into root
zones (Malinowski et al., 1998; Malinowski and Belesky, 1999).

. Alkaloid production by endophytes is costly to the host plant.

Synthesis of nitrogen-rich alkaloid compounds by endophytes may
compete with host plant requirements for limited nitrogen.
Experiments of Cheplick et al. (1989) found that infected tall fescue
performed worse than uninfected plants under conditions of low soil
nitrogen, but the benefits of infection increased with increasing
nitrogen. Since most non-native, agronomic grasses are grown under
conditions of supplemented soil nutrients, alkaloid levels and,
consequently, effects on herbivores may be exaggerated relative to
native grasses and soils (Saikkonen et al., 1998). We have found that
supplementing soil nutrients to Arizona fescue increases peramine
levels twofold. This result suggests that alkaloid production may be
limited by available soil nutrients (S. H. Faeth and L. P. Bush,
unpublished data), but also suggests that endophyte mutualisms may
not be common in nutrient stressful situations (see previous section)
unless enhanced nutrient uptake for the hosts outweighs competition
for nitrogen by endophyte alkaloid production. In addition to
metabolic costs of production, Carroll (1991) suggested that some
mycotoxins might directly damage the host plant, and alkaloids, at
least those produced by plants, are known to damage plants at high
concentrations (Karban and Baldwin, 1997). Finally, alkaloid
production by endophytes may also inhibit mycorrhizal colonization
and reproduction (Chu-Chou et al., 1992; Goldson et al., 1992) and thus
exacerbate nutrient uptake and limitation of the host grass.

. Plant genotype effects on resistance to herbivores, drought and

nutrient stress, and other selective pressures may subsume endophyte
effects. Even in agronomic grasses with limited genetic diversity,
drought resistance may depend on genotypic variation between the
host grass and endophyte (Elbersen and West, 1996; Buck et al., 1997). In
Arizona fescue, we have found that plant genotype usually explains
more variation in plant growth and reproduction than the presence or
absence of the endophyte, under varying nutrients and water regimes
(Saikkonen et al., 1999; T. J. Sullivan and S. H. Faeth, unpublished data).

Alternative hypotheses for diversity and maintenance
of systemic endophytes

Clavicipitaceous endophytes, especially Epichloé, and Neotyphodium are
widespread and diverse among grass host species. When present in popu-
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lations, frequencies of endophytes tend to be high (Leuchtmann and Clay,
1997; Saikkonen et al, 1998). Asexual and vertically transmitted
Neotyphodium symbionts are never gained and can only be lost from
plants, either by failure of hyphae to grow into seed heads or tillers
(imperfect transmission: Ravel et al., 1997) or loss of hyphal viability in
seeds or plants (e.g., Siegel et al., 1984; but see White et al., 1996).
Therefore, positive selective pressures must maintain high frequencies in
populations, because if neutral or negative, then frequencies should
rapidly decline. What other explanations are there for the widespread
occurrence of systemic, seed-borne endophytes across grass genera and
maintenance of high levels within many species? We suggest several alter-
native explanations. These are not novel and have been discussed else-
where (e.g., Siegel and Latch, 1987; Clay, 1988, 1991; Siegel and Schard],
1992; Bacon, 1993; Breen, 1994; Schardl and Phillips, 1997; Siegel and
Bush, 1997). However, these hypotheses have traditionally been relegated
as secondary to the herbivore defense hypothesis (Saikkonen et al., 1998).
The alternatives include:

Endophytes increase resistance to seed and seedling
predators and pathogens

Loss of seeds and seedlings to predators (we group seedling “herbivores”
as predators, since herbivory by either vertebrates or invertebrates often
results in death) and pathogens directly reduces plant fitness.
Endophytes in agricultural grasses may enhance germination success and
seedling survival (Clay, 1987b; Bacon, 1993; Clay et al., 1993, 1998), and the
seed and seedling stages are usually critical stages influencing plant pop-
ulation dynamics (e.g., Louda, 1983). Production of alkaloids, if primarily
effective against seed and seedling predators, should be concentrated in
these life stages. Indeed, limited studies have shown that alkaloids tend
to be concentrated in seeds and seedlings (Siegel et al., 1990; Bush et al.,
1993, Welty et al., 1994). In infected agronomic grasses, seed predation by
invertebrates and vertebrates is reduced (Wolock-Madej and Clay, 1991;
Knoch et al.,1995). Leuchtmann et al. (2000) found that alkaloids were par-
ticularly high and diverse in seeds of native European grasses where the
endophyte was strictly seed-borne. It is possible that alkaloids are concen-
trated in seeds simply because hyphae are more dense there, but protec-
tion against seed or seedling predators remains a viable hypothesis. If
alkaloids reduce herbivory, then we predict their effects should be great-
est at the seed and seedling stage. Since alkaloids are costly to produce,

99



100

STANLEY H. FAETH AND THOMAS L. BULTMAN

accumulation in the seed and seedling stage may be most cost-effective.
The presence of alkaloids in adult stages of grasses may be, under most
circumstances, ancillary, or even incidental, to seed and seedling produc-
tion.

Tests of seedling protection against pathogens are rare for native
grasses. We have found no difference in seedling mortality from other
seed-borne fungi between infected and uninfected Arizona fescue seed
(C.E.Hamilton and S. H. Faeth, unpublished data). However, we did find
that growth of potential seed pathogens was delayed in Neotyphodium-
infected seeds compared to uninfected seeds, suggesting an anti-fungal
effect of the endophyte.

Endophytes confer drought tolerance

The presence of N. coenophialum in introduced tall fescue increases resis-
tance to drought stress (Richardson et al., 1992, 1993; Piper and West, 1993,
West et al., 1993, 1995; Elbersen et al., 1994; West, 1994), manifested by
higher tiller survival during and improved regrowth after drought (Read
and Camp, 1986; Arachevaleta et al., 1992; Bacon, 1993; Elbersen et al.,
1994). The mechanisms for increased drought resistance in infected tall
fescue appear to involve a combination of factors including: lower leaf
conductance and more leaf-rolling during drought periods (Elbersen et
al., 1994; West, 1994; Elbersen and West, 1996), changes in hormonal
signals (Bacon and White, 1994), higher water-use efficiency (Richardson
etal., 1990, in Bacon and White, 1994; Bush et al., 1993), greater capacity for
osmotic adjustment and turgor maintenance in leaves (West et al., 1995;
Elmi and West, 1995), and accumulation of polyhydroxol alcohols
(polyols, such as glycerol: see refs. in Bacon, 1993; Bacon and White 1994)
or the amino acid proline (Bacon, 1993).

In SHF’s laboratory, studies with Arizona fescue (Lopez et al., 1995;
Saikkonen et al., 1999; T. Day and S. H. Faeth, unpublished data) indicate
that leaves of infected plants have higher water contents, lose water more
slowly, and thus maintain higher turgor pressure, than leaves of unin-
fected plants. Furthermore, infected plants produce more root biomass
than uninfected plants (Saikkonen et al., 1999). Currently, we are conduct-
ing long-term, controlled experiments where we: (1) control plant geno-
type (by fungicidal removal of Neotyphodium), and (2) vary water and
nutrients. Preliminary results indicate that the presence of the endophyte
increases growth rate of plants, but only under conditions of very low
moisture and nutrients.
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Drought resistance may be particularly important during establish-
ment of seedlings. For example, germination of Arizona fescue seeds
occurs during late summer rains, which are followed by a dry period until
winter precipitation begins in November-December. Therefore, new
seedlings typically experience very low soil moisture. Our preliminary
evidence suggests that survival during this period is critical and is related
to Neotyphodium infection. In a 1999 field experiment, post-germination
survival of infected seedlings was significantly greater than that of unin-
fected seedlings (G=4.94, df =1, P<0.05).

Endophytes increase resistance to other abiotic factors

Many grassland systems have been historically maintained and character-
ized by fires (e.g., Cooper, 1960). Resistance to periodic fires may explain
high frequency of Neotyphodium infections (Saikkonen et al., 1998). Our
preliminary studies on long-term, prescribed burn plots in Arizona do
not support, however, the hypothesis that fire maintains frequency of
infection. We know of no other studies that have examined the interac-
tions of fire and endophytic infections, although fire is well known for
altering mycorrhizal interactions with host plants (e.g.,Taylor, 1991).

K. Saikkonen and M. Helander (personal communication) report that
endophyte infections may also increase overwintering success. Most cool-
season, perennial grasses undergo senescence and then regrowth after the
winter season. Survival during prolonged and severe cold periods may be
related to more extensive roots of infected plants (Saikkonen et al., 1999)
or endophyte production of polyols that are also known to function as
anti-freeze compounds in cold-adapted organisms (Hochachka and
Somero, 1984).

Endophytes increase intra- and interspecific competitive
abilities of host grasses

Neotyphodium endophytes, at least in tall fescue and perennial ryegrass,
are well known for enhancing growth, and thus competitive abilities, of
grasses (Cheplick and Clay, 1988; Cheplick et al., 1989; De Battista et al.,
1990; Hill et al., 1990; Kelrick et al., 1990; Marks et. al., 1991; Clay, 1990; Clay
etal,, 1993; Latch, 1993). Increase in competitive ability is not exclusive of
the other aforementioned hypotheses. Increased competitive success is a
general phenomenon that may be mechanistically linked to increased
drought, fire or winter cold resistance, and nutrient uptake (Malinowski
et al., 1998; Malinowski and Belesky, 1999) and mediated by biotic factors
such as herbivores and pathogens (Cheplick and Clay, 1988; Arachevaleta
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et al., 1992; Clay et al., 1993). Endophytes may also enhance interference
competition if mycotoxins leach into surrounding soils and inhibit ger-
mination or growth of uninfected conspecifics or other plant species (e.g.,
Clay and Holah, 1999).

We argue that herbivory, often considered the primary factor driving
ecology and evolution of endophyte-host plant interactions, is simply one
of many explanations. We can predict when herbivory should be important
in maintaining infected plants from ecological theory and previous empir-
ical studies. Endophyte-mediated defense against herbivores should be
most common when: (1) herbivory is intense and predictable in time and
space (e.g., Karban and Baldwin, 1997), (2) the herbivores are generalists
that cannot detoxify fungal alkaloids, and (3) the costs of alkaloid produc-
tion and accumulation are low relative to anti-herbivory benefits (Carroll,
1991). Assuming the major cost of harboring alkaloid-producing endophy-
tes is competition for limiting nitrogen, then we should find endophytes
that confer strong anti-herbivore resistance in relatively nitrogen-rich hab-
itats that are consistently grazed upon by invertebrate or vertebrate herbi-
vores. Not coincidentally, most examples of grasses harboring endophytes
that confer strong anti-herbivore properties come from agricultural or
turfgrass systems, where these conditions are usually fulfilled.

In these agronomic systems, we may expect that effects of endophytes
on the third trophic level, natural enemies, should also be more pro-
nounced than most native grass—endophyte interactions in natural com-
munities. In the next section, we review evidence for third trophic level
effects in these systems and describe ongoing experiments to test for
these effects.

Endophytes and the third trophiclevel, natural enemies

The incorporation of the third trophic level must be considered to fully
understand interactions between herbivores and their host plants (Price
et al., 1980). Just as endophytes may influence herbivores, they may also
affect natural enemies of those herbivores. Because systemic, seed-borne
Neotyphodium endophytes have a more consistently, although still quite
variable, negative impact on herbivores than do vertically transmitted
Epichloé species (see sections “Effects on vertebrate herbivores” and
“Effects on invertebrate and microherbivores,” above), we predict third
trophic level effects should be more common in the Neotyphodium-
infected grasses. Due to the paucity of studies on vertebrate natural
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enemies, we concentrate our discussion on the effects of endophytes on
natural enemies of invertebrate herbivores. At least for agronomic
grasses, recent studies suggest that endophytes may indeed alter attack by
natural enemies in several different ways.

Endophytes indirectly influence natural enemies by

altering herbivore development time
The slow growth-high mortality hypothesis (SG-HM) (Clancy and Price,
1987) states that nutritional quality or allelochemistry can prolong larval
development rate of herbivores. Slower development prolongs exposure
of herbivores to their predators and parasites (Feeny, 1976; Clancy and
Price, 1987). While intuitively pleasing, empirical tests of the SG-HM
hypothesis have provided only mixed support (Bouton, 1984; Weseloh,
1984; Clancy and Price, 1987; Damman, 1987; Craig et al., 1990; Loader and
Damman, 1991; Johnson and Gould, 1992; Benrey and Denno, 1997). The
strongest evidence for the hypothesis appears to come from free-ranging
folivores that are more vulnerable to enemy attack rather than herbivores,
like miners, gallers, and borers, that are concealed in plant tissue (Benrey
and Denno, 1997).

Herbivores feeding on endophyte-infected plants may experience pro-
longed development perhaps because of alkaloidal mycotoxins. Delayed
development while feeding on endophyte-infected grasses has been
reported for several herbivores (Clay et al., 1985; Hardy et al., 1985, 1986;
Breen, 1994; Popay and Rowan, 1994). Under the SG-HM hypothesis, one
might expect greater enemy-caused mortality of insects, particularly free-
ranging folivores that are feeding on agronomic grasses (see section
“Effects on invertebrate and microherbivores,” above). Effects of grass
endophytes on herbivore development, however, are not always negative,
and are often neutral (Clay et al., 1985; Saikkonen et al., 1998; Tibbets and
Faeth, 1999) as well as positive (Clay et al., 1985; Lopez et al., 1995; Bultman
and Conard, 1998; Saikkonen et al., 1998; Tibbets and Faeth, 1999).
Furthermore, the only study to assess endophyte levels in grasses and par-
asitism of herbivores showed a negative, rather than positive, relation-
ship between the frequency of parasitism and level of endophyte
infection of grasses. Goldson ¢t al. (2000) found that levels of Neotyphodium
lolii (and the peramine alkaloid it produces) in perennial ryegrass were
inversely related to rates of parasitism of Argentine stem weevil
(Listronotus bonariensis) by the parasitoid Microctonus hyperodae. The weevil,
however, is a stem-borer and therefore might not be expected to follow
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predictions of the SG-HM hypothesis because of the protection it receives
from living within grass stems. Future work needs to assess what effects
endophytes have on vulnerability of free-ranging insect herbivores to
attack by their predators and parasites.

Compared to systemic grass endophytes, the effects of horizontally
transmitted tree endophytes on herbivores are much more variable and
probably weaker (see section “Introduction”) (Facth and Wilson, 1996;
Faeth and Hammon, 1997a, b; Saikkonen et al., 1998). Nonetheless, pro-
longed development has been suggested for Cameraria leaf miners feeding
on Emory oak (Faeth, 1987, 1988, 1991; Faecth and Hammon, 1997b).
Further, the only published assessment of the pattern between endo-
phyte infection levels of trees (Emory oak) and parasitism of insect herbi-
vores (Phyllonorycter leaf miners) showed a positive relationship (Preszler
et al., 1996), which is consistent with the SG-HM hypothesis. While that
result is suggestive, more work on tree endophytes is necessary to deter-
mine if endophyte infection varies with enemy attack and whether
delayed herbivore development is the cause.

Endophytes lower resistance of herbivores, particularly
generalists, to pathogens and parasites

Plant allelochemicals can lower herbivore resistance to pathogens. For
example, the lepidopteran Trichoplusia ni experienced enhanced mortality
from the pathogen Bacillus thuringiensis as dietary nicotine increased
(Barbosa, 1988). In like manner, endophytes and their associated alkaloids
may indirectly alter susceptibility of insect herbivores to natural enemies.
For example, Japanese beetles feeding on roots of endophyte-infected tall
fescue were more susceptible to an entomopathogenic nematode than
were beetles feeding on roots of uninfected grass (Grewal et al.,, 1995).
While mycelium of grass endophytes is usually absent in roots, endo-
phyte-produced alkaloids are found there (Siegel et al, 1989). The
researchers also found beetles fed an artificial diet containing an ergot
alkaloid were more susceptible to nematodes than those fed diets lacking
alkaloids. They suggested reduced beetle vigor due to starvation caused
the increased susceptibility to the parasite. Similar indirect pathways of
interaction have not been reported for endophytes infecting woody
plants; however, lack of negative correlation between herbivore pupal
mass and endophyte infection (Preszler et al., 1996; Faeth and Hammon,
1997b) suggests increased susceptibility due to herbivore starvation is
unlikely in these systems.
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Another example of an indirect interaction of endophytes is changes in
the herbivore’s ability to encapsulate parasitoid eggs. The effectiveness of
encapsulation depends upon the physiological condition of the host
(Muldrew, 1953; van den Bosch, 1964; Vinson and Barbosa, 1987), which
may be reduced by endophytes and their mycotoxins. While this hypothe-
sis has received little attention, one study has offered no support. M.
McNeill (personal communcation) found variation in endophyte infection
levels in pastures of perennial ryegrass in New Zealand was not related to
encapsulation of M. hyperodae parasitoid eggs by Argentine stem weevils.

Endophytic alkaloids may alter the behavior of herbivores, which in
turn, changes their susceptibility to natural enemies. Although few rela-
tive to the number of systemic endophyte—grass associations (Table 5.1,
and see section “Herbivory on grasses: the raison d’étre for endophytes?”
above), the cases of strong toxic effects often involve radical changes in
behavior, ranging from staggers in cattle to narcoses in horses (Table 5.1).
In native grass systems, these behaviors should result in increased suscep-
tibility to predators. Although not well studied, changes in invertebrate
behavior due to endophytic alkaloids may also occur, and correspond-
ingly increase their vulnerability to predators and parasites. For example,
Tibbets and Faeth (1999) found that leaf-cutting queen foundresses
exhibited symptoms resembling cattle staggers when fed infected tall
fescue, but not an infected native grass, Arizona fescue.

The effect of endophytes on the resistance of vertebrate herbivores to
pathogens and parasites has received little attention. However, a
symptom of cattle grazing endophyte-infected grasses is reduced serum
prolactin levels (Thompson et al., 1987; Cross, 1997). Because prolactin
functions as a cofactor in the regulation of the immune response (Reber,
1993), mammals grazing endophyte-infected grasses may have decreased
ability to produce antibodies to a protein antigen. Some work suggests
this is the case. For example, mice and rats fed infected tall fescue seeds
exhibited impaired immune function (Gay et al, 1990). Antibody
response of cattle fed infected tall fescue to immunization with tetanus
toxoid was reduced compared to cattle on uninfected pastures (Dawe et
al., 1997). Moreover, cattle grazing infected grass exhibited lower basal
serum IGF-I (insulin-like growth factor-I) values (Hazlett et al., 1998;
Filipov etal., 1999) and even further reduced levels following challenge by
an injection of Escherichia coli (Filipov et al., 1999). These results suggest
vertebrates grazing infected grasses would be more susceptible to patho-
gens and exhibit reduced growth. Filipov et al. (1999) also found that
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cattle grazing infected grasses and challenged by E. coli had heightened
levels of tumor necrosis factor alpha (TNF-«), a postinflammatory cyto-
kine, which leads to greater muscle catabolism. Hence, the animals
should be more susceptible to subsequent disease and stress.

In summary, while plausible, indirect effects of endophytes on natural
enemies through slowed herbivore development or enhanced suscepti-
bility to enemies remain largely unstudied. Based upon limited data so
far, there is little support for these interaction pathways.

Endophytes may directly influence predators and
parasites

Endophyte-produced alkaloids consumed by herbivores may directly
reduce the growth and survival of immature enemies feeding upon toxins
accumulated in their host’s tissues. Similar interactions involving host
plants and their allelochemicals have been documented (Pickett et al.,
1991; Barbosa and Benrey, 1998). For example, tobacco allelochemicals
consumed by Cotesia parasitoids reduce the pupal mass and survival of the
parasitoids when feeding on tobacco hornworm (Barbosa et al., 1986,
1991). Evidence of similar interactions involving endophytes comes from
Neotyphodium-infected grasses. Barker and Addison (1996) found N. lolii
infecting perennial ryegrass retarded development of the parasitoid M.
hyperodae attacking weevils. When weevils were fed artificial diet contain-
ing endophyte-produced alkaloids, parasitoid survival was reduced.
Weevil feeding was depressed by the presence of alkaloids, suggesting
host quality was compromised due to starvation. T. L. Bultman and M.
McNeill (unpublished data) recently extended this work by testing if
several different strains of Neotyphodium altered the growth and survival
of the parasitoid. This work also complements the accumulating evidence
that variation in plant genotype can influence multitrophic interactions
(Hare, chapter 2, this volume). All endophyte strains differed from one
another with respect to the profile of alkaloids they produce. Plants con-
taining alkaloid-producing strains reduced parasitoid development rela-
tive to plants infected with stains that did not produce alkaloids or those
that lacked fungal infection (Fig. 5.1).

Bultman et al. (1997) tested the effect of grass endophytes on two
Euplectrus parasitoid species of fall armyworm larvae (Spodoptera frugiperda),
alepidopteran, feeding on infected tall fescue. They found the presence of
endophyte-infected plants in the diet of fall armyworm had a negative
impact on the pupal mass of parasitoids, particularly E. comstockii. In con-
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Fig. 5.1. Index of development rate of Microctonus hyperodae parasitoids when
reared from Listronotus bonariensis weevils fed perennial ryegrass containing
different endophyte strains. Fungal stain affected development rate

(F4,222 =6.55, P<0.0001). Development rate was faster when reared from hosts
fed plants lacking alkaloids (a) (uninfected and strain C) compared to those
containing alkaloid-producing endophytes (b) (orthogonal contrast,

F2,222 =273, P<0.0001). (T. L. Bultman and M. McNeill, unpublished data.)

trast to M. hiyperodae (above), developmental rate of the parasitoids was not
adversely affected (and was in fact accelerated) by the fungal endophyte.
They also tested if effects of the endophyte on E. comstockii were due to the
specific alkaloids, N-acetyl and N-formyl loline, produced by the fungus.
When added to artificial diets of fall armyworm, both lolines caused
reduced survival of parasitoids. Additional experiments with aphids and
their parasitoids have given similar results. Rhopalosiphum padi aphids
were fed either N. coenophialum-infected or uninfected tall fescue and then
parasitized by Aphelinus asychis. Mass of adult parasitoids reared from
hosts feeding on infected grass was reduced 23% relative to uninfected
grass diet (K. C. Tonkel and L. T. Bultman, unpublished data).

The laboratory-based studies showing effects of endophytes on perfor-
mance and preference of parasitoids predict the fungi should have multi-
trophic effects within grazing food-webs. This prediction was recently
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supported by Ormacini et al. (2000) who documented the insect food-
webs established on Neotyphodium-infected and uninfected Italian rye-
grass (Lolium multiflorum) in field plots in Argentina. They found the
endophyte reduced the rate of parasitism by secondary parasitoids
(hyperparasitoids and mummy parasitoids of aphids) and decreased the
complexity of the food-web.

In summary, evidence is accumulating that endophytes within agro-
nomic, non-native grasses have consistent negative effects on the perfor-
mance of insect parasitoids. Whether this is also true for endophytes
infecting native grasses awaits further study. However, we would predict
much weaker effects since alkaloids in native grasses tend to be fewer in
type and lower in concentration than in the agronomic grasses
(Saikkonen et al., 1998; Leuchtmann et al., 2000).

Do effects of endophytes on the third trophiclevel

counteract anti-herbivore effects?
The negative effects of grass endophytes on parasitoid performance set up
the possibility that herbivores may experience some release from their
parasitoids that could compromise the defense the endophyte purport-
edly provides for the plant. If herbivore populations are at least partially
regulated by parasitoids, then a reduction in parasitoid performance
could lead to more herbivores and greater herbivory on infected plants.
Nonetheless, reduced quality of the parasitoids’ hosts may not lead to
increased plant damage due to the weakening of top-down effects. For
example, parasitoids of the Mexican bean beetle were still effective bio-
logical control agents although soybeans resistant to the beetle increased
development time and reduced survival and reproduction of the beetle’s
parasitoids (Kauffman and Flanders, 1985). Control was achieved because
the reduction in population growth of the parasitoid was less than that of
its beetle host. Whether the effectiveness of endophytes in increasing host
grass resistance to herbivores is compromised by reducing natural enemy
populations is yet untested.

Alternatively, endophytes may enhance efficacy of natural enemies if
host preference or host location by enemies is facilitated by endophyte-
related chemical changes in the host plant. An extensive literature has
accumulated that shows natural enemies, especially parasitoids, use
chemical cues of plants to locate their hosts (Vinson, 1976; Nordland et al.,
1988; Barbosa and Letourneau, 1988; Whitman, 1988; Turlings et al., 1990,
1991, 1995, and chapter 7, this volume; Dicke, 1994, 1995). Furthermore,



Endophytic fungi and tritrophic interactions

herbivore-inflicted plant damage can result in emission of aromatic
signals that attract natural enemies (Dicke, 1999), although the conse-
quences of this attraction at the population level are debated, especially in
natural systems (Faeth, 1994). Interestingly, recent work has shown endo-
phyte-infected fescue grasses emit volatile compounds that are quantita-
tively and qualitatively different from those produced by uninfecte