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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 ofthis 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
as afactor 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 tritrophic inter-
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 cil’s (i960) 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 Pacc etal., 1999; Persson, 1999; Polis, 1999). However,
there is still disagreement regarding which factors limit populations of
different trophic levels. Currently, there are three prominent models that
incorporate direct and indirect cffects 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 islost 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, i960).

3. The green desert. This also addresses bottom-up hypotheses but
focuses on resource limitation as the factor determining community
structure (Menge, 1992; Moen etal, 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 asolid line between two trophic
levels, and indirect effects (cascades) are indicated by adashed line. A negative
effect of one trophic level on the other isdrawn with a bullet-head, and a
positive effect isdrawn with an arrowhead. The effectis 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 ofthe 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 amixed 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. |f 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 reportall effect sizes along with the range ofthe
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, @b, 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 ofdefenses. 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 Londono, 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 (oo = i.is,
df=1,P> 0.5). 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, 197;
Feeny, 1976 ; Dyer, 1995; Camara, 1997). So, the similar magnitude ofthe
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Fig. 4.2. Accumulated effect sizes across studies (d\&) 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 asignificant difference (P< 0.05, based on the between class
heterogeneity statistic, Qb) 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 ofa
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 ofsuitability ofhost 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 etal, 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).
Thisin 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 becausc 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 ofincreased plant defense aswell 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 etal (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 etal,
1983). Variation in light availability might also affect nitrogen-based
defenses (Bryant etal, 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 etal, 1984;
Larssonetal, 1986; Bryantetal, 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 ai, 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, qb =0.i9, df=i,P>0.s; resources negatively
affecting plant defense, o» =2.i6, df=i, P>o0.i; resources positively
affecting plant defense, Qb =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; Nunez-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 adetectable 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; Qb= 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 alatitu-
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 chcmical 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 adra-
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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, i960;
Wilson, 1971). Jeanne (1979) tested the hypothesis ofalatitudinal 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
maghnitude of the effect is significantly higher in tropical (-1.89) versus
temperate (-1.0) systems (Fig. 4.2; Qb=21.3,df=1,P< 0.0001).

Overall levels 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 oftropical 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 Schaffncr
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 etal. (1997) quantified encmy-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 leaffeeders, 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 etal., 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 gradient in
herbivore unpalatability (if it does exist) is correlated with a latitudinal
gradient in specialization. Limited evidence has been provided in
support of such agradient (Scriber, 1973, 1984; Basset, 1994; Scriber etal,
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 acombination
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 etal., 1996; Letourneau and Dyer,
1998b; Dyer and Letourneau, 19993, b; Pace etal, 1999)The concept ofdis-
tinct trophic levels 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 = apredator with al00%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 dear indirect effects because the ants may have
considerable positive direct cffects on the plant (nutrient procurement),
considerable negative dircct cffccts (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
ol; 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 (Qb
=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 Soule, 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 alatitudinal 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 etal., 1981).
Second, because tropical climates are more favorable year round, popu-
lations ofboth 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 trophic levels, 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 ofthe problems pointed out by critics oftrophic cascades
theory (Polis and Strong, 1996). These studies will undoubtedly reveal
some of the mechanisms driving the strong latitudinal gradient in
species diversity.

Acknowledgments

We are grateful to G. Gentry, C. Dodson, S. van Nouhuys, and an anony-
mous reviewer for comments that improved previous drafts of the manu-
script. J. Heitman, A. Schaefer, and C. Squassoni assisted in literature
retrieval and data entry for the meta-analysis. Financial support came
from Colorado Office of State Colleges (LAD), Mesa State College (LAD),
Earthwatch Institute (LAD and G. Gentry) and the National Science
Foundation (PDC and LAD). For the tropical parasitism data reported in
this chapter, excellent technical assistance was provided by many
Earthwatch volunteers.

REFERENCES

Abe, T. and Higashi, M. (1991) Cellulose centered perspective on terrestrial community
structure. Oikos 60:127-133.

Aide, T. M. and Londono, E. C. (1989) The effects of rapid leaf expansion on the growth
and survivorship ofa lepidopteran herbivore. Oikos 55:66-70.

Barone, J. A. (in press a) Herbivory and pathogen damage in awetand a dry tropical
forest: a test of the pest-rainfall hypothesis. Oikos.

Barone, J. A. (in press b) Comparison of herbivores and herbivory in the canopy and
understory for two tropical tree species. Biotropica.

Basset, Y. (1994) Palatability of tree foliage to chewing insects: a comparison between a
temperate and a tropical site. Acta Oecologia 15:181-191.

Becker, P. (1981) Potential physical and chemical defenses of Shorea seedling leaves
against insects. Malaysian Forester z&y 346-356.

Benrey, B. and Denno, R. F. (1997) The slow-growth-high-mortality hypothesis: a test
using the cabbage butterfly. Ecology 78: 987-999.

Bernays, E. and Graham, M. (1988) On the evolution of host specificity in phytophagous
arthropods. Ecology 69:886-892.

Bowers, M. D. (1990) Recycling plant natural products for insect defense. In Insect
Defenses: Adaptive Mechanisms and Strategies ofPrey and Predators, ed. D. L. Evans and
J. O. Schmidt, pp. 353-386. New York: State University of New York Press.

Brewer, S. W.,Rejmanek, M., Johnstone, E. E. and Caro, T. M. (1997) Top-down control
in tropical forests. Biotropica 29:364-367.

Briggs, M. A. (1990) Relation of Spodoptera eridania choice to tannins and proteins of Lotus
corniculatus.Journal ofChemical Ecology 16:1557-1564.

Bryant,J. P., Chapin in, F. S. and Klein, D. R. (1983) Carbon/nutrient balance of boreal
plants in relation to vertebrate herbivory. Oikos 40:357-368.



84

LEE A. DYER AND PHYLLIS D. COLEY

Bryant,J. P, Clausen, T. P, Reichardt, P. B., McCarthy, M. C. and Werner, R. A. (1987)
Effect of nitrogen fertilization upon the secondary chemistry and nutritional
value of quaking aspen (Populus tremuloides, Michx.) leaves for the large aspen
tortrix(Choristoneura conflicatana, Walker). Oecologia 73:513-517.

Camara, M. D. (1997) Physiological mechanisms underlying the costs of chemical
defence inJunonia coeniaHubner (Nymphalidae): a gravimetric and quantitative
genetic analysis. Evolutionary Ecology 11:451-469.

Christian, R. R. and Luczkovich,J.J. (1999) Organizing and understanding a winter’s
seagrass foodweb network through effective trophic levels. Ecological Modelling
117:99-124.

Coley P.D. (1983) Herbivory and defensive characteristics of tree species in alowland
tropical forest. Ecological Monographs 53:209-233.

Coley, P. D. (1988) Effects of plant growth rate and leaflifetime on the amount and type
ofantiherbivore defense. Oecologia 74:531-536.

Coley, P. D. and Aide, T. M. (1991) Comparison of herbivory and plant defenses in
temperate and tropical broad-leaved forests. In Plant-Animal Interactions:
EvolutionaryEcology in Tropical and TemperateRegions, ed. P. W. Price, T. M.
Lewinsohn, G. W. Fernandes and W. W. Benson, pp. 25-49. New York:John Wiley.

Coley, P. D. and Barone, J. A. (1996) Herbivory and plant defenses in tropical forests.
Annual Review ofEcology and Systematics z7:305-335.

Coley, P. D. and Kursar, T. A. (1996) Anti-herbivore defenses ofyoung tropical leaves:
physiological constraints and ecological tradeoffs. In Tropical ForestPlant
Ecophysiology, ed. S. S. Mulkey, R. Chazdon and A. P. Smith, pp. 305-336. New
York: Chapman and Hall.

Coley, P. D. and Kursar, T. A. (in press a) Herbivory, plant defenses and natural enemies in
tropical forests. In Intcracciones Quimicas entre Organismos-.Aspectos Bdsicosy
Perspectivas deAplicacion, ed. A. L. Anaya, R. Cruz-Ortega and F.J. Espinosa-Garda.

Coley, P. D. and Kursar, T. A. (in press b) Herbivory, plant defenses and natural enemies
in tropical forests. In Intcracciones Quimicas entre Organismos: Aspectos Bdsicosy
Perspectivas de Aplicacion, ed. A. L. Anaya, R. Cruz-Ortega and F.J. Espinosa-
Garcia.

Coley, P. D., Bryant,J. P.and Chapin in, F. S. (1985) Resource availability and plant
antiherbivore defense. Science 230: 895-899.

Crankshaw, D. R. and Langenheim,J. H. (1981) Variation in terpenes and phenolics
through leaf development in Hymenaea and its possible significance to
herbivory. Biochemical Systematics and Ecology 9:115-124.

Crooks, K. R. and Soule, M.E . (1999) Mesopredator release and avifaunal extinctions in
afragmented system. Nature 400:563-566.

DeVries, P.J. (1987) The Butterflies ofCosta Rica and their Natural History, vol. 1. Princeton,
NJ: Princeton University Press.

DeVries, P.J. (1997) The Butterflies of Costa Rica and their Natural History, vol. 2. Princcton,
NJ: Princeton University Press.

Dial, R. and Roughgarden, . (1995) Experimental removal of insectivorcs from rain
forest canopy: direct and indirect effects. Ecology 76:1821-1834.

Dobzhansky, T. (1950) Evolution in the tropics. American Scientist38:209-221.

Dudt,J. F. and Shure, D.J. (1994) The influence oflight and nutrients on foliar phenolics
and insect herbivory. Ecology 75: 86-98.

Duffey, S. S. (1980) Sequestration of plant natural products by insects. AnnualReviewof
Entomology 25:447-477.



Tropical versus temperate communities 85

Dyer, L. A. (1995) Tasty generalists and nasty specialists? A comparative study of
antipredator mechanisms in tropical lepidopteran larvae. Ecology 76:1483-1496.

Dyer, L. A. (1997) Effectiveness of caterpillar defenses against three species of
invertebrate predators.Journal ofResearch on the Lepidopteran: 48-68.

Dyer, L. A. and Floyd, T. (1993) Determinants of predation on phytophagous insects: the
importance of diet breadth. Oecologia 96: 575-582.

Dyer, L. A. and Gentry, G. (1999) Larval defensive mechanisms as predicrors of successful
biological control. Ecological Applications 9:402-408.

Dyer, L. A. and Letourneau, D. K. (1999a) Relative strengths of top-down and bottom-up
forces in a tropical forest community. Oecologia 119: 265-274.

Dyer, L. A. and Letourneau, D. K. (1999b) Trophic cascades in acomplex, terrestrial
community. Proceedings oftheNational Academy ofSciences, USA 96:5072-5076.

Ehrlich, P.R. and Raven, P. H.O964) Butterflies and plants: astudy in coevolution.
Evolution 18: 568-608.

Elton, C. S. (1973) The structure of invertebrate populations inside neotropical rain
forest.Journal ofAnimal Ecology 42:55-104.

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

Fiedler, K. (1998) Diet breadth and host plant diversity of tropical- vs. temperate-zone
herbivores: Southeast Asian and West Palaearctic butterflies as a case study.
Ecological Entomology 23: 285-297.

Fischer, A. G. (i960) Latitudinal variations in organic diversity. Evolution 14: 64-81.

Floyd, T. (1996) Top-down impacts on creosotebush herbivores in a spatially and
temporally complex environment. Ecology 7 7 :1544- 1555~

Fretwell, S. D. (1977) The regulation of plant communities by food chains exploiting
them. Perspectives in Biology and Medicine 20:169-185.

Gauld, I. D. and Gaston, K.J. (1994) The taste of enemy-free space: parasitoids and nasty
hosts. In Parasitoid Community Ecology, ed. B. A. Hawkins and W. Sheehan, pp.
279-299. New York: Oxford University Press.

Gauld, I. D., Gaston, K.J. and Janzen, D. H. (1992)Plant allelochemicals, tritrophic
interactions and the anomalous diversity of tropical parasitoids: the “nasty”
host hypothesis. Oikos 65:353-357.

Grime,J. P. (1979) Plant Strategies and Vegetation Processes. Chichester: John Wiley.

Gurevitch,J. and Hedges, L. V. (1993) Meta-analysis: combining the results of
independent experiments. In Design and Analysis ofEcological Experiments, ed. S. M.
ScheinerandJ. Gurevitch, pp. 378-398. New York: Chapman and Hall.

Hairston, N. G., Smith, F. E. and Slobodkin, L. B. (iI960) Community structure,
population control, and competition. American Naturalist 94:421-424.

Hawkins, B. A. (1994) Pattern and Process in Host-Parasitoid Interactions. New York:
Cambridge University Press.

Hawkins, B. A., Cornell, H. V. and Hochberg, M. E. (1997) Predators, parasitoids, and
pathogens as mortality agents in phytophagous insect populations. Ecology 78:
2145-2152.

Herms, D. A. and Mattson, W.J. (1992) The dilemma of plants: to grow or defend.
Quarterly Review ofBiology 67: 283-335.

Janzen, D. H. (1970) Herbivores and the number of tree species in tropical forests.
American Naturalist 104: 521-528.

Janzen, D. H. (1974) Tropical blackwater rivers, animals and mast fruiting by the
Dipterocarpaceae. Biotropica 6:69-103.



LEE A. DYER AND PHYLLIS D. COLEY

Jeanne, R. L. (1979) A latitudinal gradientin rates of ant predation. Ecology 60: 1211-1224.

Jedrzejewski, W., Jedrzejewski, B., Okarma, H. and Ruprecht, A. L. (1992) Wolf
predation and snow cover as mortality factors in the ungulate community of the
Bialowieza National Park, Poland. Oecologia 90: 27-36.

Kemp, W. P, Harvey, S.J. and O’'Neill, K. M. (1990) Patterns of vegetation and
grasshopper community composition. Oecologia 83: 299-308.

Koptur, S. (1991) Extrafloral nectaries of herbs and trees: modelling the interaction with
ants and parasitoids. In Ant-Plantinteractions, ed. D. Cutler and C. Huxley, pp.
213-230. Oxford: Oxford University Press.

Krieger, R. I., Feeny, P. P. and Wilkinson, C. F. (1971) Detoxification enzymes in the guts
of caterpillars: an evolutionary answer to plant defense. Science 172:579-581.

Kusnezov, N. (1957) Numbers ofspecies of ants in faunae of different latitudes. Evolution
11:298-299.

Kyto, M., Niemela, P. and Larsson, S. (1996) Insects on trees: population and individual
response to fertilization. Oikos 75:148-159.

Langenheim,J. H., Macedo, C. A, Ross, M. K. and Stubblebine, W. H. (1986) Leaf
development in the tropical leguminous tree Copaifera in relation to
microlepidopteran herbivory. Biochemical Systematics and Ecology 14:51-59.

Larsson, S., Wiren, A., Lundgren, L. and Ericsson, T. (1986) Effecrs of light and nutrient
stress on leaf phenolic chemistry in Salix dasyclados and susceptibility to
Galerucella lineola (Coleoptera). Oikos 47: 205-210.

Leigh, E. G. (1999) Tropical Forest Ecology: A Viewfrom Barro Colorado Island. New York:
Oxford University Press.

Letourneau, D. K. and Dyer, L. A. (1998a) Experimental manipulations in lowland
tropical forest demonstrate top-down cascades through four trophic levels.
Ecology 79:1678-1687.

Letourneau, D. K. and Dyer, L. A. (1998b) Density patterns of Piper ant-plants and
associated arthropods: top predator cascades in a terrestrial system? Biotropica
30:162-169.

Levin, D. A. (1976) Alkaloid-bearing plants: an ecogeographic perspective. American
Naturalistno: 261-284.

Levin, D. A. and York, B. M., Jr. (1978) The toxicity of plant alkaloids: an ecogcographic
perspective. Biochemical Systematics and Ecology 6: 61-76.

Lindeman, R. L. (1942) The trophic-dynamic aspect of ecology. Ecology 23:399-418.

Lowman, M. D. (1985) Temporal and spatial variability in insect grazing of the canopies
of five Australian rainforest tree species. AustralianJournal ofEcology 10:7-24.

Lowman, M. D. and Box, J. D. (1983) Variation in leaftoughness and phenolic contcnt
among five species of Australian rain forest trees. AustralianJournal ofEcology 8:
1%

MacArthur, R. H. and Wilson, E. O. (1967) The Theory oflsland Biogeography. Princeton, NJ:
Princeton University Press.

Marquis, R.J. and Braker, H. E. (1994) Plant-herbivore interactions: diversity, specificity
and impact. In LaSelva: Ecology and Natural History ofa Neotropical Rain Forest, ed.

L. M. McDade, K. S. Bawa, G. S. Hartshorn and H. E. Hespenheidc, pp. 261-281.
Chicago, IL: University of Chicago Press.

Menge, B. A. (1992) Community regulation: under what conditions arc bottom-up
factors important on rocky shores? Ecology 73:755-765.

Meserve, P. L., Gutierrez,J. R. andJaksic, R M. (1993) Effects of vertebrate predation on a



Tropical versus temperate communities

caviomorph rodent, the degu (Octodon degus), in a semiarid thorn scrub
community in Chile. Oecologia 94:153-158.

Mihaliak, C. A. and Lincoln, D. E. (1985) Growth pattern and carbon allocation to
volatile leaf terpenes under nitrogen-limiting conditions in Heterotheca
subaxillaris (Asteraceae). Oecologia 66:423-426.

Miller,J. C. and Hanson, P. E. (1989) Laboratory feeding tests on the development of
gypsy moth larvae with reference to plant taxa and allelochemicals. Bulletin of the
Agricultural Experimental Station, Oregon State University 674:1-63.

Moen, J.,, Garfjell, H., Oksanen, L., Ericson, L. and Ekerholm, P. (1993) Grazing by food-
limited microtine rodents on a productive experimental plant community: does
the "green desert” exist? Oikos 68:401-413.

Moran, M. D., Rooney, T. P. and Hurd, L. E. (1996) Top-down cascade from a bitrophic
predator in an old-field community. Ecology 77: 2219-2227.

Murdoch, W. W. (1966) Community structure, population control, and competition.
American Naturalist 100: 219-226.

Nichols-Orians, C. M. (1991a) The effects of light on foliar chemistry, growth and
susceptibility of seedlings of a canopy tree to an attine ant. Oecologia 86: 552-560.

Nichols-Orians, C. M. (1991b) Environmentally induced differences in plant traits:
consequences for susceptibility to aleaf-cutter ant. Ecology 72:1609-1623.

Nunez-Farfan,J. and Dirzo, R. (1989) Leafsurvival in relation to herbivory in two
tropical pioneer species. Oikos 55:71-74.

Oksanen, L., Fretwell, S. D., Aruda, J. and Niemela, P. (1981) Exploitation of ecosystems
in gradients of primary productivity. American Naturalist 118: 240-261.

Pace, M. L., Cole,J. J., Carpenter, S. R. and Kitchell,J. F. (1999) Trophic cascades revealed
in diverse ecosystems. Trends in Ecology and Evolution 14:483-488.

Paine, R. T. (1966) Food web complexity and species diversity. American Naturalist 100:
65. 75

Persson, L. (1999) Trophic cascades: abiding heterogeneity and the trophic level concept
at the end of the road. Oikos 85:385-397.

Pianka, E. R. (1966) Latitudinal gradients in species diversity: a review of concepts.
American Naturalist 100:33-46.

Polis, G. A. (1999) Why are parts of the world green? Multiple factors control
productivity and the distribution of biomass. Oikos 86:3-15.

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

Price, P. W. (1991a) Patterns in communities along latitudinal gradients. In Plant-Animal
Interactions: Evolutional Ecology in Tropical andTemperate Regions, ed. P. W. Price,

T. M. Lewinsohn, G. W. Fernandes and W. W. Benson, pp. 51-69. New York: John
Wiley.

Price, P. W. (1991b) The plant vigor hypothesis and herbivore attack. Oikos 62: 244-251.

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

Rathcke, B.J. and Price, P. W. (1976) Anomalous diversity of tropical ichneumonid
parasitoids: a predation hypothesis. American Naturalist 110: 889-893.

Rohde, K. (1992) Latitudinal gradients in species diversity: the search for the primary
cause. Oikos 65: 514-527.

87



LEE A. DYER AND PHYLLIS D. COLEY

Schaffncr, J. V. and Griswold, C. L. (1934)Macrolepidoptera and their Parasites Rearedfrom
Field Collections in the Northeastern Part ofthe United States. Washington, DC: US
Department of Agriculture.

Scriber, J. M. (1973) Latitudinal gradients in larval feeding specialization of the world
Papilionidae (Lepidoptera). Psyche 7 3:355- 373-

Scriber, J. M. (1984) Larval food plant utilization by the world Papilionidae
(Lepidoptera): latitudinal gradients reappraised. Tokurana 617:1-50.

Scriber, J. M., Tsubaki, Y. and Ledcrhousc, R. C. (1995) Swallowtail Butterflies: Their Ecology
andEvolutionary Biology. Orlando, FL: W. B. Saunders.

Sheehan, W. (1991) Host range patterns of hymenopteran parasitoids of exophytic
lepidopteran folivores. In Insect-Plant Interactions, ed. E. Bernays, pp. 209-247.
Boca Raton, FL: CRC Press.

Shure, D.J. and Wilson, L. A. (1993) Patch-sizc effects on plant phenolics in successional
openings of the Southern Appalachians. Ecology 74:55-67.

Sime, K. R. and Brower, A. V. Z. (1998) Explaining the latitudinal gradient anomaly in
ichneumonid species richness: evidence from butterflies.Journal ofAnimal Ecology
67:387-399.

Slobodkin, L. B. (i960) Ecological energy relationships at the population level. American
Naturalist 94:213-236.

Spillcr, D. A. and Schocncer, T. W. (1994) Effects of top and intermediate predators in a
terrestrial food web. Ecology 75:182-196.

Terborgh, J. (1992) Maintenance of diversity in tropical forests. Biotropica 24: 283-292.

Turner, 1. M. (1995) Foliar defenses and habitat adversity of three woody plant
communitites in Singapore. Functional Ecology 9: 279-284.

Wallace, A. R. (1878) Tropical Nature and Other Essays. London: Macmillan.

Waterman, P. G. (1983) Distribution of secondary metabolites in rain forest plants:
towards an understanding of cause and effcct. Tn Tropical Rain Forest: Ecology and
Management, ed. S. L. Sutton, T. C. Whitmore and A. C. Chadwick, pp. 167-179.
Oxford: Blackwell Science.

Waterman, P. G., Ross, J. A. M. and McKey, D. B. (1984) Factors affecting levels of some
phenolic compounds, digestibility, and nitrogen contcnt of the mature leaves of
Bateriafistulosa (Passifloraccac).Journal of Chemical Ecology 10:387-401.

White, T. C. R. (1978) The importance of a relative shortage of food in animal ecology.
Oecologia 33:71-86.

White, T. C. R. (1984) The abundance of invertebrate herbivores in relation to the
availability of nitrogen in stressed food plants. Oecologia 63:90-105.

Whittaker, R. H. and Feeny, P. P. (1971) Allelochemics: chemical interactions between
species. Science 171:757-770.

Wilson, E. O. (1971) The InsectSocieties. Cambridge, MA: Harvard University Press.



