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Abstract,.—Two alternative paradigms exist for coevolutionary processes in plant-herbivore
systems: ‘‘pairwise’’ and ‘‘diffuse.’’ There is little empirical evidence indicating which mode is
more common, in part, we believe, because of an absence of explicit criteria by which the two
modes can be distinguished. We present such a criterion, which states that, for selection imposed
by different herbivores to be independent (pairwise coevolution), not only must there be no
genetic correlation among plant resistances to the different species of herbivores, but also there
must be no ecological interactions whereby one herbivore affects the evolution of resistance to
other species. We present a model that demonstrates the validity of this criterion. We tested
whether this criterion is satisfied by the annual morning glory Ipomoea purpurea and two of its
insect herbivores, Deloyala guttata and Bedellia somnulentella, by conducting both greenhouse
and field experiments. We placed various densities of the two insect species on plants in a
factorial design and tested for a statistical interaction between densities of the two species on
plant fitness. We did not detect an interaction in either experiment. Our results suggest, there-
fore, that selection exerted by insect herbivores on resistance in I. purpurea is pairwise rather
than diffuse.

Although it is widely believed that plants commonly coevolve with their insect
herbivores (Ehrlich and Raven 1964; Feeny 1976; Rhoades and Cates 1976; Strong
et al. 1984), the nature of the coevolutionary process remains unclear. On the
one hand, most theoretical treatments of coevolution assume that there are strong
pairwise interactions between two species, but they often assume that these inter-
actions are independent of other species (e.g., Levin and Udovic 1977; Leonard
and Czochor 1980; Kiyosawa 1982; Levin 1983; Roughgarden 1983; Kiester et al.
1984; Taper and Case 1985; Brown and Vincent 1987; but see Levin et al. 1990).
As applied to plant-herbivore systems, this view postulates that the selection
pressures exerted by any particular herbivore on a plant population is indepen-
dent of the presence or absence of other herbivore species.

An alternative view is that selection pressures imposed by herbivores are ‘‘dif-
fuse’ (Janzen 1980; Fox 1981, 1988; Gould 1988). According to this view, the
selection pressures imposed by one herbivore species on plant resistance traits
are often opposed, constrained, or modified by selection imposed by other herbi-
vore species. Thus, this view postulates that evolution of resistance to one herbi-
vore species is not independent of the presence of other species, often because
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selection pressures imposed by one speci¢s are not independent of the selection
pressures imposed by a second species.

There is very little empirical evidence indicating which of these two modes of
coevolution is more prevalent in nature. We believe that this paucity of evidence
is due in part to an absence of explicit consideration of what type of criteria
can be used to determine which mode is occurring in any particular plant-insect
association (Rausher 1992). The objective of this article is to remedy this defi-
ciency partially by demonstrating a particular criterion that is necessary for co-
evolution to be pairwise rather than diffuse. We then examine whether this crite-
rion is satisfied by a particular plant-herbivore system, the annual morning glory
Ipomoea purpurea and two of its insect herbivores.

THE CRITERION

It has been argued (Rausher 1992) that one criterion necessary for selection
imposed by different herbivores to be independent (pairwise coevolution) is that
there must be no genetic correlation between resistance to one herbivore and
resistance to others, since, if resistances are genetically correlated, selection
imposed by one herbivore will generate indirect selection on resistance to other
herbivores. Although this criterion is a necessary condition for selection to be
independent, it is not a sufficient condition: even if resistances to different herbi-
vores are genetically uncorrelated, it is still possible, as shown below, for the
presence of one herbivore species to influence the evolution of resistance to
other species through certain types of ecological interactions. To conclude that
selection imposed by different herbivores is independent thus requires a demon-
stration not only that resistances are not genetically correlated but also that these
ecological interactions are absent.

An influence of one herbivore on the type and magnitude of selection imposed
by a second herbivore may arise in at least two ways. If there are interactions
among herbivores, then the expected density of a particular herbivore species on
a plant with a given level of resistance to that herbivore may depend on whether
other herbivore species are present. If reduction in fitness is linearly and addi-
tively related to damage, then the selective impact of the first herbivore will
depend on the presence and density of other herbivores.

In addition, the effects of many combinations of stress on plant fitness are
nonadditive (Clatworthy 1960; Harper and McNaughton 1962; Bentley and Whit-
taker 1979; Lee and Bazzaz 1980; Fowler and Rausher 1985). It is thus reasonable
to expect that different types of herbivore damage will often affect plant fitness
nonadditively. Under these circumstances the selective impact of a given amount
of damage by one herbivore will depend on the presence and density of other
herbivore species. In this section we present a simple model that demonstrates
the validity of these claims.

The model is a modification of the standard cost-benefit model of the evolution
of the level of resistance (Rhoades 1979, 1983; Coley et al. 1985; Fagerstrom et
al. 1987; Simms and Rausher 1987, 1989; Fagerstrom 1989), expanded to examine
the effects of two herbivore species. This model makes three assumptions, which
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appear to be true of many, but not all, plant-herbivore systems: first, herbivory
reduces plant fitness (see, e.g., Kulman 1971; Morrow and LaMarche 1978;
Rausher and Feeny 1980; Louda 1983, 1984; Kinsman and Platt 1984; Marquis
1984; for a review see Crawley 1983; but see Paige and Whitham 1987); second,
resistance is costly to plants (see, e.g., Windle and Franz 1979; Dirzo and Harper
1982; Burdon et al. 1984; Berenbaum et al. 1986; Coley 1986; but see Simms
and Rausher 1987, 1989); and, third, resistance is a quantitative trait (see, e.g.,
Berenbaum et al. 1986; Simms and Rausher 1987, 1989; Agren and Schemske
1993).

For one species of herbivore, the model postulates that the genotypic value for
fitness associated with a given additive genotypic value for level of resistance,
R, is given by

W(R) = W, — C(R) — H(R), 0y

where W, is the expected fitness of a completely susceptible genotype in the
absence of herbivores, C(R) is the cost of resistance, and H(R) is the reduction
in fitness due to herbivory.

It is usually assumed that cost should increase monotonically with R because
materials and energy are being diverted from other functions contributing to fit-
ness (McKey 1979; Rhoades 1979, 1983). In our model, we assume the cost of
resistance is a linear function of R.

The shape of the function H(R) is constrained by three biological consider-
ations. First, the reduction in fitness due to herbivore damage should be maximal
for completely susceptible genotypes (i.e., for R = 0). Second, increasing levels
of resistance by definition imply reduced herbivore densities, reduced damage,
and hence a reduction in the detrimental effects of herbivory. We assume that
resistance reduces damage by herbivores and is distinct from tolerance to herbiv-
ory. The reduction in fitness due to herbivory should thus be a monotonically
declining function of R. Finally, as R increases indefinitely, H(R) must approach
zero, since complete resistance implies absence of damage and hence no detri-
mental effect of damage. For analysis, we assume that H(R) is quadratic, although
the results do not depend on this assumption.

It has been demonstrated (Simms and Rausher 1987) that, under these assump-
tions, there is an intermediate level of resistance that represents an evolutionary
equilibrium. At this equilibrium, the marginal benefit associated with reducing
herbivory as R increases (i.e., dH/dR) is equal to the marginal cost (dC/dR; see
App. A also).

This model can be expanded to accommodate two herbivore species very sim-
ply. In this case, R, and R, represent additive genetic values of investment in
resistance to herbivore species 1 and 2, respectively. We assume that costs asso-
ciated with these two resistances, C,(R;) and C,(R,), are linear and additive.
Finally, we let H,(R,) and H,(R,) be the reduction in fitness due to damage by
each herbivore in the absence of the other herbivore species.

The total reduction in fitness caused by damage would simply be H,(R,) +
H,(R,) if the herbivores did not affect each other’s density and if the effects of
the two herbivore species’ damage on fitness were additive and independent, that
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Fi6. 1.—Three-dimensional phenotypic fitness surface for plants when herbivores do not
interact, that is, a = 0. Axes R, and R, are concentrations of two defensive chemicals.
Points R} and R¥ are optimum values on the curve for the two resistance chemicals.

is, if the impact of one species on plant fitness were not affected by the presence
of the other species. To allow for nonindependence, we add a third term, a X
H|(R,) X Hy(R,), to the effect of herbivory, which yields the following overall
relationship between genotypic values of fitness and resistance:

W(R,Ry)) = Wy — C{(R)) — Cy(R,) — H|(R,) — Hy(R,) — alH|(R)H,(R,))]. (2)

In this equation, the coefficient a is positive if one herbivore increases the density
of the other herbivore (i.e., reduces the effectiveness of resistance) or if the
effects of the total damage by the two herbivores is more than the sum of the
effects of their individual damages. By contrast, a is negative if the herbivores
have negative effects on each other’s density or if the effect of the total damage
is less than the sum of the effects of the individual species’ damages.

When a = 0, that is, when there is no interaction between the damage effects,
this model generates a selection surface of the type shown in figure 1. As with a
single species, an optimal combination of levels of resistance to the two species
exists at the maximum of the curve, corresponding to (R}, R5). In this case, the
optimal level of resistance to each species is equal to the optimal level predicted
by the one-herbivore model (see App. A). Consequently, when resistances to two
herbivores are genetically uncorrelated and there are no interactions between
herbivore densities or between the effects of the two types of damage on plant
fitness, the evolution of resistance to one herbivore is independent of the presence
or absense of the other. In other words, coevolution is pairwise rather than
diffuse.

By contrast, when a is not equal to zero, the equilibrium levels of resistance
are no longer (R}, R¥) (see App. A for a general proof). This change in equilibrium



