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Abstract.—Studies of coevolution in plant-herbivore systems have typically focused on tight,
pairwise interactions between one herbivore and one host plant species. Diffuse coevolution,
by contrast, has received much less empirical attention, presumably because imprecise defini-
tions of diffuse coevolution have hindered the development of experimental approaches for
distinguishing between pairwise and diffuse coevolution. Here we provide a definition of diffuse
coevolution that leads to three criteria for the operation of pairwise coevolution: susceptibilities
(resistances) to different herbivores are genetically uncorrelated, the presence/absence of one
herbivore does not affect the amount of damage caused by other herbivores, and the impact of
one herbivore on plant fitness does not depend on the presence/absence of other herbivores.
All three criteria must be satisfied for coevolution to be pairwise; if any of them fail, coevolution
is diffuse. We then describe an experimental design and statistical analysis that permit the
partitioning of the total selection imposed on a plant by a set of herbivores into components
representing pairwise and diffuse selection, thus allowing determination of whether coevolution
is pairwise or diffuse.

Coevolution is commonly believed to be important in the evolution of many
plant characters and the ability of herbivores and pathogens to use plants as food
and hosts (Ehrlich and Raven 1964; Feeny 1975; Futuyma 1983; Spencer 1988;
Thompson 1994). Although the precise nature of coevolution has been described
for very few systems, two general types of coevolutionary interactions have been
hypothesized (Janzen 1980; Fox 1981; Futuyma 1983). One type is pairwise co-
evolution, in which a plant and its natural enemy impose reciprocal selection on
each other, causing the pair of species to evolve jointly. By contrast, coevolution
is often said to be diffuse when more than two species populations are involved
(Janzen 1980). Most empirical research has focused on pairwise coevolution, even
though it may be rare in nature (Futuyma and Slatkin 1983). Although diffuse
coevolution is often invoked to explain various traits, such as the generalized
defense mechanisms that are effective to a wide range of parasitic organisms (Fox
1981; Futuyma 1983; May and Anderson 1983), the term has been criticized as
being vague or as being a catchall phrase, because most interacting systems
involve more than a pair of species (Gould 1988; Thompson 1994).

Such criticism has arisen, we believe, largely from the lack of a precise defini-
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tion of diffuse coevolution and an absence of specific criteria that may be used
to distinguish the two types of coevolution. However, a general definition of
diffuse coevolution and a set of specific criteria that distinguish pairwise from
diffuse coevolution have been proposed (Hougen-Eitzman and Rausher 1994). In
this view, in a system consisting of several herbivores and one common host
species, coevolution is pairwise if susceptibilities to the different herbivores are
genetically uncorrelated, and the pattern of selection exerted by each herbivore
is independent of whether the other herbivores are present; otherwise, coevolu-
tion is diffuse.

This definition is motivated by Lande’s (1979) general equation for multivariate
evolutionary change, A7 = GB, where 7 is the vector of character means (in this
case, means of levels of resistance), G is the genetic variance-covariance matrix,
and B is the selection gradient vector. The first portion of the definition relates
to G: if susceptibilities are genetically uncorrelated, G is a diagonal matrix, and
the evolutionary response of susceptibility to one enemy is independent of any
selection exerted on susceptibilities to other enemies (i.e., the response of one
resistance is not genetically constrained by the presence of other herbivores).
The second portion of this definition relates to B: when susceptibilities are uncor-
related, each element of B corresponds to the selection exerted by a particular
natural enemy on host resistance. If each element of B is independent of whether
other herbivores are present or absent, then the pattern of selection exerted by
one herbivore, and the subsequent evolutionary response of resistance to that
herbivore, will not depend on whether the other herbivores are present (i.e.,
selection will be pairwise). Elements of B may not be independent of whether
other herbivores are present in two ways: the presence of one herbivore affects
the amount of damage caused by other herbivores (e.g., Krischik et al. 1991;
Pilson 1992), or the reduction in plant fitness caused by one herbivore is influ-
enced by the amount of damage caused by other herbivores (i.e., the fitness
effects of damage by two herbivores are not additive; see, e.g., Strauss 1991).

These considerations thus lead to three conditions for coevolution to be pair-
wise rather than diffuse: (1) susceptibilities (resistances) to different herbivores
are genetically uncorrelated, (2) the presence/absence of one herbivore does not
affect the amount of damage caused by other herbivores, and (3) the impact of
one herbivore on plant fitness does not depend on the presence/absence of other
herbivores. All three of these conditions must be satisfied for coevolution to be
pairwise. If any of them fail, coevolution is diffuse.

Because assessing whether susceptibilities to different herbivores are geneti-
cally correlated is relatively straightforward, a number of studies have examined
the correlations among susceptibilities to different herbivores. In general, al-
though some examples of both negative and positive correlations exist, in a large
majority of pairwise comparisons, resistance to one herbivore or natural enemy
is statistically uncorrelated to resistance to the other (Rausher 1992b;
M. D. Rausher, unpublished manuscript). These results suggest that condition 1
may be satisfied in many cases and that therefore coevolution will be diffuse only
if conditions 2 or 3 are violated. However, few attempts have been made to
assess whether these conditions are violated—that is, whether selection is diffuse
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(M. D. Rausher, unpublished manuscript)—largely because there are, to our
knowledge, no descriptions of general methods that may be used to evaluate
these conditions.

In this report, we provide a description of such a method. Because this method
also involves estimating the genetic covariance between susceptibilities to two
herbivores, it also allows assessment of condition 1 and thus provides a compre-
hensive methodology for determining whether coevolution is pairwise or diffuse.
We also describe an experimental design that permits the partitioning of the total
selection imposed on a plant by a set of herbivores into components representing
pairwise and diffuse selection. This partitioning allows us not only to distinguish
between pairwise and diffuse selection but also to quantify the relative contribu-
tions of diffuse and pairwise components of the overall selection imposed by
herbivores. We concentrate here on characterizing the pattern of selection that
herbivores and pathogens impose on their host plants. In principle, however, the
same approach could be used to characterize the nature of selection imposed by
plants on herbivores and pathogens.

COMPONENTS OF DAMAGE

As a prelude to developing a model for analyzing selection imposed by herbi-
vores, we first describe a statistical model for the amount of damage imposed by
different herbivores on a plant population. We consider explicitly a situation in
which a plant population serves as host for two different herbivore species,
though generalization to a larger number of herbivores is straightforward (see
app. A). In this model, we treat damage as a quantitative trait of a plant, repre-
senting the degree of susceptibility (e.g., Simms and Rausher 1987, 1989; Rausher
and Simms 1989).

Consider a plant population that is genetically variable for resistance to each
of two herbivores. Let D1; and D2 be the amount of damage to the jth plant of
the ith genotype caused by herbivores 1 and 2, respectively, when both herbi-
vores are present in the environment. Let R1; and R2; be the additive genotypic
(breeding) values, for genotype i, of the amount of damage caused by herbivores
1 and 2, respectively, when both herbivores are present, so that

D1, = R1, + eI,
and (D
D2, = R2, + €2

i
where the €’s represent the environmental and nonadditive components of
damage.

Next consider the amount of damage imposed on a plant by each herbivore in
the same environment as previously but in the absence of the other herbivore.
This may be represented by

D1} = S1;+ el}
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and Q)
D2 = 82, + €2,

where S1; and S2; are the additive genotypic values, for genotype i, of dam-
age caused by herbivores 1 and 2, respectively, in the absence of the other her-
bivore.

The values R1; and S1; reflect the susceptibility of genotype i to herbivore
1 in environments with and without herbivore 2. Consequently, the differ-
ence, I1;, = R1; — S1, represents the change in susceptibility to herbivore 1 due
to the presence of herbivore 2. We term this effect the interaction effect on
damage. Incorporating this and a similar effect for herbivore 2 into equation (1)
yields

and 3
D2, = S2, + 12, + €2;.

This set of equations indicates that the damage caused to a particular plant by a
particular herbivore is the sum of three components: a genotype-specific intrinsic
damage reflecting the inherent susceptibility of that genotype in the absence of
the other herbivore, a genotype-specific interaction effect representing the modi-
fication of the intrinsic damage caused by the presence of the other herbivore,
and an individual-specific environmental deviation and nonadditive genetic com-
ponents.

Interaction effects may arise in a variety of ways, including but not limited to
the following. Through direct competitive effects (e.g., Fritz 1992), the presence
of herbivore 1 can reduce the average number of individuals of herbivore 2 on a
plant and thus reduce the total damage to that plant by herbivore 2. Indirect
effects, modulated by induced changes in host quality (Karban and Carey 1984;
Karban et al. 1987; Krischik et al. 1991), can also reduce or increase damage by
one herbivore in the presence of another. Finally, survival of, and hence damage
caused by, herbivore 1 can be reduced in the presence of herbivore 2 if the latter
species increases the attractiveness of the host plant to predators or parasitoids
(Faeth 1986).

PARTITIONING SELECTION INTO PAIRWISE AND DIFFUSE COMPONENTS

In this section, we describe how the total selection pressure exerted by two
herbivores on a plant population can be partitioned into a pairwise and a diffuse
component. Two approaches to this problem and, more generally, to measuring
selection on a character are possible: phenotypic and genetic. The phenotypic
approach, based on the methodology first described by Lande and Arnold (1983),
quantifies directional selection on a suite of characters in terms of the phenotypic
selection gradient, B. Each element B; of B, which is estimated by the partial



