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Many well-studied coevolutionary interactions between predators and prey or hosts and parasites are mediated by quantitative
traits. In some interactions, such as those between cuckoos and their hosts, interactions are mediated by the degree of phenotype
matching among species, and a significant body of theory has been developed to predict the coevolutionary dynamics and outcomes
of such interactions. In a large number of other cases, however, interactions are mediated by the extent to which the phenotype of
one species exceeds that of the other. For these cases—which are arguably more numerous—few theoretical predictions exist for
coevolutionary dynamics and outcomes. Here we develop and analyze mathematical models of interspecific interactions mediated
by the extent to which the quantitative trait of one species exceeds that of the other. Our results identify important differences
from previously studied models based on trait matching. First, our results show that cyclical dynamics are possible only if the
strength of coevolutionary selection exceeds a threshold and stabilizing selection acts on the interacting traits. Second, our results
demonstrate that significant levels of genetic polymorphism can be maintained only when cyclical dynamics occur. This result
leads to the unexpected prediction that maintenance of genetic polymorphism is enhanced by strong selection. Finally, our results
demonstrate that there is no a priori reason to expect the traits of interacting species should match in any literal sense, even in

the absence of gene flow among populations.
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Many coevolutionary interactions are mediated by quantitative
traits. Well-studied examples include interactions between newts
and their garter snake predators (Brodie and Brodie Jr. 1999;
Brodie et al. 2002), wild parsnip and their parasitic webworms
(Berenbaum et al. 1986; Berenbaum and Zangerl 1992), pines
and seed-predatory crossbills (Benkman 1999, 2003), and para-
sitic cuckoos and their avian hosts (Davies and Brooke 1989; Soler
et al. 2003). Recent empirical research on these systems has iden-
tified intriguing spatial patterns, such as variation in the degree
of phenotype matching between the interacting species (Zangerl
and Berenbaum 2003), variation in the extent to which defenses
and counter defenses are exaggerated (Geffeney et al. 2005), and
variation in the success of parasitism (Soler et al. 1999).

It has been suggested for these systems—as well as many
others—that the observed spatial patterns result from the in-
terplay between coevolutionary hotspots and coldspots, selec-
tion mosaics, and trait remixing (e.g., gene flow) as envi-
sioned by Thompson’s geographic mosaic theory (Benkman 1999;
Soler et al. 2001; Brodie et al. 2002; Zangerl and Berenbaum
2003; Thompson 2005). Evaluating the validity of this sug-
gestion is made difficult, however, by the absence of a well-
developed theoretical framework for coevolutionary interactions
mediated by quantitative traits. Consequently, it is currently im-
possible to discern whether a geographic mosaic process is re-
quired to explain existing empirical results (Benkman 1999;
Soler et al. 2001; Brodie et al. 2002; Zanger]l and Berenbaum
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2003; Toju and Sota 2006), or whether these results can be
adequately explained by simpler models of single isolated
communities.

Existing theory developed for coevolutionary interactions
mediated by quantitative traits has primarily focused on those in-
teractions that depend on the degree of trait “matching” between
species (e.g., Dieckmann et al. 1995; Gavrilets 1997; Nuismer
et al. 2005; Kopp and Gavrilets 2006). For instance, the probabil-
ity that the egg of a parasitic cuckoo is rejected by the host depends
on the similarity of host and parasite egg morphologies (Robert
and Sorci 1999). Several other well-studied systems depend on
the extent of phenotype matching among species as well (e.g.,
Benkman 1999, 2003; Clayton et al. 2003). Recent genetically
explicit models have shown that these interactions generally pro-
duce cyclical dynamics in which the degree of phenotype matching
fluctuates over time (Nuismer et al. 2005). In some cases, how-
ever, equilibria can be reached where the degree of phenotype
matching depends on the relative strengths of stabilizing and co-
evolutionary selection (Gavrilets 1997; Kopp and Gavrilets 2006).
Consequently—for interactions mediated by phenotype matching
between species—spatial variation in the extent of trait match-
ing, the efficacy of parasitism, or exaggeration of traits can be
explained without recourse to a geographic mosaic process that
explicitly invokes a role for “trait remixing” (Gomulkiewicz et al.
2007).

Although many coevolutionary interactions are described by
a mechanism of phenotype matching, many others depend on the
extent to which the trait value of one species exceeds that of the
other. For instance, in interactions between parsnip web-worms
and wild parsnip, those web-worms with a greater concentra-
tion of the detoxifying enzyme P450 are better able to feed on
wild parsnip plants protected by toxic furanocoumarins (Beren-
baum et al. 1986; Berenbaum and Zangerl 1992). Many other
well-studied coevolutionary interactions are mediated in a similar
fashion (e.g., Bergelson et al. 2001; Brodie et al. 2002; Toju and
Sota 2006), and for some broad classes of interactions, such as
those between plants and insect parasites, this may be the dom-
inant form of interaction between quantitative traits (Bergelson
et al. 2001). In contrast to those interactions that depend on the
degree of phenotype matching, little theory has been developed
for this case, and what theory has been developed generally fo-
cuses on the consequences of coevolution for demographic dy-
namics in systems with relatively simple genetic underpinnings
(e.g., Saloniemi 1993; Abrams 2000; Nuismer and Kirkpatrick
2003). Consequently, there are few genetically robust predictions
for the coevolutionary dynamics and outcomes of these interac-
tions even for only single, spatially isolated communities.

Here we address this gap in existing theory by developing
a model of coevolution in which the outcome of the interaction

depends on the extent to which the trait value of one species ex-
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ceeds that of the other. We analyze this model in three ways.
First, we assume selection is weak and genetic variance is fixed
allowing us to develop analytical solutions. Second, we relax the
assumption of fixed genetic variance and analyze the model using
a quasi-linkage equilibrium (QLE) approximation that assumes
weak selection and frequent recombination. Finally, we use nu-
merical simulations to consider cases in which genetic variance
can evolve and selection is strong. Our goal with these analyses is
to develop robust expectations for the conditions that give rise to
various classes of coevolutionary dynamics and outcomes in the
absence of explicit spatial structure. We then evaluate the extent
to which our model of a single geographically isolated commu-
nity can explain the spatial variation in defensive and counter
defensive traits observed in several well-studied coevolutionary
interactions.

The Model

We modeled coevolution between a pair of species that interact
antagonistically. For simplicity, we use the words parasite and host
throughout our description, but the same model could apply to co-
evolution between a predator and prey or herbivore and food plant.
Each species is assumed to mate at random, encounter individu-
als of interacting species at random, and have a population size
sufficiently large for the effects of genetic drift to be negligible.
In addition, we assume an individual’s fitness is independent of
population sizes and thus ignore potentially important feedbacks
between demography and selection (e.g., Burdon and Thrall 1999,
2000; Abrams 2000; Benkman et al. 2001).

We assume interspecific interactions are mediated by a single
trait in each species. The probability of a successful parasite attack
increases as the value of the parasite trait (zp) increases relative to
the host trait (z7) (Fig. 1). We modeled this scenario by assuming

the probability of a successful parasite attack is
Py =1/(1 +expl—a(zp — zu)]), ey

where o measures how sensitive the probability of a successful
parasite attack is to the difference in host and parasite phenotype.
An attack function of this form has been shown to be important
in interactions between parasites and toxic host plants (Bergelson
et al. 2001), seed parasites and host plants (Toju and Sota 2006),
and toxic newts and their garter snake predators (Brodie and
Ridenhour 2003). The analytical approaches described in detail
below make use of an approximation to (1) that assumes the prob-
ability of a successful parasite attack varies only weakly over the
range of host and parasite phenotypes (e.g., Fig. 1A).

Because traits mediating species interactions are also likely
to be subject to constraints imposed by physiology or the abiotic
environment (Fellowes et al. 1998; Brodie and Brodie Jr. 1999;
Webster and Woolhouse 1999; Bergelson et al. 2001; Lahti 2005),
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Figure 1. The probability of a successful parasite attack (P,) as
a function of host and parasite phenotypes for three values of
the parameter «. The solid line in each panel is drawn from equa-
tion (1) and is thus exact. In contrast, the dashed line is drawn
from a first-order Taylor Series approximation to (1), which as-
sumes « is small. This approximation yielded the formula P4 =
1/2 4+ a/&(zp — zy). Values of a were: (A)a = 0.5, (B) @ = 2.0, and
(Qa = 8.0.

we allow stabilizing selection to act on the traits (zy, zp) of the
interacting species. With these assumptions, the fitness of a host
individual with phenotype zy in an encounter with a parasite in-

dividual with phenotype zp is
Wiz, zp) = expl—yu(zi — 0p)’1(1 — £y Pa),  (2)

where vy is the strength of stabilizing selection acting on the
host trait, and measures the sensitivity of an individual’s fitness
to its phenotypic distance from a static optimal value, 8. The
parameter &y measures the fitness cost imposed on the host by
a successful parasite attack. Similarly, the fitness of a parasite
individual with phenotype zp in an encounter with a host individual

with phenotype zj is
We(zp, ) = expl—yr(zp — 0p)’1(1 — £p(1 — Pa)), (3)

where the parameter definitions are the same as those in (2) but
relate to the parasite. Equations (1-3) are used as the starting point
for each of the three analyses described below.

Model Analysis

We take three complementary approaches to analyzing our gen-
eral model. First, we consider the case of weak selection and
fixed genetic variance, which may be appropriate for interactions
that generate only weak reciprocal fitness consequences. Next,
we relax the assumption of fixed genetic variance by developing
a genetically explicit model and applying a QLE approximation
(e.g., Nagylaki 1993; Kirkpatrick et al. 2002). This approxima-
tion requires selection to be weak on a per locus basis and the
rate of recombination to be large relative to the effect of epistasis.
Finally, we allow for both the evolution of genetic variance and
strong selection by analyzing deterministic numerical simulations
of a genetically explicit multilocus model. These three comple-
mentary analyses are likely to encompass the range of conditions

observed in naturally occurring interspecific interactions.

FIXED GENETIC VARIANCE AND WEAK SELECTION

We begin our analysis by assuming fixed genetic variances for
the traits (zy, zp) mediating the coevolutionary interaction, weak
stabilizing selection (y i and vy p are of order €), and weak coevo-
lutionary selection (« is of order € as well). Thus, weak coevo-
lutionary selection is assumed to arise because the probability of
infection (eq. 1) depends only weakly on the phenotypes of the
interacting species, not because the fitness consequences of infec-
tion or resistance are small. With these assumptions, the change
in the trait mean of species i is given by the standard quantitative
genetics equation

1 awW;

AZ; =G =—=
W,' 821-

. “4)
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where G; is the additive genetic variance for trait z; in species i, Z;
is the population mean trait value for species i, and W is the popu-
lation mean fitness of species i (Lande 1976, 1979; Abrams 2001).
For the specific scenario considered here, equation (4) yields the
following equation for the changes that occur in host and parasite
trait means across a single generation:

Az & Gi [k — 2y (Z; — 6], )

where terms of order € and higher have been ignored, and
ki = a; [2(2 — &;)] measures the strength of selection for in-
creasing host resistance or parasite infectivity (online supplemen-
tary Appendix S1).

Three important conclusions are revealed by the analysis of
equation (5). First, for the scenario of weak selection considered
here, the equations for evolutionary change in host and parasite
trait means become decoupled from the trait mean of the oppos-
ing species. Thus, even though we explicitly model a coevolu-
tionary hotspot as defined by Thompson (2005), the two species
are not coevolving in the strict sense of reciprocal evolutionary
change (sensu Janzen 1980). Intuitively, this result arises because
evolutionary dynamics are driven by the fitness gradient, which,
with our assumption of weak selection is approximately linear
and thus does not depend on phenotypic distance. Second, equa-
tion (5) shows the only possible outcome of coevolution is an
equilibrium state in which selection for increased infectivity or
resistance is balanced by constraints placed on these traits by sta-
bilizing selection:

Ki

2v; )

i =6+ (6)
At this equilibrium, the trait values of host and parasite are uncor-
related and determined only by the relative strengths of selection
exerted by the abiotic environment and selection exerted by inter-
specific interactions. Consequently, there is no expectation that the
traits of interacting species should match— regardless of the level
of trait remixing—as suggested by the geographic mosaic theory
of coevolution and several previous empirical studies (Thompson
1999b, 2005; Brodie et al. 2002; Zangerl and Berenbaum 2003).
Finally, equation (5) demonstrates that with weak selection and
fixed genetic variance, coevolutionary interactions mediated by
phenotype differences do not exhibit cyclical dynamics.

In addition to providing information on the equilibrium val-
ues of traits and the overall dynamics of coevolution, equations
(6) and (1) can be used together to determine the expected propor-
tion of the host population that can be successfully infected by the
parasite at equilibrium. Specifically, integrating our weak o ap-
proximation to (1) over host and parasite phenotype distributions
and substituting the equilibrium values for host and parasite trait
means given by (6), demonstrates that the expected proportion of
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infected hosts is

Py~

Kp Ky
0p+— — (O +—") 1. @)
|:P+2\/P <H+2VH>:|

Equation (7) predicts a greater proportion of the host popula-
tion will be infected as the host becomes increasingly constrained
by stabilizing selection (increasing v y; decreasing 65) or ex-
periences weaker selection for increased resistance (decreasing
Kz )—perhaps due to decreased parasite virulence. Conversely,
equation (7) predicts a lesser proportion of the host population
will be infected as the parasite becomes increasingly constrained
by stabilizing selection (increasing v p; decreasing 6 p) or experi-
ences weaker selection for increased infection ability (decreasing
K p)—perhaps due to the presence of an alternative host.

EXPLICIT MULTILOCUS GENETICS

AND WEAK SELECTION

To extend the results of the previous section to cases in which
genetic variances evolve, we analyzed our general model in a
genetically explicit multilocus framework. The first step in this
extension is to specify a mapping between individual genotypes
and the phenotypes mediating the interspecific interaction. For
simplicity, we assume an individual’s phenotype (z;) is determined
by the additive action of »; diallelic haploid loci with arbitrary
phenotypic effects

ni

Zi:Zbi,in,j~ (8)

j=1

In equation (8), b;; is the phenotypic effect of locus j on trait z;
in species 7, and X;; is an indicator variable that takes value 1
or 0 depending on the allele carried by an individual at locus j
(Kirkpatrick et al. 2002).

With the additional assumptions that recombination occurs
at rate r; in species / and that mutation is absent, equations (1-3,
8) provide a sufficient basis for generating exact expressions for
the changes in genotype frequencies occurring over the course of
a single generation. These exact expressions are too complicated
to analyze mathematically for all but the simplest cases of one or
two genetic loci. For this reason, we make the additional assump-
tion that recombination is quite frequent relative to the per locus
strength of selection, allowing us to use a QLE approximation
(Kimura 1965; Nagylaki 1993; Kirkpatrick et al. 2002). Under
the QLE assumptions of weak selection and frequent recombina-
tion, the change in allele frequency that occurs in locus j of species
i is given by
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= b jpi.jqi.j

X (Ka =i <2(Z bijpi.j— 9i>
=1
+b"""<1 - ’>>> ©)

where p; ; is the frequency of the “1” allele at locus j in species i

Api

(online Appendix 2). Equation (9) can also be derived by simply
assuming that linkage disequilibria are absent (e.g., Kopp and
Gavrilets 2006).

Analysis of equation (9) reveals several important points.
First, as is the case for the model with fixed genetic variance,
evolutionary change in the host and parasite is decoupled. This
decoupling arises because, here too, we assume the probabil-
ity of a successful parasite attack varies only weakly across the
range of possible host and parasite phenotypes. Second, equation
(9) shows that, as long as all loci have equal phenotypic effects
(bij = b; for all ), the ultimate outcome of coevolution depends
on the magnitude of selection for increasing host resistance or
parasite infectivity (k) relative to stabilizing selection imposed by
the abiotic environment (y). If coevolutionary selection is suf-
ficiently strong to completely overwhelm constraints placed on
the trait by stabilizing selection (k;/(27;) + 6; > b;(n; — 1/2))
the resistance/infectivity trait escalates to its maximum value.
In contrast, if constraints placed on the trait by the abiotic en-
vironment swamp coevolutionary selection for increased resis-
tance/infectivity (k; /(2vy;) + 6; < b;/2) the resistance/infectivity
trait will evolve to its minimal value. If coevolutionary selection
and abiotic constraints are not too disparate in strength such that
neither of the above conditions holds, intermediate levels of the
resistance/infectivity trait can be reached. Specifically, if b; (F +
1/2) > 0; + x;/(2y;) >b; (F — 1/2) then F loci will be fixed for
the “1” allele, yielding an intermediate resistance/infectivity trait
value of b;F. In all of these three cases, allele frequencies will ap-
proach either zero or one at all loci such that no genetic variation
will be present in either species at equilibrium (online supple-
mentary Appendix S3; Zhivotovsky and Gavrilets 1992). Finally,
equation (9) predicts cyclical dynamics driven by host—parasite
coevolution are impossible, demonstrating that this result—also
derived for the model of fixed genetic variance—is quite gen-
eral when reciprocal selection is weak (online supplementary Ap-
pendix S3).

EXPLICIT MULTILOCUS GENETICS

AND STRONG SELECTION

Because interactions between parasites and hosts may lead to
strong reciprocal selection on the interacting species (Thompson
1998, 1999a; Bishop et al. 2000; Tiffin et al. 2004), we extended
our analysis to these cases using deterministic multilocus simu-
lations. These simulations incorporate the exact fitness equations

(1-3) into a deterministic multilocus framework and thus do not
make any assumptions regarding the magnitude of the model pa-
rameters. Our goal was to evaluate whether the results of the pre-
vious sections are robust to violations of our assumption regarding
weak coevolutionary selection.

Our simulations included the following assumptions not
made in our analytical analyses. First, simulations incorporated
reversible mutation at a rate of 5 x 10~ per locus. Second, sim-
ulations considered only the case in which the phenotypic effects
of all loci were equal to 1/n;; this assumption confines the host
and parasite trait values to the interval [0,1]. Finally, simulations
assumed the optimal value for host and parasite traits was equal to
zero, as would be the case if producing any nonzero value of the
resistance/infectivity traits required metabolic expenditures and
thus imposed a fitness cost.

At the beginning of each simulation run initial allele frequen-
cies were randomly drawn from a uniform distribution on [0,1],
and other parameters were randomly drawn from uniform distri-
butions on the following intervals: [0 < a < 10], [0 < &; < 1],
and [0 <+y; < 1]. We considered cases in which host and parasite
trait values were determined by two, three, four, and five freely
recombining genetic loci. For each simulation run, we evaluated
whether cyclical dynamics occurred or whether equilibrium was
reached. Cycling was defined as a change in the direction of trait
mean evolution in both species at least three times between gen-
erations 2000 and 5000. An equilibrium was considered to have
been reached if the sum of the magnitude of change in the trait
mean was less than 0.01 across the final 3000 simulation gener-
ations for both species (which equates to a per generation rate of
change in the population mean equal to 3.33 x 10~%). Simulations
that could not be categorized as either cyclical or equilibrium dy-
namics (4.28%) were excluded from our analyses. Excluded cases
were generally characterized by very weak selection, which pre-
vented a steady state from being reached over the time frame of
the simulations. Detailed inspection of individual simulation runs
verified the accuracy and validity of these assignments. In addi-
tion to determining whether cycles occurred, simulations recorded
information on trait means and variances and the proportion of
the host population infected by the parasite in the final genera-
tion. For each number of host and parasite loci (2, 3, 4, or 5),
we ran 20,000 individual simulations, each with randomly se-
lected parameters and initial conditions. Simulation code (C++)
and raw simulation data (Microsoft Excel) are available upon
request.

Simulations revealed that not only do cyclical dynamics oc-
cur, but that they occur with moderate frequency (17.0%), a re-
sult not anticipated based upon our analytical approximations.
To evaluate the conditions that favor cyclical dynamics, and to
shed further light on possible reasons for the discrepancy between
our analytical and simulation results, we performed a multivariate
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Table 1. Logistic regression coefficients, standard errors, and as-
sociated P values explaining the probability of cyclical dynamics.
Logistic regression was performed on the 76,575 simulation runs,
which could be clearly classified as cyclical or equilibrium with all
predictor variables coded as continuous with the exception of the
number of loci, which was coded as ordinal. The terms n[5-4], n[4-
3], and n[3-2] indicate the effect of increasing the number of loci
from 4 to 5, 3 to 4, and 2 to 3, respectively.

Term Estimate SE Chi Prob>Chi
square square
Intercept 4926194 0.154705 1013.9 <0.0001
n[3-2] 0.88018 0.047384 345.05 <0.0001
n[4-3] —0.10954 0.042164 6.75 0.0094
n[5-4] —0.16919  0.045317 13.94 0.0002
ép 3.70674 0.126232 862.27  <0.0001
n[3-2]x&p —2.46988 0.144459 292.32  <0.0001
n[4-3]x&p —0.81258 0.129954 39.1 <0.0001
n[5-4]x&p —0.06751 0.135009 0.25 0.6170
¢y 3.63828 0.126829 82291 <0.0001
n[3-2]xéy —2.54195 0.145662 304.54  <0.0001
n[4-3]x&y —0.51123 0.129898 1549  <0.0001
n[5-4]x&y —0.18557 0.133358 1.94 0.1641
Epxéy —11.8028 0.235280 2516.5 0.0000
«a 0.67065 0.015311 1918.7 0.0000
n[3-2]xa  —0.01184 0.016916 0.49 0.4838
n [4-3]xa 0.03807 0.016070 5.61 0.0178
n[5-4]xa 0.01117 0.016969 0.43 0.5103
Epxa —0.63177 0.026736  558.39  <0.0001
Euxa —0.61498 0.026710 530.14  <0.0001
Yp —2.74168 0.109426 627.76  <0.0001
n[3-2]xvyp 2.46284 0.128133 369.44  <0.0001
n[4-3]xvyp 0.62543  0.117788 28.19  <0.0001
n[5-4]xyp —0.06597 0.122177 0.29 0.5892
Epxyp 6.61289 0.196445 1133.2 <0.0001
Euxyp 6.68097 0.196303 1158.3 <0.0001
axyp 0.41308 0.023291 314.54  <0.0001
Yu —2.76598 0.110740 623.87  <0.0001
n[3-2]xyy 247097 0.129658 363.2 <0.0001
n[4-3]xyy  0.86904 0.119165 53.18  <0.0001
n[5-4]xyy —0.22916 0.122517 3.5 0.0614
EpXyy 6.98978  0.198480 1240.2 <0.0001
Euxvyu 6.72166  0.198645 1145 <0.0001
axyy 0.40027 0.023435 291.72  <0.0001
YPXYH —4.76676  0.172945 759.68  <0.0001
Epxé&p —9.28133  0.195678 2249.8 0.0000
Euxén —9.56707 0.195017 2406.6 0.0000
axa —0.11532 0.002683 1848.3 0.0000
YpXYp —4.14626  0.168702 604.05  <0.0001
YHXYH —4.27574 0.169196 638.62  <0.0001

logistic regression (JMP 5.01; SAS Institute Inc., Cary, NC) with
equilibrium outcomes coded as 0 and cyclical dynamics coded as
1. The parameters o, &;, v ;, 1, and their second-order interactions
were used as predictors. This analysis revealed that many param-
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eters had highly significant effects on the likelihood of cyclical
dynamics (Table 1). Specifically, the analysis demonstrated that
cycles are favored by strong coevolutionary selection (increasing
values of a, & iy, and € p) and weak stabilizing selection (decreasing
values of y 4 and vy p).

Two other observations can be drawn from our simulation
data regarding the values of the selection parameters (o, &;, ;)
that favor cyclical dynamics. First, although our logistic regres-
sion suggests cycles are favored by weak stabilizing selection, in
no cases did we observe cyclical dynamics when stabilizing selec-
tion was absent altogether, suggesting some minimum threshold
of stabilizing selection is required. Second, in no cases did we
observe cycles when the value of the parameter o was less than
1.704, which suggests the sensitivity of parasite attack to host and
parasite phenotypes must also exceed some critical threshold for
cycles to occur. Importantly, this minimum value of the parameter
a exceeds that allowed by our analytical approximations, likely
explaining why cycles are possible in our simulations but not
in our analytical models. This possibility was further confirmed
by intensive numerical investigation of several specific cases, by
gradually increasing a from low to high values (Fig. 2). In each
case we studied, a threshold value of « exists below which cycles
do not occur (Fig. 2A, B) but above which cycles do occur (Fig.
20).

In addition to identifying values of the selection parame-
ters a, &;, and y; that promote cyclical dynamics, our logistic
regression identified a significant effect of the number of loci
as well as numerous significant interactions among parameters
(Table 1). For instance, our logistic regression revealed that cy-
cles are most likely when traits are determined by intermediate
numbers of loci and when asymmetries exist in the fitness conse-
quences of species interactions (negative interaction between & 4
and € p) and in the strength of stabilizing selection (negative inter-
action between vy and v p) acting on the two species (Table 1).
Because cycles are favored by such asymmetries, we expect the
topology of the cycles themselves to be asymmetric. Specifically,
we expect the species that is less constrained by stabilizing selec-
tion and/or more strongly impacted by interspecific interactions
to cycle through larger trait values than its opponent. As we will
discuss later, these asymmetries greatly reduce the likelihood that
trait values of interacting species are positively correlated.

We further analyzed our simulation data to determine whether
our analytical prediction that genetic variance would be com-
pletely eroded at equilibrium was upheld even when cases of
strong selection were considered. For those cases not exhibiting
cyclical dynamics, our simulation results strongly support our an-
alytical predictions, with the average genetic variance at gener-
ation 5000 being 2.17x10™* £ 6.90x 10~® SE for the host and
2.10x10~* 4 6.50x 10~ SE for the parasite, values consistent

with a simple balance between mutation and selection. In contrast,



ANTAGONISTIC COEVOLUTION

lo
A — Host Mean
08 —-= Parasite Mcan
== Proportion Infected
[/ iy (O U A A S !
-
0.4
{J , ————————————————— —
-
00 4 . - .
0 300 1000 1500 2000 2500 3000
1.0
C

08
1721 o~ = e
s s T TEmTEETETTTA
[~ 0.6 4
L
=
= 04
= S e e o e § i —
2 w4

02 _IL__/

0.0 I T T T

0 500 1000 1500 2000 2500 3000

1.0

0.8

06 -

0.4

0.2

0.0 T T T

0 500 1000 15300 2000 2500 3000

0.030
B —— Host Vanance
0.025 == Parasitc Variance
0.020
0.015 [y
|
0,010 .I
0.0035 ‘I
LRV N by ¥
0 500 100D 1500 2000 2500 3000
0.030
D
0025 4
% |
S 0020 )
: .
= |
E 0015 ‘
" i
= 0010 !
B |
= 0005
0000 | — T T T
0 300 1000 1500 2000 2500 3000
0,030
F
0.025 4
0.020 1:
0.015 4
o010 4 1
0.005 FAY YN AN
0.000 RIS che i il
i) 3000 10000 1500 2000 2300 3000

Generation Number

Figure 2. Representative dynamics for trait means and the proportion of the infected hosts (left-hand panels) and genetic variances
(right-hand panels) for three different values of «. The value of a was 2.0 in (A) and (B), 4.0 in (C) and (D), and 8.0 in (E) and (F). All other
parameters were identical across panels: £y = 0.3, £p = 0.8, yy = 1.1,yp = 1.8, ny =6, np = 6, ry = 0.5, and rp = 0.2.

for those cases in which cyclical dynamics occurred, the average
genetic variance at generation 5000 was 1.58x 1072 4 1.46x 10~
SE for the host and 1.58x 1072 & 1.46x 10~* SE for the parasite,
quantities approximately 70 times larger than noncyclical cases,
and significantly larger than the genetic variance expected to be
maintained under mutation selection balance alone. Intensive nu-
merical analysis of several specific cases verified these results,
showing an absence of genetic variation when o was below the
critical threshold value required for cyclical dynamics (Fig. 2).
Thus, strong selection in our simulations actually creates the po-
tential for genetic polymorphism to be maintained at significantly
greater levels than expected based upon our weak selection ap-

proximations.

We also used our simulations to explore the topology of co-
evolutionary cycles. Specifically, we investigated the average am-
plitude of coevolutionary cycles as a function of the number of
loci. Our results demonstrate that cycles tend to be small in am-
plitude with amplitude decreasing as the number of loci is in-
creased. This result apparently arises because phenotypic cycles
are driven primarily by oscillations at only a single genetic locus.
Consequently, the amplitude of phenotypic cycles is expected to
be equal to the maximum phenotypic change caused by cycles
at a single locus, which, because we confine trait values to the
interval [0,1], is equal to 1/n. This pattern can be clearly seen in
Figure 3, which shows the majority of cycles are of amplitude 1/2
inthe case of two loci (Fig. 3B), but 1/4 in the case of four loci
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Figure 3. Host population mean phenotypes plotted against parasite population mean phenotypes in generation 5000 of the simulations.

Each point represents a single coevolving host-parasite community with parameters and initial allele frequencies selected at random (see
text). The solid black lines represent a linear regression of parasite mean phenotype on host mean phenotype. The distribution of the
strength of coevolutionary “heat” (« x &£y X &p) is plotted below each scatter plot. (A) shows cases in which phenotypes are determined
by two loci and cycles did not occur (n = 17265, R? = 0.25499, Zp = 0.22 + 0.50zy). (B) shows cases in which phenotypes are determined
by two loci and coevolutionary cycles did occur (n = 2447, R?2 = 0.369446, Zp = 0.83 — 0.612y). (C) shows cases in which phenotypes
are determined by four loci and cycles did not occur (n = 15410, R? = 0.376137, Zp = 0.19 4+ 0.61Zy). (D) shows the cases in which
phenotypes are determined by four loci and cycles did occur (n = 3588, R2 = 0.0274132, Zzp = 0.51 — 0.162y). Comparing (B) and (D)
shows the influence of the number of loci on the amplitude of cycles, with most points in (B) falling on the boundary of cycles with
amplitude 1/2, and most points in (D) falling on the boundary of cycles with amplitude 1/4.

(Fig. 3D). An additional consequence of this result is that cycles
tend to maintain less genetic variation as the number of loci in-
crease, simply because the single locus that cycles generates a
decreasing amount of phenotypic variation.

Analytical results derived under the assumption of weak se-
lection and fixed genetic variance allowed us to predict the propor-
tion of the host population infected by the parasite (see eq. 8). We
tested whether this analytical result carried over to our simulations
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by performing a multiple regression of the infected proportion of
hosts on the parameters «, &;, v;, 1, and their second-order in-
teractions. Prior to this analysis, the proportion of infected hosts
was transformed using y' = In(y/(1 — y)); this transformation
corrects for nonnormality of proportions as well as bounding the
regression predictions on the desired [0,1] interval. As expected
from our analytical results, & ; and vy p had significant negative ef-

fects on the proportion of infected hosts, whereas & p and vy y, had
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significant positive effects (Table 2, eq. 7). In contrast, the num-
ber of loci (ny = np = n), and the sensitivity of the probability
of attack to host and parasite phenotypes (a), had no significant
effect (Table 2).

Table 2. Multiple regression coefficients, standard errors, and as-
sociated P values explaining the proportion of the host population
infected by the parasite. Multiple regression was performed on the
76575 replicate simulation runs, with all predictor variables coded
as continuous with the exception of number of loci, which was
coded as ordinal. The terms n[5-4], n[4-3], and n[3-2] indicate the
effect of increasing the number of loci from 4 to 5, 3 to 4, and 2 to

3, respectively. For the full model, R = 0.548 and P < 0.00001.

Term Estimate  Std t Prob>
Error Ratio t]

Intercept —0.0487 0.0293 —1.6600 0.0965
n [3-2] —0.0142  0.0099 —1.4400 0.1509
n [4-3] —0.0015 0.0100 —0.1500 0.8774
n [5-4] 0.0009 0.0101 0.0900 0.9271
Ep 3.1356  0.0240 130.4900 0.0000
n[32]x&p —0.3978 0.0341 —11.6700 <0.0001
n[4-3]x&p —0.0469 0.0346 —1.3600 0.1754
n[5-4]xEp  —0.0611 0.0353 —1.7300 0.0834
&y —3.0959 0.0242 128.1000 0.0000
n[3-2]1x&y 0.3858 0.0344 11.2100  <0.0001
n[4-3]1x&y 0.0210 0.0346 0.6100 0.5445
n[54]x&y 0.0366 0.0349 1.0500 0.2943
Epxéy 0.0336 0.0424 0.7900 0.4289
o 0.0025 0.0024 1.0200 0.3063
n[3-2]xa —0.0007 0.0034 —0.2100 0.8330
n [4-3]xa —0.0022  0.0035 —0.6400 0.5228
n[54]xa 0.0029  0.0035 0.8200 0.4140
Epxa 0.4739  0.0042 111.5700 0.0000
Eyxa —0.4683  0.0042 110.3000 0.0000
Yp —2.1444  0.0241 —89.0600 0.0000
n[3-2]xvyp 0.0127 0.0342 0.3700 0.7113
n [4-3]xvyp 0.0715 0.0347 2.0600 0.0394
n[5—4]xyp 0.0970 0.0353 2.7500 0.0060
Epxyp 0.5706  0.0428 13.3400 <0.0001
Euxyp 1.0307 0.0426 24.1900 <0.0001
axyp —0.2768  0.0043 —65.0400 0.0000
Yu 2.2241 0.0242 91.7900 0.0000
n[32]xyy —0.0603 0.0345 —1.7500 0.0803
n[4-3]xyy —0.1091 0.0349 —3.1300 0.0018
n[54]xyy —0.0935 0.0353 —2.6500 0.0081
EpxXvyH —0.9960 0.0427 —23.3200 <0.0001
Euxvyn —0.5671 0.0429 —13.2300 <0.0001
axyy 0.2786  0.0043 64.8900 0.0000
YPXYH —0.0409  0.0429 —0.9500 0.3402
Epxép —2.0439 0.0475 —43.0700 0.0000
Euxén 2.0320 0.0474 42.8700 0.0000
axa 0.0000 0.0005 0.0200 0.9849
YpXYp 2.6665 0.0477 55.9600 0.0000
YHXYH —2.7351 0.0476 —57.4100 0.0000

Next, we used simulation results to examine if there is a ten-
dency for traits of host and parasite to “match” when reciprocal
selection is strong. Specifically, we compared the trait means of
the host and the parasite in the final generation of our simulations
via linear regression (i.e., parasite trait mean vs. host trait mean).
In contrast to our analytical prediction, our analysis revealed a sta-
tistically significant positive association between host and parasite
trait means for those cases that did notcycle (Zp = 0.20 + 0.58Zy;
n=63562; R* =0.337; Figs. 3A, C). Nevertheless, very few cases
were observed where host and parasite traits matched precisely,
with the majority of cases deviating significantly from any expec-
tation of literal trait matching (Figs. 3A, C). For cases that cycled
our results revealed a somewhat surprising negative association
between host and parasite trait means (Zp = 0.59 — 0.29Zy; n
= 13015; R? = 0.087; Figs. 3B and D). This negative associa-
tion arises because cyclical dynamics are favored by interspecific
asymmetries in the strengths of the parameters & and -y, which
also create asymmetries in the extent to which each species can
escalate its trait value (Table 1). Consequently, when cycles occur,
one species tends to have large trait values (the species with large
& and small y) whereas the other tends to have small values (the
species with small & and large y).

Because the majority of empirical studies are unlikely to have
sufficient time series data available to determine whether cycles
are occurring, we also analyzed the extent of trait matching be-
tween species across all simulations. This analysis of our pooled
simulation data revealed a significant positive association between
host and parasite traits (Zp = 0.24 — 0.50Zy; n = 76575; R? =
0.25). Thus, there is an overall tendency for host and parasite traits
to match when both cyclical and noncyclical cases are considered
simultaneously. To get a better feeling for what empirical studies
might actually observe, however, we repeatedly subsampled 20
communities from the pooled simulation data to generate datasets
more on par with the scale of experimental studies. Although
these smaller samples generally reveal a positive correlation be-
tween host and parasite traits, this correlation is highly variable
(Fig. 4).

In addition to revealing statistical patterns of trait matching
between host and parasite, our simulation data demonstrate that
the strength of reciprocal selection (coevolutionary ‘“heat™) cor-
relates with the extent to which traits of the interacting species
are exaggerated. Specifically, for those cases that do not cycle,
coevolutionary “heat”—measured as o x &y x &p,—explains
a significant percentage of the variation (42%) in the extent
to which the traits of the interacting species are exaggerated
(Zp =0.27 +0.17aéyEp; n = 63562; R = 0.42; 7y = 0.27 +
0.17aé5p; n = 63652; R* = 0.42). For those cases that do cy-
cle, however, only 3% of the variation is explained by coevolu-
tionary “heat” (Zp = 0.38 + 0.04aé&yép; n = 13015; R% =0.03;
Iy = 0.38 4+ 0.040éy€p; n = 13015; R? = 0.02).
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Figure 4. Parasite population mean phenotypes plotted against
host population mean phenotypes for three subsamples of 20 sim-
ulated communities drawn at random from the 76575 total simu-
lations. Regression statistics were: (A) Zp = 0.35 4 0.32zy; RZ =
0.14; (B) zp = 0.14 4+ 0.59zy; R2 = 0.35; (C) Zp = —0.04 + 0.99Z4;
RZ=0.72.

Discussion

The coevolutionary models analyzed here provide novel predic-
tions for the coevolutionary dynamics and outcomes of inter-
actions mediated by the degree to which the phenotype of one
species exceeds that of the other. Such interactions are very com-
mon and make up a significant proportion of the most intensively
studied cases of coevolution in natural systems (e.g., Berenbaum
et al. 1986; Berenbaum and Zangerl 1998; Brodie and Brodie
Jr. 1999; Bergelson et al. 2001; Brodie et al. 2002; Toju and
Sota 2006). Thus in conjunction with results from previous the-
ory developed for those systems mediated by phenotype match-
ing (e.g., Dieckmann et al. 1995; Abrams and Matsuda 1997,
Gavrilets 1997; Nuismer et al. 2005; Kopp and Gavrilets 2006),
our results complete a basic sketch of the dynamics and out-
comes of coevolutionary interactions mediated by quantitative
traits.
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An important similarity between results presented here and
those reported previously for models of phenotype matching
(Dieckmann et al. 1995; Abrams and Matsuda 1997; Gavrilets
1997; Nuismer et al. 2005; Kopp and Gavrilets 2006) is the pos-
sibility of cyclical dynamics. Our simulations exhibited cyclical
dynamics in 17% of our test cases and predict cycling is particu-
larly likely when small changes in host and parasite phenotypes
lead to large changes in the probability of successful parasite at-
tack (i.e., large o). However, our results also highlight important
differences between previous models based on phenotype match-
ing and our model based on phenotype excess. Specifically, when
interactions are mediated by the extent to which the phenotype
of one species exceeds that of the other (i.e., the models studied
herein) cyclical dynamics require a minimum strength of coevo-
lutionary selection and the existence of stabilizing selection. In
contrast, studies of interactions mediated by phenotype matching
have shown that cyclical dynamics can occur in the absence of
stabilizing selection and when coevolutionary selection is quite
weak (Nuismer et al. 2005). In addition to these differences in
the conditions required for cycling, our results show that cyclical
dynamics may be of much smaller amplitude in those systems
mediated by phenotypic excess than in those systems mediated
by phenotype matching. Thus, coevolutionary cycles are likely to
occur more frequently, and to be of potentially greater biological
significance when coevolution is mediated by phenotype match-
ing rather than phenotype differences, as suggested by Abrams
(2000).

In addition to demonstrating that coevolutionary cycles are
possible, our results show that phenotypic cycling plays an impor-
tant role in maintaining genetic variation. Specifically, our sim-
ulation results demonstrate that in the absence of coevolution-
ary cycles, genetic variation cannot be maintained at levels much
greater than mutation—selection balance in either host or parasite.
In contrast, when selection is strong and cyclical dynamics occur,
significantly greater levels of genetic variation can be maintained,
particularly when only a small number of loci determine the phe-
notypes of the interacting species. In both cases, levels of genetic
variation are roughly equal in host and parasite. Here too, our
results differ in important ways from previous models. Specifi-
cally, previous models based on phenotype matching have shown
that genetic variation can be maintained even in the absence of
cycles and at unequal levels in host and parasite (Nuismer et al.
2005; Kopp and Gavrilets 2006).

These differences arise because of inherent differences in the
functional relationship between host and parasite traits and the
probability of successful attack in the two types of model (see
eq. 1). Models based on phenotype matching lead to selection
that is, on average, stabilizing in form for the parasite or preda-
tor species, but disruptive in form for the host or prey species
(Nuismer et al. 2005). Consequently, genetic variation can often
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be effectively maintained in the host species, even in the absence
of cyclical dynamics, whereas genetic variation is rapidly eroded
in the parasite (Nuismer et al. 2005; Kopp and Gavrilets 2006).
Thus, for those coevolutionary interactions mediated by pheno-
type matching (e.g., Davies and Brooke 1989; Benkman 1999,
2003; Robert and Sorci 1999; Soler et al. 2001; Clayton et al.
2003; Lahti 2005) we expect to see greater levels of genetic vari-
ation in the host/prey than in the parasite. However, for those
coevolutionary interactions mediated by the extent to which the
phenotype of one species exceeds that of the other (Berenbaum
and Zangerl 1998; Bergelson et al. 2001; Brodie et al. 2002; Toju
and Sota 2006), selection is effectively stabilizing for both in-
teracting species. Thus for these types of interactions we expect
genetic variation to be maintained at no more than a single locus
and an absence of strong asymmetries in levels of genetic variation
across species.

Our results also yield interesting predictions for the expected
relationship between host and parasite traits. Specifically, our
results reveal that when cyclical dynamics do not occur there
should be a positive correlation between host and parasite traits
(Figs. 3A, C). In contrast, when cycles do occur, our results re-
veal a negative correlation between host and parasite traits (Figs.
3B, D). Despite these significant correlations, our results demon-
strate that literal matching between host and parasite traits will be
very rare, with the majority of interactions showing traits that are
dissimilar or “mismatched” to some degree (Figs. 3, 4).

This lack of literal matching between traits has important
implications for the interpretation of empirical studies that mea-
sure trait values of interacting species in multiple populations
(e.g., Berenbaum and Zangerl 1998; Brodie et al. 2002; Toju
and Sota 2006). Specifically, our results show that a significant
degree of trait mismatching can be explained without invoking
gene flow, genetic drift, or extinction/recolonization dynamics
(Fig. 4). Consequently, identifying particular populations or ge-
ographic regions in which the traits of interacting species do not
match does not provide evidence for the geographic mosaic the-
ory (Thompson 1999b, 2005). In conjunction with similar results
obtained from models predicated on a mechanism of phenotype
matching, our results demonstrate that critical evaluations of the
geographic mosaic theory will require studies focused on process
rather than pattern (Gomulkiewicz et al. 2007).
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