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SYNOPSIS. Many of the most commonly cited examples of exquisite adaptation are of coevolved symbioses.
As we learn more about the coevolutionary process, however, it is becoming increasingly evident that co-
evolution may also keep populations moderately maladapted much of the time. As a result, coevolving
populations may only rarely occupy adaptive peaks, because the selective landscape is under continual
change through reciprocal selection on the species themselves. These shifting patterns of coadaptation are
further shaped by the geographic structure of most species. Selection mosaics across landscapes and coevo-
lutionary hotspots can favor different evolutionary trajectories in different populations. The combined action
of gene flow, random genetic drift, and local extinction of populations may then continually remold these
local patterns, creating a geographic mosaic in the degrees of maladaptation found within local interactions.
Recent mathematical models of the geographic mosaic of coevolution suggest that complex mosaics of mal-
adaptation are a likely consequence of spatially structured species interactions. These models indicate that
the spatial structure of maladaptation may depend upon the type of coevolutionary interaction, the under-
lying selection mosaic, and patterns of gene flow across landscapes. By maintaining local polymorphisms
and driving the divergence of populations, coevolution may produce spatial patterns of maladaptation that
are a source of ongoing innovation and diversification in species interactions.

INTRODUCTION

Many of the most commonly cited examples of ex-
quisite adaptation are of symbioses that show evidence
of tightly coevolved morphology, physiology, and be-
havior. The most extreme examples include mitochon-
dria and chloroplasts (Chihade, 2000), but the array of
symbiotic species showing coevolutionary adaptation
continues to grow yearly. These examples showcase
the effectiveness of coevolution in linking the ge-
nomes of interacting species, and they point to the cen-
tral role of coevolution in organizing the earth’s bio-
diversity.

As we learn more about the coevolutionary process,
however, it is becoming increasingly evident that it
may often also keep local populations moderately mal-
adapted much of the time. The term maladaptation is
used in a variety of ways by evolutionary biologists,
but we use it here in the general sense of deviations
from adaptive peaks, as have others (e.g., Kirkpatrick
and Barton, 1997; Crespi, 2000). Suggested examples
of maladaptation in symbiotic interactions have in-
cluded poorer parasite infectivity or performance on
sympatric hosts than on allopatric hosts (e.g., Kaltz et
al., 1999; Oppliger et al., 1999; Koskela et al., 2000)
and mismatched profiles of local defenses and coun-
terdefenses between hosts and parasites (Berenbaum
and Zangerl, 1998; Burdon and Thrall, 1999).

Here we explore why moderate local maladaptation
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may be a common and expected result of the coevo-
lutionary process. As Crespi (2000) has argued, the
study of maladaptation requires recognition and quan-
tification of maladaptation and a determination of the
causes. In this paper we focus on how one of the most
common possible causes of local maladaptation—geo-
graphic structure—may shape patterns of maladapta-
tion in species interactions across landscapes. Our goal
is to begin to develop expectations on how maladap-
tation in coevolved interactions should be distributed
across landscapes under different ecological and ge-
netic conditions. Without such expectations, it will
continue to be difficult to interpret the wide range of
results obtained in studies of the outcomes of species
interactions. Here we focus on the kinds of conditions
that may prevent populations of interacting species
from occupying local adaptive peaks. Used in this
sense, local maladaptation corresponds to the deviation
of a local population from its locally optimum fitness.
Depending upon the geographic structure of an inter-
action, local maladaptation measured in this way may
or may not correspond with interpretations of malad-
aptation measured in challenge experiments between
sympatric vs. allopatric populations, which is another
common way of assessing some aspects of geographic
structure in local adaptation.

BACKGROUND: THE ECOLOGICAL STRUCTURE OF

COEVOLUTIONARY MALADAPTATION

It is difficult enough for populations to adapt to their
physical environments. Few environments are con-
stant, and selection often varies on local populations
over time. As a result, populations are genetic com-
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posites resulting from time-lagged variable selection
around means that themselves shift over time.

Coevolution adds another, fundamentally different,
level of complexity to the problem. Unlike adaptation
to the physical environment, adaptation to another spe-
cies may induce a reciprocal genetic response, as the
other species itself evolves in specific ways to enhance
or mitigate those evolutionary changes. Hosts evolve
to decrease the effectiveness of their parasites’ adap-
tations, and parasites evolve to decrease the effective-
ness of their hosts’ defenses. Even mutualisms are not
immune from this process, because cheaters force
changes that push coevolving mutualisms in novel di-
rections. By its nature, then, the coevolutionary pro-
cess tugs local populations in different evolutionary
directions over time, and it is likely to shift different
populations in different directions. These coevolution-
ary dynamics may produce patterns of maladaptation
ranging from local and ephemeral to widespread and
permanent.

How maladaptation in species interactions is distrib-
uted across landscapes in space and time will depend
upon at least six properties of populations and the forc-
es acting on them. The first five of these all introduce
time lags into the coadaptation of species within local
communities.

Frequency-dependent selection automatically gen-
erates temporal patterns of local maladaptation in in-
teractions between parasites and hosts. As natural se-
lection continues to favor rare host genotypes to which
the parasite is poorly adapted, it creates temporal mis-
matches between host and parasite genotype frequen-
cies within local communities. How much of the time
parasites or hosts appear to be locally maladapted will
depend upon the rates at which each species can track
changes in the other species (Morand et al., 1996). A
number of simulation models have now shown that a
combination of differences in generation times and
strengths of frequency-dependent selection often result
in time lags in the adaptation of species to each other.
Interacting parasites and hosts should therefore com-
monly be at least slightly to moderately mismatched
in defenses and counter-defenses much of the time due
to time-lagged selection (e.g., Dybdahl and Lively,
1998; Kaltz and Shykoff, 1998; Lively, 1999). Differ-
ences among populations in the length of time lags
will in themselves generate different local temporal
patterns in degree of maladaptation of locally inter-
acting species.

Density-dependent selection may favor different
levels of virulence and defense at different host and
parasite densities. Models of predator/prey interactions
have indicated that regions of high prey productivity
(e.g., prey birth rates) will favor different coevolution-
ary dynamics than regions of low productivity (Hoch-
berg and van Baalen, 1998). Consequently, rapidly
fluctuating population densities could potentially cre-
ate time delays in response to selection, thereby gen-
erating temporal patterns of maladaptation in the de-
gree of matching among traits. In addition, mismatches

can result within fluctuating populations even in the
absence of direct density-dependent selection, if the
interacting populations are driven through genetic bot-
tlenecks during epidemic cycles (Burdon and Thomp-
son, 1995).

Dormancy/diapause in one of the species has the
potential to introduce time lags into coevolving inter-
actions and thereby create local maladaptation. Recent
studies have suggested that the timing of diapause in
some prey species is related to the seasonal pattern of
intensity of predation, and that selection for diapause
timing is subject to fluctuating selection (Ellner et al.,
1999). Similar fluctuating selection must certainly oc-
cur in interactions between symbionts and hosts. Stud-
ies of local adaptation in sister species or populations
that differ in dormancy/diapause length would be use-
ful in developing our understanding of the dynamics
of maladaptation.

Genetic architecture of interactions in itself can
have important effects on the coevolutionary process
(e.g., Thompson and Burdon, 1992; Frank, 1993b,
1996; Burdon et al., 1996; Doebeli, 1996; Abrams,
2000; Roy and Kirchner, 2000). Recent models have
indicated that host resistance governed by quantitative
genetic effects may create different patterns of selec-
tion and dynamics on parasite virulence than host re-
sistance governed by major gene effects (Gandon and
Michalakis, 2000). Nevertheless, quantitative genetic
theory on how additivity of traits, epistasis, and plei-
otropy affect the temporal dynamics of coevolutionary
maladaptation is still developing. Moreover, there are
major gaps in our understanding of some of the most
fundamental questions on the genetic dynamics of co-
evolution. For example, we know that most plants are
polyploid and that polyploidy can have major effects
on some plant/insect interactions (Thompson et al.,
1997; Segraves and Thompson, 1999; Nuismer and
Thompson, 2001), but we know nothing about how
polyploidy affects coevolutionary dynamics.

Adaptation to multiple hosts or symbionts creates
potential compromises in selection that can make a
pairwise interaction appear maladapted (Combes,
1997). In some cases the maladaptation may be real,
depending upon the temporal dynamics of coevolution
involving all the interacting species. In other cases, the
adaptations of symbionts or hosts may be the locally
weighted outcomes of selection imposed by their en-
emies. The few studies of adaptive landscapes created
by multispecific interactions show evidence of com-
plex fitness surfaces (e.g., Simms and Rausher, 1993).
Studies of a number of symbiont/host interactions have
indicated that adaptation to different hosts can create
either negative trade-offs, positive correlations, asym-
metric effects on performance on different hosts, or no
clear correlations in host-related adaptations (e.g., Via,
1994; Fry, 1996; Thompson, 1996; Kraaijeveld et al.,
1998; Fellowes et al., 1999; Crill et al., 2000; Turner
and Elena, 2000). Moreover, the structure of these cor-
relations may change over time (Joshi and Thompson,
1995). How the dynamics of these positive and nega-
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tive correlations relate to the overall adaptation and
maladaptation of populations remains largely unre-
solved.

The geographic structure of interactions is the final
crucial component of interactions, shaping the pattern
of both temporal and spatial maladaptation. Almost all
widespread symbiotic interactions that have been stud-
ied show some geographic structure, varying across
landscapes in the traits and outcomes that shape co-
evolutionary trajectories (e.g., Berenbaum and Zan-
gerl, 1998; Parker and Spoerke, 1998; Burdon et al.,
1999; Lively, 1999; Parker, 1999; Thompson, 1999a;
de Jong et al., 2000). Because spatial structure is so
prevalent, its role in adaptation and coadaptation is
becoming one of the fundamental problems in evolu-
tionary biology (e.g., Wade and Goodnight, 1998;
Thompson, 1999b; Avise, 2000).

Developing predictions about the geographic struc-
ture of maladaptation requires consideration of three
widespread phenomena, which together comprise the
core of the geographic mosaic theory of coevolution:
selection mosaics, coevolutionary hotspots, and trait
remixing across landscapes (Thompson, 1994, 1999b).
Selection mosaics arise when the type or strength of
selection on interactions varies across the geographic
range of an interaction. The interactions between the
pollinating floral parasite Greya politella and its host
plants, for instance, have the potential to shift between
mutualism and antagonism across habitats. This vari-
ation in outcome is driven largely by the availability
of co-pollinators, such that the interaction is mutual-
istic in environments where co-pollinators are rare or
relatively inefficient but antagonistic in environments
where co-pollinators are abundant (Thompson and
Pellmyr, 1992; Pellmyr and Thompson, 1996; Thomp-
son, 1997).

These selection mosaics can, in turn, result in a mo-
saic of coevolutionary hotspots and coldspots across
landscapes. Coevolutionary hotspots are those com-
munities where selection acting on an interaction is
truly reciprocal. Crossbills and lodgepole pines, for ex-
ample, have coevolved only in those parts of the
Rocky Mountains of North America where pine squir-
rels, which are the major biotic driver of lodgepole
pine evolution in the Rockies, are rare or absent
(Benkman, 1999). Because many interactions may be
coevolutionary within only a fraction of their geo-
graphic range, spatial variation between coevolution-
ary hotspots and coldspots may drive much of the ob-
served dynamics of maladaptation.

Metapopulation dynamics and complex patterns of
gene movement across broader geographic landscapes
are the additional important components of geograph-
ically structured coevolution. (e.g., Gandon et al.,
1996; Burdon and Thrall, 1999; Burdon et al., 1999).
Local metapopulation dynamics may sometimes occur
within a similar coevolutionary selection regime, but
those dynamics are in turn embedded in larger geo-
graphic groups of populations that may be under dif-
ferent evolutionary and coevolutionary pressures. The

longterm study of the geographic dynamics of gene-
for-gene coevolution between wild flax and flax rust
in Australia exemplifies how coevolution between spe-
cies can be continually reshaped by metapopulation
dynamics and gene movement across local and broader
geographic landscapes (Burdon and Thrall, 2000).
These studies have demonstrated that the ongoing co-
evolution of species may, in fact, often require com-
plex geographic structure.

THE DYNAMICS OF COEVOLUTIONARY MALADAPTATION

Recent mathematical models of the geographic mo-
saic of coevolution have begun to suggest that com-
plex mosaics of maladaptation are a likely conse-
quence of geographically structured species interac-
tions. The models suggest that selection mosaics, co-
evolutionary hotspots, and trait remixing through gene
flow and metapopulation dynamics are capable of act-
ing together to create novel patterns of local and re-
gional maladaptation in coevolving species.

Metapopulation structure and broader geographic
structure

Coevolutionary models incorporating gene flow and
metapopulation structure among populations have
shown that coevolutionary dynamics in spatially struc-
tured populations connected by gene flow differ from
the dynamics of locally coevolving species. These
novel dynamics and patterns of maladaptation can be
especially pronounced when relative gene flow rates
differ between hosts and parasites, as has now been
demonstrated in some symbiotic interactions (e.g.,
Dybdahl and Lively, 1996). These differential gene
flow rates can create conditions under which one spe-
cies becomes relatively more maladapted than the oth-
er across landscapes. These novel dynamics could de-
velop even in the absence of selection mosaics and
coevolutionary hotspots.

For example, recent models incorporating gene flow
and extinction/recolonization dynamics have suggested
that spatial patterns of maladaptation may frequently
develop in host/parasite interactions (Gandon et al.,
1996, 1998). Furthermore, these models suggest that
hosts may be less maladapted than parasites whenever
host gene flow is higher than parasite gene flow and
overall parasite gene flow is low. Maladaptation in this
case means that parasites perform worse on their local
host than on allopatric hosts, and host resistance to
local parasites is relatively high. Shifting the relative
and absolute gene flow rates between parasites and
hosts shifts their degrees of local adaptation relative to
one another. These results, however, have a complex
structure, generating strong temporal patterns in the
degrees of local maladaptation found in parasites and
hosts.

Related spatial models using either a matching al-
leles or gene-for-gene structure have shown that meta-
population structure often allows for maintenance of
genetic variation over longer periods of time in host/
symbiont interactions than is possible through local
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coevolutionary dynamics alone (e.g., Frank, 1993a;
Antonovics, 1994; Damgaard, 1999; Thrall and Bur-
don, 1999). Consequently, geographically structured
coevolution provides ecological conditions under
which coevolving populations could cycle through
various states of adaptation and maladaptation over
long periods of time as host and symbiont populations
evolve through frequency-dependent selection, gene
flow, and random genetic drift.

Selection mosaics

The current generation of metapopulation models
assumes that the structure of selection is similar across
space. Selection mosaics, however, are likely to be
common in many interspecific interactions, depending
upon the initial conditions under which the interaction
arose, the genetic structure of local populations, the
life histories of the local interacting populations, and
the physical environments in which the interaction oc-
curs. Even if the overall outcome (e.g., mutualism) is
the same across landscapes, coevolution may follow
different trajectories in different populations. Parker’s
(1999) models of the evolution of symbiotic mutual-
isms suggest that geographic divergence may result
from differences among populations in initial genetic
conditions, which lead to subsequent fixation of dif-
ferent allelic combinations in different populations.
More recently, the models of Switzes and Moody
(2001) have indicated that local coevolutionary dy-
namics involving diploid species (in particular, a dip-
loid species interacting with a haploid species in their
analysis) can show a wider range of dynamics and
equilibria than found in haploid models. Their results
suggest that selection mosaics are likely to be common
in species interactions even in the absence of major
environmental differences across landscapes, as a re-
sult of different initial conditions among populations
and the complex genetic dynamics of coevolution.

In many interactions, however, the environments
and ecological outcomes differ greatly across land-
scapes. An interaction may even be mutualistic in one
environment, but antagonistic or commensalistic in an-
other. If local mutualistic selection is stronger than an-
tagonistic selection in neighboring communities, a lo-
cal mutualism can be protected from invasion by other
antagonistic genotypes (Nuismer et al., 1999). Under
other conditions, however, mutualisms may fluctuate
in gene frequency over time, if they are linked by gene
flow to communities in which the same interaction is
strongly antagonistic. These local mutualistic popula-
tions will create coevolutionary dynamics similar to
that observed in parasite/host interactions driven by
frequency-dependent selection (Nuismer et al., 1999).
The coevolutionary trajectories of coevolving inter-
actions will therefore depend not only upon the pattern
of gene flow among populations but also upon the rel-
ative strengths of selection in different habitats and the
overall strength of selection relative to gene flow.

Even if selection favors local fixation of traits in
mutualistic interactions, it may take hundreds of gen-

erations for the mutualism to become genetically sta-
bilized, when selection varies from antagonism to mu-
tualism among communities (Nuismer et al., 1999).
How long it takes for an interaction to become genet-
ically stabilized depends upon the relative strength of
selection in the different communities and the amount
of gene flow between communities. This stabilization
itself assumes that the outcomes of interactions do not
vary among the genetically connected communities
over time. Hence, any biologist studying the structure
of a local interaction within a natural community is
often likely to be studying an interaction in nonequi-
librium.

If the populations are connected clinally across
landscapes, a broad range of maladaptive outcomes is
possible. Recent models suggest that coevolutionary
clines produced by antagonistic interactions are likely
to be highly dynamic over time, producing geograph-
ically shifting patterns of adaptation and maladaptation
(Nuismer et al., 2000). In contrast, mutualistic clines
tend toward a stable geographic equilibrium in allele
frequencies.

In more geographically complicated interactions
that vary from antagonism to mutualism among com-
munities, maladaptation can occur not only at the
boundaries of these different outcomes, but also well
into neighboring areas across the geographic landscape
(Fig. 1). Moreover, strong spikes of maladaptation (rel-
ative to local potential fitness peaks) can occur in host
populations at the boundary between mutualistic and
antagonistic sites. Those spikes can be especially pro-
nounced whenever the strength of selection in the mu-
tualistic sites is much stronger than the strength of se-
lection in the antagonistic sites (Fig. 1a, b, c).

Finally, the demographic structure of interacting
hosts and symbionts has the potential to further re-
shape selection mosaics in symbiotic interactions. In a
recent model, Hochberg et al. (2000) assumed that
host populations varied geographically from demo-
graphic sources to sinks in the absence of symbionts,
and then explored competition between virulent and
relatively avirulent symbionts. Their models indicated
that the interactions were more likely to evolve toward
increased antagonism in environments that are demo-
graphic sources for the host and toward mutualism in
environments that are weak demographic sinks. In
these models, weak demographic sinks become the
likely sources for symbiotic mutualisms.

Coevolutionary hotspots

In addition to the effects of gene flow and selection
mosaics, recent models have suggested that coevolu-
tion need not be ubiquitous to shape the evolution of
species interactions. Coevolutionary hotspots, whether
antagonistic or mutualistic, can shape the overall tra-
jectories of species interactions, even when the hot-
spots are uncommon relative to the coldspots (Go-
mulkiewicz et al., 2000). In the process, hotspots can
generate either increased or decreased maladaptation
in species interactions, and they may do so either lo-
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FIG. 1. The spatial structure of maladaptation in a host and sym-
biont for an interaction that varies between mutualism and antago-
nism. Maladaptation is scaled relative to the local adaptive peak for
each population. The interaction is composed of a central core of
mutualistic communities (between 220 to 120), surrounded on ei-
ther side by antagonistic communities. Gene flow for both species
follows a Gaussian distribution with migration variance s2 5 2 for
both species. As the strength of mutualistic selection increases from
panels A through C, the level of maladaptation experienced within
the mutualistic habitat decreases. This decrease in maladaptation
within the mutualism leads to a corresponding increase in malad-
aptation at the interface between mutualistic and antagonistic habi-
tats. In all figure panels the rate of gene flow remains constant,
demonstrating that observed patterns of maladaptation depend fun-
damentally on the strength of local selection. Relative maladaptation
(here displayed as a percentage) is defined as (wmax 2 wmean)/(wmax

2 wmin), where wmax and wmin are the maximum and minimum local
fitnesses, respectively, for a species and wmean is its local mean fit-
ness. These figures were generated by numerical simulation of the
model described in Nuismer et al. (2000).

FIG. 2. The spatial structure of maladaptation in host and parasite
for an interspecific interaction that spans coevolutionary hotspots
and coldspots. Maladaptation is scaled relative to the local adaptive
peak for each population. Panels show the dynamics of relative mal-
adaptation in hot spots (left panels) and cold spots (right panels) for
a parasite (open symbols) and its host (closed symbols) over 300
generations of coevolution for three levels of gene flow (m). See
Figure 1 for the definition of relative maladaptation used here. Sim-
ulations are based on the model described in the legend of figure 6
of Gomulkiewicz et al. (2000).

cally or globally. Depending upon the geographic
structure of selection and the extent of gene flow, pop-
ulations of coevolving species can experience higher
fitness either in the hotspots or the coldspots. Hence,
patterns of local adaptation will depend upon the geo-
graphic mix of genetically connected coevolutionary
hotspots and coldspots, and local populations may
commonly cycle in maladaptation over time.

For example, consider two interactions between a
symbiont and a host, with a geographic structure sim-
ilar to that used in Figure 1. In one community, the
interaction is in a coevolutionary hotspot in which fre-
quency-dependent selection drives the interaction as a
parasite/host relationship; in the other, the interaction
is in a coldspot in which the interaction is commen-
salistic and acts only on the parasite (Fig. 2). In the
absence of gene flow between the hotspot and cold-
spot, the relative maladaptation of the species in the
hotspot cycles with increasing oscillations, whereas in

the coldspot the interaction rapidly approaches an
adaptive peak. With moderate gene flow between the
hotspot and coldspot (m 5 0.1), the interacting species
become permanently moderately maladapted in both
communities, despite the local differences in the struc-
ture of selection. With even higher levels of gene flow
(m 5 0.4), the populations of both species oscillate
over time in relative maladaptation in the hotspot and
in the coldspot. It is evident from this simple simula-
tion that a geographic mix of hotspots and coldspots
could maintain complex patterns of adaptation and
maladaptation across landscapes.

DISCUSSION

The study of coevolving symbioses has often been
plagued by inexplicable patterns of local outcome that
require ad hoc explanations. As we continue to devel-
op a full theory of coevolution based upon the actual
genetic, ecological, and historical structure of inter-
actions, we will become better at interpreting the pat-
terns of adaptation, apparent maladaptation, and real
maladaptation that we find in local studies of interact-
ing populations. We are already beginning to under-
stand that local maladaptation is not always necessarily
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a result of the failure of coevolutionary selection to
adapt species to each other. Instead, local maladapta-
tion—sometimes transient; sometimes more perma-
nent—is an inevitable and important part of the co-
evolutionary process for species interactions distrib-
uted across complex landscapes.

The maladaptation found in interactions is the origin
of future evolution. The deviation from adaptation
drives further selection. In that respect, coevolution is
likely a central force in most populations and species,
driving ongoing selection and new evolutionary solu-
tions. One way of thinking of antagonistic coevolution
between parasites and hosts is as a process favoring
traits that make the other species more maladapted.
The formation of mutualistic interactions changes the
structure of selection, but it does not eliminate the role
of maladaptation as a major component of coevolu-
tionary selection. Cheaters are inevitable within mu-
tualisms, either as cheater genotypes within the mu-
tualistic species or as yet other species that exploit the
mutualism. The result is that most mutualisms can
erode over time in the absence of ongoing selection to
mitigate what could otherwise become a ratchet of
maladaptation.

All the current mathematical models of the geo-
graphic mosaic of coevolution produce complex spa-
tial patterns and dynamics. Spikes of maladaptation,
for instance, can occur near the boundaries of coevo-
lutionary hotspots and selection mosaics. These spikes
may reflect what can actually happen at boundaries, or
they may reflect the simplifying genetic assumptions
of the models and the simplifying ecological assump-
tions about the structure of hotspot boundaries. No
models of selection mosaics and coevolutionary hot-
spots have incorporated metapopulation dynamics,
with either extinction/recolonization or source/sink
structures. More complex models with linked genetics
and epistasis and more complex demography will like-
ly show even more complex patchworks of maladap-
tation across landscapes. These dynamics will likely
depend upon the distribution of selection mosaics, co-
evolutionary patterns, relative rates of gene flow, and
metapopulation dynamics. Even so, the current results
already suggest that most geographically structured in-
teractions will generate a mix of highly adapted, mod-
erately well adapted, and maladapted populations.

Darwin understood that the most convincing evi-
dence for evolution was in the imperfection of nature
and the jury-rigged structure of adaptation. Subsequent
evolutionary biologists have understood this fact as
well. Nonetheless, it has taken longer to realize that
coevolution, which produces some of the best exam-
ples of exquisite adaptation, relies upon a constant in-
terplay of adaptation and maladaptation to drive much
of the ongoing adaptation and diversification of life.

Understanding the geographic structure and dynam-
ics of maladaptation is becoming increasingly impor-
tant as we continue to alter communities worldwide.
Ecological conditions creating maladaptation in inter-
actions through introduction of new taxa and geno-

types may be increasing as anthropogenic alteration of
communities worldwide rapidly remixes traits among
populations that have been traditionally widely sepa-
rated (Harvell et al., 1999). Managing the ecological
dynamics of interspecific interactions, whether para-
sitic or mutualistic, will rely upon understanding and
managing coevolutionary dynamics. The current mod-
els and empirical studies on the geographic mosaic of
coevolution are beginning to move our understanding
in that direction.

ACKNOWLEDGMENTS

We thank Mary Beth Saffo for organizing the sym-
posium, and Rebecca Hufft and two anonymous re-
viewers for very helpful comments on the manuscript.
This work was supported by NSF grant DEB-0073911
and DEB-0083548.

REFERENCES

Abrams, P. A. 2000. The evolution of predator-prey interactions:
Theory and evidence. Ann. Rev. Ecol. Syst. 31:79–105.

Antonovics, J. 1994. The interplay of numerical and gene-frequency
dynamics in host-pathogen systems. In L. A. Real (ed.), Eco-
logical genetics, pp. 129–145. Princeton University Press,
Princeton.

Avise, J. C. 2000. Phylogeography: The history and formation of
species. Harvard University Press, Harvard.

Benkman, C. W. 1999. The selection mosaic and diversifying co-
evolution between crossbills and lodgepole pine. Am. Natur.
153:S75–S91.

Berenbaum, M. and A. Zangerl. 1998. Chemical phenotype match-
ing between a plant and its insect herbivore. Proc. Natl. Acad.
Sci. U.S.A. 95:13743–13748.

Burdon, J. J. and J. N. Thompson. 1995. Changed patterns of resis-
tance in a population of Linum marginale attacked by the rust
pathogen Melampsora lini. J. Ecol. 83:199–206.

Burdon, J. J. and P. H. Thrall. 1999. Spatial and temporal patterns
in coevolving plant and pathogen associations. Am. Natur. 153:
S15–S33.

Burdon, J. J. and P. H. Thrall. 2000. Coevolution at multiple spatial
scales: Linum marginale-Melampsora lini—from the individual
to the species. Evol. Ecol. 14:261–281.

Burdon, J. J., P. H. Thrall, and A. H. D. Brown. 1999. Resistance
and virulence structure in two Linum marginale-Melampsora
lini host-pathogens metapopulations with different mating sys-
tems. Evolution 53:704–716.

Burdon, J. J., A. Wennstrom, T. Elmqvist, and G. C. Kirby. 1996.
The role of race specific resistance in natural plant populations.
Oikos 76:411–416.

Chihade, J. W. 2000. Origin of mitochondria in relation to evolu-
tionary history of eukaryotic alanyl-tRNA synthetase. Proc.
Natl. Acad. Sci. U.S.A. 97:12153–12157.

Combes, C. 1997. Fitness of parasites: Pathology and selection. In-
ternat. J. Parasitol. 27:1–10.

Crespi, B. J. 2000. The evolution of maladaptation. Heredity 84:
623–629.

Crill, W. D., H. A. Wichman, and J. J. Bull. 2000. Evolutionary
reversals during viral adaptation to alternating hosts. Genetics
154:27–37.

Damgaard, C. 1999. Coevolution of a plant host–pathogen gene-for-
gene system in a metapopulation model without cost of resis-
tance or cost of virulence. J. Theor. Biol. 201:1–12.

de Jong, P. W., H. O. Frandsen, L. Rasmussen, and J. K. Nielsen.
2000. Genetics of resistance against defences of the host plant
Barbarea vulgaris in a Danish flea beetle population. Proc.
Royal Soc. London B 267:1663–1670.

Doebeli, M. 1996. An explicit genetic model for ecological character
displacement. Ecology 77:510–520.

Dybdahl, M. F. and C. M. Lively. 1996. The geography of coevo-



387COEVOLUTION AND MALADAPTATION

lution: Comparative population structures for a snail and its
trematode parasite. Evolution 50:2264–2275.

Dybdahl, M. F. and C. M. Lively. 1998. Host-parasite coevolution:
Evidence for rare advantage and time-lagged selection in a nat-
ural population. Evolution 52:1057–1066.

Ellner, S. P., J. Hairston, N. G., C. M. Kearns, and D. Kabaı̈. 1999.
The roles of fluctuating selection and long-term diapause in
microevolution of diapause timing in a freshwater copepod.
Evolution 53:111–122.

Fellowes, M. D. E., A. R. Kraaijeveld, and H. C. J. Godfray. 1999.
Cross-resistance following artificial selection for increased de-
fense against parasitoids in Drosophila melanogaster. Evolution
53:966–972.

Frank, S. A. 1993a. Coevolutionary genetics of plants and patho-
gens. Evol. Ecol. 7:45–75.

Frank, S. A. 1993b. Evolution of host-parasite diversity. Evolution
47:1721–32.

Frank, S. A. 1996. Statistical properties of polymorphism in host-
parasite genetics. Evol. Ecol. 10:307–317.

Fry, J. D. 1996. The evolution of host specialization: Are trade-offs
overrated? Am. Natur. 148:S84–S107.

Gandon, S., Y. Capowiez, Y. Dubios, Y. Michalakis, and I. Olivieri.
1996. Local adaptation and gene-for-gene coevolution in a
metapopulation model. Proc. Royal Soc. London B 263:1003–
1009.

Gandon, S., D. Ebert, I. Olivieri, and Y. Michalakis. 1998. Differ-
ential adaptation in spatially heterogeneous environments and
host-parasite coevolution. In S. Mopper and S. Y. Strauss (eds.),
Genetic structure and local adaptation in natural insect popu-
lations: Effects of ecology, life history, and behavior, pp. 325–
342. Chapman and Hall, New York.

Gandon, S. and Y. Michalakis. 2000. Evolution of parasite virulence
against qualitative or quantitative host resistance. Proc. Royal
Soc. London B 267:985–990.

Gomulkiewicz, R., J. N. Thompson, R. D. Holt, S. L. Nuismer, and
M. E. Hochberg. 2000. Hot spots, cold spots, and the geograph-
ic mosaic theory of coevolution. Amer. Natur. 156:156–174.

Harvell, C. D., K. Kim, J. M. Burkholder, R. R. Colwell, P. R.
Epstein, D. J. Grimes, E. E. Hofmann, E. K. Lipp, A. D. M. E.
Osterhaus, R. M. Overstreet, J. W. Porter, G. W. Smith, and G.
R. Vasta. 1999. Emerging marine diseases—Climate links and
anthropogenic factors. Science 285:1505–1510.

Hochberg, M. E., R. Gomulkiewicz, R. D. Holt, and J. N. Thomp-
son. 2000. Weak sinks could cradle mutualisms—Strong sourc-
es should harbour parasitic symbioses. J. Evol. Biol. 13:213–
222.

Hochberg, M. E. and M. van Baalen. 1998. Antagonistic coevolution
over productivity gradients. Am. Natur. 152:620–634.

Joshi, A. and J. N. Thompson. 1995. Trade-offs and the evolution
of host specialization. Evol. Ecol. 9:82–92.

Kaltz, O., S. Gandon, Y. Michalakis, and J. A. Shykoff. 1999. Local
maladaptation in the anther-smut fungus Microbotryum viola-
ceum to its host plant Silene latifolia: Evidence from a cross-
inoculation experiment. Evolution 53:395–407.

Kaltz, O. and J. A. Shykoff. 1998. Local adaptation in host-parasite
systems. Heredity 81:361–370.

Kirkpatrick, M. and N. H. Barton. 1997. Evolution of a species’
range. Am. Natur. 150:1–23.

Koskela, T., V. Salonen, and P. Mutikainen. 2000. Local adaptation
of a holoparasitic plant, Cuscuta europea: Variation among pop-
ulations. J. Evol. Biol. 13:749–755.

Kraaijeveld, A. R., J. J. M. van Alphen, and H. C. J. Godfray. 1998.
The coevolution of host resistance and parasitoid virulence. Par-
asitology 116:S29–S45.

Lively, C. M. 1999. Migration, virulence, and the geographic mosaic
of adaptation by parasites. Am. Natur. 153:S34–S47.

Morand, S., S. D. Manning, and M. E. J. Woolhouse. 1996. Parasite-
host coevolution and geographic patterns of parasite infectivity
and host susceptibility. Proc. Royal Soc. London B 263:119–
128.

Nuismer, S. L. and J. N. Thompson. 2001. Plant polyploidy and non-
uniform effects on insect herbivores. Proc. Royal Soc. London
B 268:1937–1940.

Nuismer, S. L., J. N. Thompson, and R. Gomulkiewicz. 1999. Gene
flow and geographically structured coevolution. Proc. Royal So-
ciety London B 266:605–609.

Nuismer, S. L., J. N. Thompson, and R. Gomulkiewicz. 2000. Co-
evolutionary clines across selection mosaics. Evolution 54:
1102–1115.

Oppliger, A., R. Vernet, and M. Baez. 1999. Parasite local malad-
aptation in the Canarian lizard Gallotia galloti (Reptilia: Lac-
ertidae) parasitized by haemogregarian blood parasite. J. Evol.
Biol. 12:951–955.

Parker, M. A. 1999. Mutualism in metapopulations of legumes and
rhizobia. Am. Natur. 153:S48–S60.

Parker, M. A. and J. M. Spoerke. 1998. Geographic structure of
lineage associations in a plant-bacterial mutualism. J. Evol.
Biol. 11:549–562.

Pellmyr, O. and J. N. Thompson. 1996. Sources of variation in pol-
linator contribution within a guild: the effects of plant and pol-
linator factors. Oecologia 107:595–604.

Roy, B. A. and J. W. Kirchner. 2000. Evolutionary dynamics of
pathogen resistance and tolerance. Evolution 54:51–63.

Segraves, K. A. and J. N. Thompson. 1999. Plant polyploidy and
pollination: Floral traits and insect visits to diploid and tetra-
ploid Heuchera grossulariifolia. Evolution 1114–1127.

Simms, E. L. and M. D. Rausher. 1993. Patterns of selection on
phytophage resistance in Ipomaea purpurea. Evolution 47:907–
976.

Switzes, J. M. and M. E. Moody. 2001. Coevolutionary interactions
between a haploid species and a diploid species. J. Math. Biol.
42:175–194.

Thompson, J. N. 1994. The coevolutionary process. University of
Chicago Press, Chicago.

Thompson, J. N. 1996. Trade-offs in larval performance on normal
and novel hosts. Entomol. Exp. Appl. 80:133–139.

Thompson, J. N. 1997. Evaluating the dynamics of coevolution
among geographically structured populations. Ecology 78:
1619–1623.

Thompson, J. N. 1999a. The evolution of species interactions. Sci-
ence 284:2116–2118.

Thompson, J. N. 1999b. Specific hypotheses on the geographic mo-
saic of coevolution. Am. Natur. 153:S1–S14.

Thompson, J. N. and J. J. Burdon. 1992. Gene-for-gene coevolution
between plants and parasites. Nature 360:121–125.

Thompson, J. N., B. M. Cunningham, K. A. Segraves, D. M. Althoff,
and D. Wagner. 1997. Plant polyploidy and insect/plant inter-
actions. Am. Natur. 150:730–743.

Thompson, J. N. and O. Pellmyr. 1992. Mutualism with pollinating
seed parasites amid co-pollinators: Constraints on specializa-
tion. Ecology 73:1780–1791.

Thrall, P. H. and J. J. Burdon. 1999. The spatial scale of pathogen
dispersal: Consequences for disease dynamics and persistence.
Evol. Ecol. Res. 1:681–702.

Turner, P. E. and S. F. Elena. 2000. Cost of host radiation in an RNA
virus. Genetics 156:1465–1470.

Via, S. 1994. Population structure and local adaptation in a clonal
herbivore. In L. A. Real (ed.), Ecological genetics, pp. 58–85.
Princeton University Press, Princeton.

Wade, M. J. and C. J. Goodnight. 1998. The theories of Fisher and
Wright in context of metapopulations: When nature does many
small experiments. Evolution 52:1537–1553.


