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Abstract Along with increases in empirical information
about interspecific mutualisms have come both new and
refined questions about them. These questions have
spurred diversification in the theoretical approaches be-
ing applied to interspecific mutualism. This theoretical
literature has become large and potentially confusing,
but as a whole is very relevant to answering the current
important questions about mutualism. We first present
three important questions about mutualisms raised by re-
cent empirical results. (1) What factors control whether
interactions become mutualistic or parasitic? (2) Why
are highly specialized mutualisms rare and what are the
implications of this observation? (3) What is the impact
of trophic complexity on the functioning of mutualisms?
Second, we highlight results of recent models of mutual-
ism that address at least one of the three questions, and
point to potentially rewarding avenues of exploration for
these modeling approaches. This review should be useful
to both empiricists and theorists as a roadmap to both the
variety of theory currently being applied to mutualisms
and to results that are in need of additional theoretical
and empirical exploration.
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Introduction

Interspecific mutualisms represent some of the most im-
portant and widely studied interactions in ecology. Under
the global heading of “mutualism” are found partners
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and interactions as diverse as hummingbirds and the
flowers they pollinate, gut symbionts in the digestive
tracts of animals, ants that protect plants from herbivory,
and mycorrhizal fungi that exchange carbohydrates and
nutrients with plants. Mutualisms are aso ubiquitous
geographically and evolutionarily, with mutualist part-
ners found in all organismal kingdoms and in all ecosys-
tems (Boucher 1985a). This abundance and diversity,
coupled with their potential role in structuring communi-
ties (e.g., van der Heijden et a. 1998) and promoting co-
evolution (Thompson 1994), have made mutualisms the
focus of many empirical studies (Bronstein 1994). From
these studies, a sizable body of knowledge has accumu-
lated regarding the natural history of mutualisms, the
benefits for species involved in them, and the conditions
under which they operate.

Along with increases in understanding of mutualisms
have come a number of questions about how mutualistic
interactions evolve, remain mutualistic, and are affected
by the complex community within which they exist. Re-
cently, a wide variety of theoretical techniques has been
used to explore these questions, such as game theory
[especialy the iterated prisoner's dilemma (IPD); see
Appendix], population dynamic models, biological mar-
ket models, and models of the evolution of virulence.
This surge of varied approaches to modeling mutualisms
has resulted in a large and potentially confusing litera-
ture that is relevant to answering the current important
questions regarding how mutualisms operate.

The specific goas of this review are therefore two-
fold. We present three important questions about mutual -
isms raised by recent empirical results. Then, for each
question, we highlight results from recent theoretical
models elucidating the question, and suggest new direc-
tions for theory. For empiricists, this review should serve
as a roadmap to mutualism theory that may suggest
which theoretical results need to be tested. For theorists,
this review should foster a broader perspective regarding
the approaches being used by other theorists and should
highlight important empirical results that need to be ex-
plored theoretically.
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Question 1: the balance of trade in mutualisms -
what factors determine if a species evolves
to or behaves as a mutualist or a parasite?

Continuous variation is inherent in all aspects of mutu-
alisms, including the effectiveness of different partner
species or individuals within a species in conferring
benefits (e.g., Schemske and Horvitz 1984; Parker
1995). Furthermore, most mutualisms are also charac-
terized by apparent asymmetry in benefits received by
the two sides of the interaction (Jordano 1987; Bron-
stein 1994). That is, in a mutualism between two spe-
cies, one species often appears to benefit from the inter-
action much more than the other. For example, in plant-
bird seed dispersal systems, when a plant is very depen-
dent on a single bird species for the dispersal of its
seeds, the bird usually utilizes seeds from many other
plants and is thus not very dependent on that single
plant species (Jordano 1987). Recent work has shown
that when this asymmetry becomes exacerbated, a previ-
ously mutualistic interaction can become a parasitic
one, and some interactions have been shown to slide
back and forth between the two. One example is the
plant-mycorrhizal interaction, in which some species of
fungi act as strong mutualists, some as weak mutualists
or weak parasites, and some can even act as strong para-
sites (Smith and Smith 1996; Johnson et al. 1997). Fur-
thermore, the same species can act as a mutualist or a
parasite depending on soil nutrient levels (Smith and
Smith 1996; Johnson et a. 1997). Over the short term
(i.e., the time scale of plasticity and behavior), the
placement of potential partner species along the mutual-
ism-parasitism continuum appears to be controlled by a
“balance of trade” among the resources or services be-
ing exchanged. If environmental conditions change the
costs or benefits of the interaction such that costs are
greater than benefits for one of the partners, an interac-
tion can become parasitic. However, through the course
of evolution of these interactions, the mechanisms that
promote the stable existence of interactions near the mu-
tualism/parasitism boundary are not clear.

Theoretical progress and future directions: modeling
interactions along the mutualism/parasitism continuum

The balance of trade: IPD models

Although continuous variation in the quantity of rewards
is a feature inherent to most mutualisms, the costs and
benefits to an individual are fixed and discrete in many
mutualism models. In classic IPD models, for example,
an organism receives a certain amount of “payoff” for
cooperating with a cooperator, a certain amount for
cheating a cooperator, and so on (Appendix). Further-
more, the decision to cheat or not to cheat is based only
on these payoffs, according to predetermined behavioral
strategies. Models with such an all-or-nothing structure
cannot explore the gradual evolution from parasitism to

mutualism, nor can they analyze how interactions may
dide (through plasticity or behavior) along the gradient
between mutualism and parasitism in response to chang-
ing environmental conditions.

Some recent IPD models take important steps toward
tackling this issue, however. At least six recent papers
(Leimar 1997; Doebeli and Knowlton 1998; Roberts and
Sherratt 1998; Killingback et al. 1999; Wahl and Nowak
1999a, 1999b) introduce models that allow continuous
variation in the payoffs associated with mutualism that
can vary over the course of the game. This is an impor-
tant step, giving this framework the potential for explor-
ing the gradual movement of interactions between mutu-
alism and parasitism. These models differ in the mecha-
nism alowing varying payoffs, but in al of them,
players decisions about how much to invest in a partner
are based in some quantitative way on a perception of
the quality of their partner. The model of Doebeli and
Knowlton (1998) is more appropriate than the other
models for analyzing interspecific mutualisms, since it
separates players into two local, intraspecifically com-
peting classes (i.e., species), between which the poten-
tially mutualistic interaction takes place. All other 1PD
models assume that all players are in the same class and
could potentially compete or interact mutualistically
with any other player. The only difference among play-
ers in the IPD has been, classically, in their strategies
with respect to when they cooperate versus defect. Doeb-
eli and Knowlton (1998) assume that the amount invest-
ed by an individual varies with the payoff received in the
previous iteration, assuming that “healthy organisms
have more to offer their partners,” and they allow these
investment decisions to evolve as mutations periodically
arise. Under these conditions, they find that long-term
persistence of mutualism is possible, though it is charac-
terized by large fluctuations in the costs and benefits of
the interaction. An interesting result is that strong asym-
metry in the interaction always evolved when the two
species differed in rate of evolution: the partner with the
relatively higher rate of evolution aways evolved to ex-
perience a relatively lower level of benefit from mutual-
ism. This result is intuitively surprising, since one might
expect a species with a higher rate of evolution to have,
usually, the upper hand in an evolutionary arms race.
Howeuver, it is consistent with observations of some obli-
gate symbiotic mutualisms (Smith and Douglas 1987).
Of interest would be to investigate whether this peculiar
result is due to the obligate nature of the interaction as-
sumed in this model, by allowing one or both of the spe-
cies the possibility of existing or even reproducing apart
from the other. Such a system might facilitate the selec-
tion of genotypes better able to punish relatively poor
partners by terminating the association.

Doebeli and Knowlton (1998) suggest that future
work should incorporate fluctuations in population sizes.
This step would be useful, given the potentia influence
of population size on the benefits received from mutual -
ism (Addicott 1984; Breton and Addicott 1992; Pellmyr
and Huth 1994) and the potentia influence of this rela-



tionship on the population stability of the two species
(Bull and Rice 1991). This multiscale approach could be
particularly powerful for understanding interspecific mu-
tualisms, by alowing exploration of the impact of indi-
vidual-level costs and benefits on population-level pro-
cesses. When population dynamics are incorporated into
the IPD framework, it will be interesting to see whether
results of the models begin to converge on those of pre-
vious population dynamic models. Specifically, dimin-
ishing benefits from mutualism at higher population
sizes would be expected to increase the stability of mutu-
alism (see Boucher 1985b).

The balance of trade: biological market models

Biological market models show promise for addressing
the balance of trade in mutualisms (question 1), since
their central mechanism necessarily places interactions
along a continuum from mutualism to parasitism. The
basis of biological market models is that the decisions to
cooperate, and with whom to cooperate, are based on a
comparison of the potential benefits offered by a number
of different potential partners attempting to outbid each
other for the right to participate in the interaction (Noé
1990; Noé et a. 1991; Noé and Hammerstein 1994,
1995). A price of trade is determined by the balance be-
tween supply of and demand for the benefits being ex-
changed, and the price locates the interaction along the
mutualism-parasitism continuum: a price that is very fa-
vorable for one species but not for the other is indicative
of a more parasitic relationship than if the price is favor-
able for both species. Theoretically, this *partner-choice”
mechanism can be important in determining the dynam-
ics of a potentially mutualistic interaction (Bull and Rice
1991; Noé et al. 1991; Noé and Hammerstein 1994). A
major question, however, is how often interspecific inter-
actions actualy function as biological markets. The
yuccayucca moth interaction has been suggested to
sometimes exhibit partner choice (Pellmyr and Huth
1994), and partner choice, in principle, has the potential
to operate in any mutualistic interaction involving multi-
ple potential partners on either side (as most do: Howe
1984; Bronstein 1994; Waser et al. 1996; Kearns et a.
1998). In reality, however, a number of factors may di-
lute a classic market structure in commerce among na-
tions (see e.g., Chacholiades 1973) as well asin interspe-
cific biological interactions (Noé et a. 1991; Noé& and
Hammerstein 1994). Thus, an important question to ask
is not whether a system is functioning as a biological
market or not, but the extent to which it is doing so.
Most interactions probably exist somewhere between a
pure biological market and a pure non-market.

Biological market models may be particularly useful
for understanding the prevalence of asymmetry in mutu-
alisms, in which one species or partner benefits from the
interaction much more than the other (Noé et al. 1991).
The partner choice mechanism is consistent with the
maintenance of such skewed relationships, based on a
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supply-and-demand argument. As long as a commodity
controlled by an individual on one side of the interaction
is in high demand by individuals on the other side, the
individuals in control of that commodity can “bargain”
for the best offering “price” among the individuals need-
ing it. In doing so, it can choose to interact with those in-
dividuals offering the best price, or return benefit (Noé
et al. 1991). Thus, an asymmetrical relationship, in
which one species benefits much more than the other
from the interaction, can develop when one species con-
trols a commodity in high demand by the other (Noé
et a. 1991).

One recent example of a market model of mutualistic
interactions is that presented by Schwartz and Hoeksema
(1998) and extended by Hoeksema and Schwartz (in
press). They develop a model for two species that both
need the same two resources, using the example of a my-
corrhizal fungus and a plant, both of which need carbon
and phosphorus. The main mechanism of their model is
that whenever two species need each of two resources,
and differ in their abilities to obtain at least one of those
resources, they will always benefit by specializing in the
acquisition of the resource they obtain more efficiently
and trading with the other species for the other resource.
This model is potentially useful in exploring how mutu-
alisms may fluctuate across the mutualism/parasitism
boundary in ecological time. It can be analyzed along a
continuum of resource availabilities and thus can make
predictions about when the interaction will shift from
mutualism to parasitism along a gradient of resource
availability.

An important next step will be to test predictions of
this model by collecting data on resource acquisition by
potential mutualists, both in association with and in
isolation from each other, along gradients of resource
availability. These data could be used to paramaterize
the graphical approach employed by Schwartz and
Hoeksema (1998), in order to test whether the pure bio-
logical market approach accurately predicts the ecologi-
cal behavior of the potentially mutualistic organisms. If
it does not, then the interaction departs to some extent
from a strict market structure. For example, an ideal
experiment to test the basic model of Schwartz and
Hoeksema (1998) would be to grow facultatively ecto-
mycorrhizal plants and fungi along gradients of soil nu-
trient availability as well as atmospheric CO, availabili-
ty. One would collect data on cumulative nutrient and
carbon acquisition by both the plants and the fungi, as
well as surrogates for fitness of the plants and the fungi.
Figure 1 shows, using a hypothetical subset of such data,
how the market conditions for a potentially mutualistic
interaction could be paramaterized.

The basic economic theory of international trade
among nations, upon which the model of Schwartz and
Hoeksema (1998) is based, makes one potentially useful
prediction that has not been explored in the biological
market framework to date. As discussed by Leighton
(1970), in some situations, two nations can each benefit
from specialization and trade even if they do not differ in
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Fig. 1 Market conditions for aplant (A) and a mycorrhizal fungus
(B), parameterized using hypothetical data from a two-by-two fac-
torial experiment: high or low phosphorus (P) availability, and
plant and fungus grown separately (in “isolation”) or together
(with “trade”). Data are cumulative carbon and phosphorus accu-
mulation by individual plants or fungus genets (closed triangles
high P availability, isolation; hatched triangle high P availability,
trade; closed circles low P availability, isolation; hatched circles
low P availahility, trade). The arrows represent the preferred set of
combinations of the two nutrients acquired by the two species, and
correspond to the optima consumption vector of Schwartz and
Hoeksema (1998). Note that the arrow of the fungus is steeper
than that of the plant, suggesting that the fungus prefers to acquire
a higher ratio of carbon to phosphorus than does the plant. The
market model of Schwartz and Hoeksema (1998) suggests that
species will always benefit from specializing in the acquisition of
the resource for which they perceive a relative acquisition advan-
tage, and trading that resource to the other species for the other re-
source. However, the basic theory of international trade (e.g.,
Leighton 1970) suggests that different preferences by two nations,
as exhibited here between the fungus and the plant, are sufficient
for two nations to benefit from trade even if they have the same
relative abilities to produce or acquire two commodities

their relative abilities to produce two commodities. As
long as the two nations differ in their relative preferences
or needs for two commodities, they can still profit from
specialization and trade. In a biological market, this situ-
ation would be analogous to two species having different
relative preferences for two different nutrients, for exam-

ple. In that case, each species, in isolation from trade,
would perceive a higher price for the nutrient that they
“prefer.” With the possibility of specialization and trade,
each species should specialize in acquisition of the nutri-
ent that they do not prefer, and trade for the one that they
prefer. This mechanism alows a benefit from specializa-
tion and trade even if two species have identical abilities
to acquire two resources. As a result of this mechanism,
a surprising prediction emerges. If two species differ in
both their relative preferences for two resources and
their relative abilities to acquire those resources, in some
cases they may each benefit from specializing in the ac-
quisition and trade of the resource for which they per-
ceive a relative acquisition disadvantage. Thus, differ-
ences between species in their preferences for two re-
sources may facilitate the location of their interaction
along the mutualism portion of the continuum from mu-
tualism to parasitism. Figure 1 illustrates a hypothetical
scenario in which two species, a plant and a mycorrhizal
fungus, differ in their relative preferences for two re-
sources, carbon and phosphorus.

The balance of trade: virulence models

Models of the evolution of virulence in host-parasite sys-
tems may aso help us answer question 1. These models
usually consider the continuum from strong to weak par-
asitism (high to low virulence), and occasionally model
interactions fluctuating or evolving along the full contin-
uum from parasitism to mutualism. A common predic-
tion that emerges from this literature is that the evolution
of low virulence (commensalism) and the potentia for
mutualism is unlikely under most conditions, but that an
intermediate level of virulence will be selected for (e.g.,
Lenski and May 1994; van Baalen and Sabelis 1995).
This conclusion is based on the assumption that highly
virulent strains reproduce at a higher rate in their hosts,
and thus more propagules of these strains are likely to be
released during any one episode of transmission. Highly
virulent strains experience a tradeoff, however, because
host longevity, and hence the probability of an episode of
transfer to a new host, is negatively affected by higher
virulence. Thus an optimal level of virulence maximizes
transmission efficiency and host longevity. Low viru-
lence, and hence the possibility of a benign or even
mutualistic interaction, will only be selected when this
tradeoff is not experienced, i.e., when transmission of the
pathogen is very dependent on the prolonged health or
reproductive success of the host, and transmission effi-
ciency is not maximized by high virulence.

The most extreme case in which a tradeoff between
transmission efficiency and host success is not experi-
enced is that of vertical transmission, in which the patho-
gen is dispersed directly from a host to the host’s off-
spring. In this situation, the pathogen’s success is direct-
ly tied to the reproductive success of the host, and there
should be strong selection against a highly virulent
pathogen strain that Kills its host before the host has re-



produced (Ewald 1987). If we assume that host-parasite
interactions exhibiting low virulence are more likely
to evolve into mutualistic interactions, then the host-
parasite literature suggests that models exploring the
evolution of interactions across the boundary between
mutualism and parasitism should consider mode of trans-
mission as a potentially important factor. In fact, a few
previous models of the evolution of mutualism from
parasitism have relied heavily on vertical transmission
of the parasite for stable mutualism to be possible
(Yamamura 1993, 1996; Maynard Smith and Szathméry
1995). A prediction that emerges from these models is
that in potentially mutualistic systems, cheaters (para-
sites) should be less prevalent or successful the more
they are transmitted vertically. A fascinating example of
a host-pathogen system that seems to fit these predic-
tions is described by Herre (1993). In a system of nema-
todes parasitizing fig wasps, the degree of virulence of
the nematodes was closely correlated with the degree of
horizontal relative to vertical transmission. One example
of a mutualism that may be stabilized by vertical trans-
mission is the interaction between endophytic fungi and
their grass hosts (Clay 1990). These fungi are transmit-
ted in the seeds of their host plants, and benefit their
hosts in a number of ways including increased resistance
to herbivores.

Two recent models outline the conditions under which
the evolution of mutualism from parasitism can occur
in the absence of vertical transmission (Matsuda and
Shimada 1993; Genkai-Kato and Yamamura 1999). Both
depend on the assumption of the evolution of by-product
benefits from the parasite to the host, for which the para-
site experiences no cost. The model of Genkai-Kato and
Yamamura (1999) also requires, for the evolution of mu-
tualism, that the host exhibit some ability to punish over-
ly exploitative parasites (i.e., partner choice). Thus,
models of host-parasite interactions along the continuum
from mutualism to parasitism suggest that in general we
expect mutualism to be favored to the extent that trans-
mission of the symbiont depends intimately on the pro-
longed health or reproductive success of the host, as in
vertical transmission. In the absence of such conditions,
by-product benefits and partner choice for the host may
be required for mutualism to evolve.

An extensive survey of the mechanisms of benefit ex-
change by mutualists (Connor 1995) supports the notion
that by-product benefits should be extremely important
in the evolution of mutualisms from parasitisms. Connor
suggests that two of the most commonly studied types of
mutualism, between plants and their animal pollinators
and seed dispersers, began as parasitisms of the plant by
the animal. In some instances, the plant received a suffi-
cient by-product benefit from the animal (pollination,
seed dispersal) for the interaction to function as a mutu-
alism. Since the origin of these interactions, many plants
have evolved investments in the interaction, such as nec-
tar for pollinators or the fruit surrounding the seed in
seed dispersal interactions. A logical direction for mod-
els of the evolution of mutualism from parasitism via by-
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product benefits would be to allow for the possible evo-
lution of investment by the partners. As discussed above,
recent IPD models allow investments to evolve, but do
not consider by-product benefits. We are not aware of
any models that simultaneously consider by-product ben-
efits and allow the evolution of investment.

Question 2: why are highly specialized mutualisms
so rare in nature, and what are the implications
of this observation?

Highly host specific mutualisms are extremely rare in
nature (Howe 1984; Bronstein 1994; Waser et al. 1996;
Kearns et al. 1998) and, in fact, multiple species usually
participate on both sides of the interaction (e.g., Fig. 2;
see also Horvitz and Schemske 1990; Thompson and
Pellmyr 1992; Pellmyr and Thompson 1996). For exam-
ple, in the interaction between plants and arbuscular-
mycorrhizal fungi, most systems are characterized by
many plant species and many fungal species, with most
of the possible plant-fungus pairs of species interacting
to some degree (Smith and Read 1997). The generalized
nature of most mutualisms may have important implica-
tions for the response of species to changes in the abun-
dance of or benefits offered by their partners. For exam-
ple, a simple two-species model of a one-to-one mutual-
ism might predict that decreased abundance in one of the
species would necessarily hurt the partner on the other
side of the interaction. If there are multiple competing
species on one side of a mutualism, however, then de-
creased abundance of one of these species could simply
result in increased abundance of an alternative accept-
able species, with no negative impact on species on the
other side of the interaction (e.g., Davidson et al. 1989).
The lack of specificity in many mutualisms may also
affect the evolution of these interactions (Janzen 1980;
Thompson 1994; Waser et al. 1996; Pellmyr et al. 1997).
For example, even if specific species pairs are more effi-
cient mutualists with each other than with other potential
partners, a diverse community of potential partners may

Pollinator Species A ¢ Pollinator Species B (= Pollinator Species C

N/ \/

Plant Species A <{———"> Plant Species B

[\

Mycorrhizal Fungus Species A <Z————"> Mycorrhizal Fungus Species B

Fig. 2 A hypothetical community involving two plant species en-
gaged in two types of mutualism (mycorrhizal and pollination).
This is probably a very common situation in nature. Solid black
arrows (- ) represent interactions that are usually mutualistic,
while hollow arrows (=) represent interactions that are usually
competitive
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result in a selective regime that is too diffuse to allow
tight coevolution between two of the species.

Theoretical approaches and future directions: lack of
specificity in mutualism

Lack of specificity: a simple mean-variance model

What selective forces encourage the development of
generalization in mutualisms? Waser et al. (1996) deve-
lop a simple model for pollination systems that makes a
number of predictions along these lines. Most important,
it suggests that while plants and pollinators may gain
temporary advantages by specializing on partnerships
that are particularly efficient, temporal or spatial varia-
tion in the presence of potential partner species will se-
lect against the evolution of very specific interactions.
For example, the relative abundances of flowering plant
species at a site can vary significantly over time, such
that the evolution of specialization on any one plant spe-
cies would not be advantageous in the long term (Waser
et a. 1996). In fact, a negative effect of partner or re-
source unpredictability on the evolution of specialization
is nearly ubiquitous in models of the evolution of
speciaization (Futuyma and Moreno 1988; Hoeksema
1999).

Lack of specificity: virulence models

Unique predictions about the evolution of generalization
emerge from models of the evolution of virulence in
symbiotic interactions. A question that is commonly
asked by these modelsis: how do diverse cohorts of mu-
tualist species coexist? Both simple models of the evolu-
tion of symbiosis (e.g., Maynard Smith and Szathméary
1995) and epidemiological models of the evolution of
virulence in the interaction between a host and multiple
parasite strains or species (e.g., Bremerman and Picke-
ring 1983) predict a competitive exclusion principle
where there will always be selection for a more virulent
(i.e., lessmutualistic) strain or species, since virulence is
expected to be positively correlated with the reproduc-
tive rate of the parasite. Thus, all else being equal, a
cheater should always be able to invade and replace mu-
tualist species. This idea is analogous to the principle
of competitive exclusion in ecological communities of
competing species where one resource is limiting (Gause
1934).

Two recent models independently proposed a similar
mechanism that may allow coexistence of benign para-
sites (or mutualists) with virulent parasites (or cheaters).
Nowak and May (1994; see also May and Nowak 1994)
present a model of “superinfection” and the evolution of
parasite virulence that is similar mathematically to a
metapopulation model presented by Tilman (1994). Su-
perinfection is the process by which a more virulent par-
asite strain colonizes a host and outcompetes a less viru-

lent strain if there is one present. New, uninfected hosts
replace hosts that die, at a rate sufficient to maintain a
stable host population. These authors find that if we as-
sume a tradeoff between competitive ability within a
host/patch (which is positively associated with viru-
lence) and transmission rate (through better colonization
ability or through alowing the host to live longer), mul-
tiple strains can coexist that vary in their level of viru-
lence, though the overall level of virulence is higher than
in the absence of superinfection. While mutualism per se
is not included in these models, the ability of low-
virulence strains to persist in the presence of high-
virulence strains at least alows for the possibility of the
evolution of mutualism through the gain of a by-product
benefit by the host.

Despite the potential for competition/colonization
tradeoffs to explain the maintenance of diversity in sys-
tems of competing species, few complete data sets have
been collected with which to test these predictions, espe-
cially for communities of competing mutualists. One
system that may be amenable to such empirical tests is
the interaction between trees and ectomycorrhizal fungi.
These trees have large root systems that usually harbor a
diversity of fungal species. Root tips, the site of fungus
colonization, are continuously dying and being replaced
by new root tips. These new root tips are colonized by
fungi growing from spores or from nearby, colonized
root tips. If the better colonizers are the poorer competi-
tors for root tips, then individual root tips could function
as hosts in the models of May and Nowak. Fungal diver-
sity would be maintained because new root tips are pro-
duced fast enough to allow the better colonizers to
escape being outcompeted by the better competitors.
“Early-stage” ectomycorrhizal fungi such as Hebeloma
and Laccaria species have been suggested to be relative-
ly better colonizers of tree seedling roots than so-called
“late-stage” ectomycorrhizal fungi such as Cortinarius
and Russula species (see e.g., Bowen 1994). Are the
better colonizers poorer competitors? Pairwise fungus-
fungus competition experiments could be used to deter-
mine a competitive hierarchy, and colonization ability
could be estimated through observations of fungal colo-
nization of newly field-planted, previously uncolonized
host plants. If competitive ability isfound to be inversely
correlated with colonization ability, then these parame-
ters could be combined with data describing root turn-
over in a superinfection model to determine whether
competition/colonization tradeoffs are sufficient to ex-
plain the coexistence of ectomycorrhizal fungi in a root
tip metapopulation.

Lack of specificity: IPD models

While IPD models to date have not addressed generaliza-
tion in mutualisms, in the sense that they have not ex-
plicitly incorporated multiple competing species on ei-
ther side of a potentially mutualistic interaction, we see
no reason why they cannot. Doebeli and Knowlton's



(1998) IPD model of mutualism went so far as to subdi-
vide the individuals in the model into two guilds, within
which intraspecific competition takes place, and between
which potential mutualism occurs. Including multiple
species in the guilds on either side of the interaction,
with each individual interacting with more than one spe-
cies at a time, would alow exploration of the impact of
generality on mutualisms in this very useful modeling
framework. While Doebeli and Knowlton’s (1998) model
predicts that long-term persistence of mutualism is possi-
ble, we might predict, based on the results of host-
parasite models (e.g., Nowak and May 1994; see discus-
sion above), that the average interaction might evolve to
be relatively less mutualistic when multiple varying
symbionts are competing within individual hosts.

The incorporation of multiple potential partners into
any modeling framework will allow greater understand-
ing of the role of cheating in mutualisms because of the
impact of generality on the options available to both the
cheating species and the species being cheated. The deci-
sion to cheat, in which an individual receives benefits
but does not reciprocate to its partner, may be affected
by the risk of ending the relationship entirely. This risk
may be greater when a cheated individua has the oppor-
tunity to switch to an alternative partner, as in partner
choice models (Noé and Hammerstein 1995). Dugatkin
and Wilson (1991) and Enquist and Leimar (1993) pres-
ent patchy IPD models that allow exploitative individu-
als to switch from patch to patch in search of generous,
exploitable, partners. As discussed by Noé and Hammer-
stein (1995), this partner switching is only one possible
partner choice strategy. A full partner choice model
would also include the ability to choose a new partner
based on the relative quality of a number of potential
partners. The impact of cheating will also be affected by
whether or not the cheater has the option of switching to
alternative potential partners. If the species being cheat-
ed becomes too scarce (due to being cheated) to provide
sufficient resources for the cheater, the cheater may
switch to an alternative partner before driving the first
partner to extinction. This situation allows the cheated
species a chance to increase again in numbers, but aso
prevents sanctions against strong cheaters. These predic-
tions would be profitably explored in a game-theoretical
context.

Question 3: how does trophic complexity influence
the persistence of mutualism?

Mutualisms can be strongly influenced by the presence
of additional trophic levels, often in ways that are not
immediately obvious. For example, they may not be me-
diated by changes in density or biomass of the species
being affected. Werner and co-workers have repeatedly
demonstrated the prevalence of “trait-mediated” indirect
effects of predators on the interaction between other spe-
cies in anima communities (e.g., Eklov and Werner
2000; Peacor and Werner 1997), whereby the behavior
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and resulting interaction strength between two species
(e.g., competing herbivores) can be modified by the
presence of additional species in other trophic levels.
Though this example does not involve mutualism, it il-
lustrates the potential for species in other trophic levels
to influence interactions in a subtle way. In one recent
example involving mutualism, Strauss et a. (1999)
found that damage from herbivores can have negative ef-
fects on the ability of Brassica rapa plants to attract pol-
linators. The herbivore can potentially disrupt the plant-
pollinator mutualism, and once again the effect is not
density mediated. There is no reason to think that such
effects are not prevalent in systems involving mutualistic
interactions, but this issue has been little explored empir-
icaly or theoretically.

Many species may be involved simultaneously in
more than one type of mutualism (Fig. 2). As aresult, a
potentially limiting resource may have to be allocated to
traits associated with different partners. If alocating re-
sources to one of these partners results in a decrease in
alocation to another (as would be expected if energy
budgets are limited), then variations in the current
strength of one interaction may influence the outcome of
another one. Furthermore, the predicted effects of such a
tradeoff will differ depending on the shape of the trade-
off function, i.e., whether the total amount allocated var-
ies with the proportion alocated to different recipients.
For example, a plant may have to allocate carbon to my-
corrhizal fungi, Rhizobium bacteria, and to fruit or nectar
for seed dispersers and pollinators. If increased soil nu-
trient availability decreases allocation to the mycorrhizal
mutualism (Smith and Read 1997), more resources may
be available to invest in a seed or pollen dispersal mutu-
alism. However, physiological constraints may prevent
perfect redistribution of the resource (carbon) such that a
unit of carbon previously allocated to mycorrhizal fungi
is not completely available for allocation to pollination.
Although tradeoffs between different mutualisms have
not been specifically investigated empirically or theoreti-
caly, studies have demonstrated the presence of aloca-
tion tradeoffs involving, for example, plant defense and
reproduction (Koptur 1985; Agrawal et a. 1999).

Theoretical progress and future directions:
trophic complexity and mutualisms

Trophic complexity: interaction web models

Interaction web models based on sets of differential
equations could seemingly be readily used to explore the
impact of trophic complexity on the population dynam-
ics of mutualists. An interaction web model simulta-
neously considers the effects of multiple species on one
or both sides of a potentially mutualistic interaction, as
well as the effect of species in additional trophic levels.
Unfortunately, this modeling approach has yet to be ex-
plored adequately with regards to mutualisms — most
complex interaction web models are pure “food web”
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models, including only interactions in which organisms
consume one another (Polis and Winemiller 1996).
While some of the benefits exchanged in mutualisms fit
this description, many do not, and these are necessarily
excluded from a strict food web. In one example of an
interaction web model involving mutualism, Ringel et al.
(1996) introduce a four-species differential-equation
model that includes two plants, an insect that pollinates
both plants, and a predator of the insect. They find that
the addition of a second mutualist increases the local sta-
bility and community persistence of the model, com-
pared to the model with just one mutualist. This result
contrasts with typical two-species models, which tend to
be unstable unless they include some mechanism for di-
minishing returns at higher densities of the mutualists
(Boucher 1985h). Although the study of Ringel et al.
(1996) would have been stronger if they had explored a
wider range of parameter values for interactions between
the species involved, these results suggest that the diffi-
culty of stabilizing mutualism in two-species analyses
may be misleading when not considered in a wider com-
munity context. These conclusions should caution us
from overinterpretation of the results of simple models
because they show that by increasing the complexity of a
model system only slightly, we can produce model con-
clusions that are dramaticaly different. The few exam-
ples of complex interaction web models including mutu-
alisms (e.g., Heithaus et a. 1980; Ringel et al. 1996)
have yielded some promising results, but these should
till be considered preliminary, as this approach has not
been adequately explored.

Trophic complexity: biological market models

A difficult challenge for the biological market frame-
work would be to develop models that examine the inter-
action between species simultaneously involved in multi-
ple types of mutualism, e.g., a plant interacting both with
pollinating animals and mycorrhizal fungi (Fig. 2). This
structure would be analogous to the inclusion of more
than two nations in basic models of international trade,
which would not fundamentally change the mathematics
involved (see e.g., Chacholiades 1973). Asin the simple
two-nation models, each nation simply imports goods
that it does not produce itself, and exports goods that can
be sold for profit on the world market. All nations that
perceive a relative production advantage for a commod-
ity can profit by trading that commodity on the interna-
tional market. A biologica market model such as that
presented by Schwartz and Hoeksema (1998) could be
extended in this manner to include three or more species
exchanging three or more resources. For example, a
plant could simultaneously be trading carbon to both a
mycorrhizal fungus and Rhizobium bacteria. The mycor-
rhizal fungus trades mineral phosphorus to the plant for
carbon, while the bacterium trades minera nitrogen. The
price of carbon for either the fungus or the bacterium
would be partially determined by the demand of the

other. The graphical approach utilized by Schwartz and
Hoeksema (1998) could still be employed, with a graph
of market conditions being drawn for each of the three
species. So far, the extension of this approach to more
than two types of mutualism seems simple. However, ba-
sic theory of international economics tells us that relax-
ations of some key assumptions of the pure theory of
trade quickly complicate analyses of global trade among
more than two nations (Leighton 1970; Chacholiades
1973; Grubel 1977). For example, the pure theory as-
sumes perfect competition among all nations involved.
However, in reality, extremely large output of a com-
modity by a highly developed nation can outweigh the
comparative advantage for that commodity held by a
smaller, less-developed nation, allowing the larger nation
to undersell the smaller nation. In biological markets,
this may mean that while a smaller or less abundant spe-
ciesin aguild holds a theoretical comparative advantage
for a certain resource, which should allow it to profit
from speciaization and trade, a larger or more abundant
species may in effect “unfairly” outcompete the smaller
species by underselling it, preventing the smaller species
from profiting through trade.

Conclusion

This review has highlighted recent theoretical progress
in answering important questions about mutualistic inter-
actions. The various modeling approaches discussed here
were developed to answer different types of questions,
and so in some sense comparing their utility in answer-
ing the same questions is inappropriate. However, with
respect to the three questions about mutualism high-
lighted here, no one modeling approach is expected to be
a panacea — each has strengths as well as inherent weak-
nesses. We have tried to suggest how each approach can
take advantage of its strengths and push the boundaries
of its weaknesses to contribute to answering some im-
portant questions about mutualism. We recognize that
extremely realistic models may be analytically cumber-
some, and may not be general (Levins 1966), but we
hope that, as in some other cases, the most general mod-
els can also be the most readlistic (Orzack and Sober
1993).

The three questions about mutualism presented here
are clearly not mutually exclusive. For example, deter-
mining the factors responsible for the balance of trade in
mutualisms (question 1) and understanding the impact of
the complex community context of mutualisms (ques-
tions 2 and 3) will both lead to greater understanding of
the potential impact of cheaters on mutualisms, as dis-
cussed above.

None of the theoretical literature we have reviewed,
and little of the empirical work, thoroughly relates spe-
cific costs and benefits exchanged in a potentialy
mutualistic interaction to components of fitness of the
organisms involved. While we recognize that empirical
researchers have struggled to accomplish this task with



limited success, we encourage continued efforts in this
direction. With the goal of linking specific costs and
benefits of mutualisms to success of the organisms in-
volved in mind, empiricists should attempt to budget
specific costs and benefits exchanged in their systems
and keep track of how these costs and benefits are re-
lated to the fitness of the organisms involved.

It has been argued (Kareiva 1989; Steinberg and
Kareiva 1997) that there are great benefits to be reaped
through a more thorough dialogue between theoretical
and empirical research. We hope that this review is suc-
cessful in furthering this dialogue in the investigation of
mutualistic interactions.
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Appendix 1 The iterated prisoner’s dilemma
The iterated prisoner’s dilemma (IPD) is a specific case of a re-

peated two-player game, the characteristics of which are given by
the payoff matrix

C|D

CIR|S

DIT|P

During each round of the game, each player can cooperate (C) or
defect (D) and receive a payoff based on its own choice (rows of
the matrix) and the opponent's choice (columns). If both players
choose to cooperate, they both receive R units of payoff. If both
choose to defect, they both receive P units of payoff. If one player
cooperates and the other defects, the cooperator receives S and the
defector receives T. The two general conditions of the game are
that R>Pand R > min(S,T).

If T>RandP> S, then we have the specific scenario that has
been dubbed the prisoner's dilemma, in which the short-term pay-
off is always larger for defection than for cooperation. One com-
mon extension of the prisoner's dilemma s that in which the inter-
action is repeated and participants remember the outcome of prior
interactions, known as the iterated prisoner's dilemma. In an IPD,
mutual cooperation can be maintained if the players use specific
strategies for choosing whether to cooperate or defect. One such
strategy is called “tit for tat,” which dictates that players cooperate
on the first play and then do what the opponent did on the previ-
ous play (Axelrod and Hamilton 1981).

References

Addicott JF (1984) Mutualistic interactions in population and
community processes. In: Price PW, Slobodchikoff CN, Gaud
WS (eds) A new ecology: novel approaches to interactive sys-
tems. Wiley, New York, pp 437-455

Agrawa AA, Strauss SY, Stout MJ (1999) Costs of induced re-
sponses and tolerance to herbivory in male and female fitness
components of wild radish. Evolution 53:1093-1104

Axelrod R, Hamilton W (1981) The evolution of cooperation. Sci-
ence 211:1390-1396

Baalen M van, Sabelis MW (1995) The dynamics of multiple in-
fection and the evolution of virulence. Am Nat 146:881-910

329

Boucher DH (ed) (1985a) The biology of mutualism. Oxford Uni-
versity Press, New York

Boucher DH (1985b) The idea of mutualism, past and future. In:
Boucher DH (ed) The biology of mutualism. Oxford Universi-
ty Press, New York, pp 1-28

Bowen GD (1994) The ecology of ectomycorrhiza formation and
functioning. Plant Soil 159:61-67

Bremerman HJ, Pickering J (1983) A game-theoretical model of
parasite virulence. J Theor Biol 100:411-426

Breton LM, Addicott JF (1992) Density-dependent mutualism in
an aphid-ant interaction. Ecology 73:2175-2180

Bronstein JL (1994) Our current understanding of mutualism. Q
Rev Biol 69:31-51

Bull JJ, Rice WR (1991) Distinguishing mechanisms for the evo-
lution of cooperation. J Theor Biol 149:63-74

Chacholiades M (1973) The pure theory of international trade.
Aldine, Chicago

Clay K (1990) Fungal endophytes of grasses. Annu Rev Ecol Syst
21:275-298

Connor RC (1995) The benefits of mutualism: a conceptual frame-
work. Biol Rev Camb Phil Soc 70:427-457

Davidson DW, Snelling RR, Longino JT (1989) Competition
among ants for myrmecophytes and the significance of plant
trichomes. Biotropica 21:64—73

Doebeli M, Knowlton N (1998) The evolution of interspecific mu-
tualisms. Proc Natl Acad Sci USA 95:8676-8680

Dugatkin LA, Wilson DS (1991) ROVER: a strategy for exploit-
ing cooperators in a patchy environment. Am Nat 138:687—
701

Eklov P, Werner EE (2000) Multiple predator effects on size-
dependent behavior and mortality of two species of anuran lar-
vae. Oikos 88:250-258

Enquist M, Leimar O (1993) The evolution of cooperation in mo-
bile organisms. Anim Behav 45:747-757

Ewald PW (1987) Transmission modes and evolution of the para-
sitism-mutualism continuum. Ann NY Acad Sci 503:295-306

Futuyma DJ, Moreno G (1988) The evolution of ecological spe-
cialization. Annu Rev Ecol Syst 19:207-234

Gause GF (1934) The struggle for existence. Macmillan, New
York

Genkai-Kato M, Yamamura N (1999) Evolution of mutualistic
symbiosis without vertical transmission. Theor Popul Biol
55:309-323

Grubel HG (1977) International economics. Irwin, Homewood

Heijden MGA van der, Boller T, Wiemken A, Sanders IR (1998)
Different arbuscular mycorrhizal fungal species are potential
determinants of plant community structure. Ecology 79:2082—
2091

Heithaus ER, Culver DC, Beattie AJ (1980) Models of some ant-
plant mutualisms. Am Nat 116:347-361

Herre EA (1993) Population structure and the evolution of virulence
in nematode parasites of fig wasps. Science 259:1442-1445

Hoeksema JD (1999) Investigating the disparity in host specificity
between AM and EM fungi: lessons from theory and better-
studied systems. Oikos 84:327-332

Hoeksema JD, Schwartz MW (in press) Modeling interspecific
mutualisms as biological markets. In: Noé R, Hooff JARAM
van, Hammerstein P (eds) Economics in nature. Cambridge
University Press, Cambridge

Horvitz CC, Schemske DW (1990) Spatiotemporal variation in in-
sect mutualists of aneotropical herb. Ecology 71:1085-1097

Howe HF (1984) Constraints on the evolution of mutualisms. Am
Nat 123:764-777

Janzen DH (1980) When is it coevolution? Evolution 34:611-612

Johnson NC, Graham JH, Smith FA (1997) Functioning and my-
corrhizal associations along the mutualism-parasitism continu-
um. New Phytol 135:575-586

Jordano P (1987) Patterns of mutualistic interactions in pollination
and seed dispersal: connectance, dependence asymmetries and
coevolution. Am Nat 129:657-677

Kareiva P (1989) Renewing the dialogue between theory and ex-
periments in population ecology. In: Roughgarden J, May RM,



330

Levin S (eds) Perspectivesin ecological theory. Princeton Uni-
versity Press, Princeton, NJ, pp 68-88

Kearns CA, Inouye DW, Waser NM (1998) Endangered mutual-
isms: the conservation of plant-pollinator interactions. Annu
Rev Ecol Syst 29:83-112

Killingback T, Doebeli M, Knowlton N (1999) Variable invest-
ment, the continuous prisoner's dilemma, and the origin of co-
operation. Proc R Soc Lond B 266:1723-1728

Koptur S (1985) Alternative defenses against herbivores in Inga
(Fabaceae: Mimosoideae) over an elevational gradient. Ecol-
ogy 66:1639-1650

Leighton RI (1970) Economics of international trade. McGraw-
Hill, New York

Leimar O (1997) Reciprocity and communication of partner quali-
ty. Proc R Soc Lond B 264:1209-1215

Lenski RE, May RM (1994) The evolution of virulence in para-
sites and pathogens: reconciliation between two competing hy-
potheses. J Theor Biol 169:253-265

Levins R (1966) The strategy of model building in population bi-
ology. Am Sci 54:421-431

Matsuda H, Shimada M (1993) Cost-benefit model for the evolu-
tion of symbiosis. In: Kawanabe H, Cohen JE, Iwasaki K (eds)
Mutualism and community organization. Oxford University
Press, Oxford

May RM, Nowak MA (1994) Superinfection, metapopulation dy-
namics, and the evolution of diversity. J Theor Biol 170:95—
114

Maynard Smith J, Szathmary E (1995) The major transitions in
evolution. Freeman Spektrum, Oxford

Noé R (1990) A veto game played by baboons: a challenge to the
use of the prisoner's dilemma as a paradigm for reciprocity
and cooperation. Anim Behav 39:78-90

Noé R, Hammerstein P (1994) Biological markets: supply and de-
mand determine the effect of partner. Behav Ecol Sociobiol
35:1-11

Noé R, Hammerstein P (1995) Biological markets. Trends Ecol
Evol 10:336-339

Noé R, Schaik CP van, Hooff JARAM van (1991) The market ef-
fect: an explanation for pay-off asymmetries among collabo-
rating animals. Ethology 87:97-118

Nowak MA, May RM (1994) Superinfection and the evolution of
parasite virulence. Proc R Soc Lond B 255:81-89

Orzack SH, Sober E (1993) A critical assessment of Levins's The
strategy of model building in population biology (1966).
Q Rev Biol 68:533-546

Parker MA (1995) Plant fitness variation caused by different mu-
tualist genotypes. Ecology 76:1525-1535

Peacor SD, Werner EE (1997) Trait-mediated indirect interactions
in asimple aquatic food web. Ecology 78:1146-1156

Pellmyr O, Huth CJ (1994) Evolutionary stability of mutualism
between yuccas and yucca moths. Nature 372:257-260

Pellmyr O, Thompson JN (1996) Sources of variation in pollinator
contribution within a guild: the effects of plant and pollinator
factors. Oecologia 107:595-604

Pellmyr O, Massey LK, Hamrick JL, Feist MA (1997) Genetic
consequences of specialization: yucca moth behavior and self-
pollination in yuccas. Oecologia 109:273-278

Polis GA, Winemiller KO (eds) (1996) Food webs: integration of
patterns and dynamics. Chapman & Hall, New York

Ringel MS, Hu HH, Anderson G (1996) The stability and persis-
tence of mutualisms embedded in community interactions.
Theor Popul Biol 50:281-297

Roberts G, Sherratt TN (1998) Development of cooperative rela-
tionships through increasing investment. Nature 394:175—
179

Schemske DW, Horvitz CC (1984) Variation among floral visitors
in pollination ability: a precondition for mutualism specializa-
tion. Science 225:519-521

Schwartz MW, Hoeksema JD (1998) Specialization and resource
trade: biological markets as a model of mutualisms. Ecology
79:1029-1038

Smith DC, Douglas AE (1987) The biology of symbiosis. Arnold,
London

Smith FA, Smith SE (1996) Mutualism and parasitism: diversity in
function and structure in the “arbuscular” (VA) mycorrhizal
symbiosis. In: Callow JA (ed) Advances in botanical research.
Academic Press, London, pp 143

Smith SE, Read DJ (1997) Mycorrhizal symbiosis. Academic
Press, San Diego

Steinberg EK, Kareiva P (1997) Challenges and opportunities for
empirical evaluation of “spatial theory.” In: Tilman D, Kareiva
P (eds) Spatial ecology: the role of space in population dy-
namics and interspecific interactions. Princeton University
Press, Princeton, NJ

Strauss SY, Siemens DH, Decher MB, Mitchell-Olds T (1999)
Ecological costs of plant resistance to herbivoresin the curren-
cy of pollination. Evolution 53:1105-1113

Thompson JN (1994) The coevolutionary process. University of
Chicago Press, Chicago

Thompson JN, Pellmyr O (1992) Mutualism with pollinating seed
parasites amid co-pollinators: constraints on specialization.
Ecology 73:1780-1791

Tilman D (1994) Competition and biodiversity in spatially struc-
tured habitats. Ecology 75:2—16

Wahl LM, Nowak MA (1999a) The continuous prisoner's dilem-
ma. |. Linear reactive strategies. J Theor Biol 200:307-321

Wahl LM, Nowak MA (1999b) The continuous prisoner's dilem-
ma. Il. Linear reactive strategies with noise. J Theor Biol
200:323-338

Waser NM, Chittka L, Price MV, Williams NM, Ollerton J (1996)
Generalization in pollination systems, and why it matters.
Ecology 77:1043-1060

Yamamura N (1993) Vertical transmission and evolution of mutu-
alism from parasitism. Theor Popul Biol 44:95-109

Yamamura N (1996) Evolution of mutualistic symbiosis: a differ-
ential equation model. Res Popul Ecol 38:211-218



