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ABSTRACT 

 

Species exist in complex biotic environments, engaging in a variety of 

antagonistic and cooperative interactions. While these interactions are generally 

recognized to be context-dependent, varying in outcome in the presence of other 

interactions, studies tend to focus on each interaction in isolation. One of the main classes 

of species interaction is mutualism, in which partner species gain a net benefit from their 

interaction. However, mutualisms are beset by a variety of species that can reduce or 

even eliminate the benefits of mutualism through exploitation of and competition for the 

resources and services offered by mutualists. These exploiter species potentially threaten 

the ecological stability of mutualisms and may alter selection on mutualistic traits. Thus, 

understanding the ecology and evolution of mutualisms requires consideration of 

interactions with exploiter species. In this dissertation, I investigated the effects of 

exploiter species on mutualisms between plants and pollinators using a combination of 

eco-evolutionary modeling, optimization theory, and behavioral studies. Using two 

adaptive dynamics models of coevolution in exploited pollinating seed parasite 

mutualisms, I found that exploiters reduce mutualist densities and select for more 

parasitic mutualists. Nevertheless, the models demonstrate that intraspecific competition 

for host resources and host defense of those resources restrict the ecological conditions 

that lead to extinction of the mutualism, as well as the chances of evolution to extinction. 

Thus, exploiters are unlikely to be the threat to mutualisms that has been assumed 

previously. On the other hand, in another type of exploitation, exploitative predators may 
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pose a greater threat to investment in mutualism than has been presumed. Through both 

optimal foraging theory and behavioral experiments on bumble bees, I found that the risk 

from ambush predators can change pollinator floral preferences when predators 

preferentially use high-quality flowers to locate their prey. This research suggests that 

predators of mutualists may have important top-down effects and that further research is 

needed to investigate the effects of exploitative predators on selection on mutualist traits. 
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INTRODUCTION 

 

Explanation of the problem and a review of the literature 

Mutualisms are defined by the net benefit partner species derive from the 

interaction. Mutualisms play a key role in ecosystem function and the delivery of major 

ecological services, including nitrogen fixation, pollination, and protection against 

herbivores, predators and parasites (Agrawal et al. 2007; Holland and Bronstein 2008). 

Mutualists generally must invest resources into the interaction (Bronstein 2001a); 

consequently, individuals of mutualist species that cheat their partners by investing little 

or nothing are expected to have an advantage over their more cooperative conspecifics. 

However, recently, considerable progress has been made in explaining how mutualists 

are able to resist this ‘temptation to defect’ (Frank 1994; Ferrière et al. 2002; West et al. 

2002; Foster 2004; Holland et al. 2004; Foster and Kokko 2006; Foster and Wenseleers 

2006; Kiers and van der Heijden 2006).  

In addition to cheating by individuals of the mutualist species, mutualisms are 

vulnerable to the loss of commodities to exploiter species which do not provide any 

benefit in return (Bronstein 2001b; Yu 2001). Exploiters appear to be nearly ubiquitous 

across mutualisms, including rhizobia that infect plants but fail to fix nitrogen, insects 

and hummingbirds that take floral resources without pollinating, and ants that take 

rewards from their partners without protecting against herbivores or predators (e.g., Cook 

and Rasplus 2003; Tillberg 2004; Dedej and Delaplane 2005; Sachs and Simms 2008). 

These exploiter species have the potential to affect the population dynamics of 
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mutualists, as well as selection on mutualist traits. Therefore, instead of assuming 

pairwise interactions between two mutualist species or guilds, studies of mutualism need 

to incorporate antagonism from exploiters, which can be visualized as in fig. 1. 

 

M1 M2

E

+

+

+
_

M1 M2

E

+

+

+
_

 

Figure 1: Diagram of interactions between mutualist and exploiter species. The net 

effect of the interaction between the mutualist species, M1 and M2, is positive for both 

species. Exploiters, E, take resources from at least one mutualist species, inflicting a cost 

while extracting a benefit. Exploiters may have a variety of direct interactions with the 

second mutualist species (e.g., fig. 2), or may interact only indirectly through the first 

mutualist species. 

 

If the costs of exploitation outweigh the benefits of mutualism, the mutualism 

could collapse, or in the case of obligate mutualism, the mutualist species could go 

extinct. Consequently, it has been argued that mutualist-exploiter associations should be 

rare in nature for both ecological reasons (e.g., exploiters would invade and drive 

mutualists to extinction) and evolutionary reasons (e.g., under the pressure of 

exploitation, natural selection would disfavor investments into mutualistic traits) 



 
 
 

12 

(Axelrod and Hamilton 1981; Bull and Rice 1991; Maynard Smith and Szathmáry 1995; 

Doebeli and Knowlton 1998; Herre et al. 1999; Denison 2000; Edwards and Yu 2007; 

Johnstone and Bshary 2008). However, as exploiters are in fact common both within and 

across mutualisms, as well as persistent across time (Machado et al. 1996; Després and 

Jaeger 1999; Pellmyr and Leebens-Mack 1999; Currie et al. 2003), additional study is 

required to explain the surprising frequency of mutualist-exploiter associations, 

especially incorporating coevolution of exploiters with mutualists.  

Furthermore, while exploiters are defined in terms of their parasitic interaction 

with one of the mutualist species, the ecological and evolutionary effects of exploiters are 

likely to depend on the nature of the interaction between the exploiter and the second 

mutualist species. Previous models have assumed that the exploiter competes with the 

second mutualist for resources, and that this competition may be asymmetric in favor of 

the mutualist (Bronstein et al. 2003; Morris et al. 2003; Wilson et al. 2003; Ferrière et al. 

2007). In this case, the interaction effects are as shown in fig. 2a. However, the second 

mutualist may not be an antagonist of the exploiter in all mutualisms. Predators and 

parasites may act as exploiters of mutualisms when they use one mutualist species to gain 

access to their victims, as in the dispersal of anther smut disease by pollinators (Shykoff 

and Bucheli 1995) and the ambush of pollinators on flowers by crab spiders (Morse 

2007) and predaceous bugs (Greco and Kevan 1995). In such cases, the exploiter gains a 

benefit from its interaction with the second mutualist, as shown in fig. 2b. 
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Figure 2: Interaction diagram for mutualisms with (a) traditional exploiters and (b) 

exploitative predators. Mutualists, M1 and M2, interact for a mutual net benefit. 

Exploiters gain a benefit by (a) taking resources from or (b) through predation of one 

mutualist species, M1. However, the effect of the interaction between exploiters and the 

second mutualist species depends on the type of exploiter. While M2 can regulate the 

density of (a) traditional exploiters, M2 may augment the densities of (b) exploitative 

predators.  

 

As can be seen in fig. 2, exploiter population densities can be either regulated or 

augmented by the second mutualist species. Meanwhile, the effects of exploiters on the 

ecological and evolutionary dynamics of the mutualism are likely to depend on the type 

of interaction between the exploiter and the second mutualist. Thus, I propose that in 

addition to a closer integration of exploiters into the study of the ecological and 

evolutionary dynamics of mutualisms, a distinction is necessary between traditional 

exploiters, which compete for mutualist rewards, and exploitative predators, which 

benefit from interactions with both mutualists.  
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Explanation of Dissertation Format 

In this dissertation, I investigated how exploiters change the behavior, ecological 

dynamics and coevolution of mutualists, using two classes of pollination mutualisms as 

model systems for a combination of empirical and theoretical studies. These types of 

pollinating mutualisms are the group of pollinating seed parasite mutualisms, typified by 

yuccas and yucca moths, and generalized pollination, such as by bumble bees. Pollinating 

seed parasite mutualisms are highly specialized, obligate interactions in which the service 

of pollination by insects is traded for seeds as a resource for the insect larvae (Dufaÿ and 

Anstett 2003). Exploiter species are also seed parasites, but do not pollinate. In contrast, 

generalized pollination involves many plant and pollinator species, making the 

interaction facultative (at least between any pair of plant and pollinator species). Ambush 

predators can exploit the mutualism by using flowers to locate their prey, and may even 

prefer the more pollinator-attractive and rewarding flowers (Heiling et al. 2004; Heiling 

and Herberstein 2004). 

The document is presented in four appendices, each formatted as an independent 

manuscript. Appendix A describes the role of intraspecific competition in mediating the 

coevolutionary dynamics between mutualist and exploiter birth rates in a pollinating seed 

parasite mutualism. Appendix B extends the model presented in Appendix A to allow for 

coevolution of plant defense against seed predation. It demonstrates that coevolution of 

the plant with the mutualist and exploiter decreases the probability of extinction of the 

mutualism. Appendix C introduces the idea that ambush predators can not only make 

pollination mutualisms more costly for pollinators, but may also have top-down effects 
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on selection on floral traits by changing pollinator floral preferences in favor of less 

rewarding flowers. Finally, Appendix D tests the prediction that bumble bees should 

switch to less rewarding flowers when predation risk is associated with higher rewards. 
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PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the 

manuscripts appended to this dissertation. The following is a summary of the most 

important findings in this document. 

Appendix A models coevolution between pollinating mutualists and non-

pollinating exploiters in a pollinating seed parasite mutualism in order to determine the 

effects of exploiters on mutualism dynamics. Mutualist and exploiter birth rates are 

allowed to coevolve in an adaptive dynamics model with a fixed host plant. Evolution of 

mutualist birth rate is found to determine which exploiters can invade successfully. 

Subsequent coevolution with an exploiter has a strong, predictable influence on long-term 

mutualist-exploiter coexistence, mutualist and exploiter phenotypes, and host, mutualist, 

and exploiter abundances. Weak mutualist competition promotes ‘evolutionary purging’ 

of the exploiter, while weak exploiter competition leads to ‘evolutionary suicide’ of the 

system. Thus, the degree of intraspecific competition in each species is critical for the 

outcome of these interspecific interactions. 

Appendix B moves beyond a pairwise perspective in coevolutionary dynamics to 

determine how the community dynamics of an exploited pollinating seed parasite 

mutualism are changed by coevolution between these interacting species, as compared to 

independent species evolution when the traits of interacting species have fixed values. An 

eco-evolutionary dynamic model incorporating evolving plant defense and mutualist and 

exploiter oviposition rates is used to predict the ecological outcome after trait evolution 
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and coevolution. The analysis demonstrates that extinction of the exploiter or other all 

three species is most frequently a consequence of host over-exploitation by the mutualist, 

rather than the exploiter species. However, the chances of extinction can be decreased by 

the effectiveness of plant defense and a fecundity-competition trade-off in mutualists and 

exploiters. Overall, coevolution in communities is more likely to enable species 

persistence than is independent evolution of species. 

Appendix C uses optimization of a model of pollinator lifetime foraging gains to 

generate predictions of how pollinators should respond to different distributions of 

ambush predators on flowers. Lifetime foraging gains are modeled as the sum of the 

gains from a series of visits to flowers of the preferred reward level, with the number of 

visits a pollinator can make depending on the level of predation risk. Predation risk 

depends on pollinator vulnerability to capture, the density of ambush predators, and the 

relationship between flower reward level and the probability of harboring an ambush 

predator. For pollinator species that are difficult for predators to capture, the optimal 

strategy is to visit the most rewarding flowers as long as predator density is low. At 

higher predator densities and for pollinators that are more vulnerable to predator capture, 

the optimal strategy depends on the predator distribution. In some cases, a wide range of 

floral rewards provides near-maximum lifetime resource gains for pollinators, which is 

predicted to favor generalization if searching for flowers is costly. In other cases, a low 

flower reward level provides the maximum lifetime resource gain and so pollinators are 

predicted to specialize on less-rewarding flowers. Therefore, the model suggests that 

predators can have qualitatively different top-down effects on plant reproductive success 
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depending on the pollinator species, the density of predators, and the distribution of 

predators across flower reward levels. 

Appendix D tests the response of bumble bee foraging preferences to predation 

risk in relation to flower reward level. In the laboratory, foraging bumble bees were 

subjected to simulated predator attacks on artificial feeders that differed in sugar 

concentration and color. In response to a simulated predator attack, bees foraging on a 

low-reward artificial flower were more likely to cease foraging for at least an hour or to 

extend the time between flower visits. Bees attacked on a high-reward artificial flower 

were more likely to increase visitation of low-reward artificial flowers. Forager body 

size, which is thought to affect vulnerability to capture by predators, did not have an 

effect on response to an attack. This study confirms that predation risk can alter pollinator 

foraging behavior in ways that influence the number and reward level of flowers that are 

visited. 
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ABSTRACT: Following upon growing recognition of exploiters as a prominent and 

enduring feature of many mutualisms, there is a need to understand the ecological and 

evolutionary dynamics of mutualisms in the context of exploitation. Here, we model 

coevolution between mutualist and exploiter birth rates, using an obligate pollinating seed 

parasite mutualism associated with a non-pollinating exploiter as a reference system. In 

this system, mutualist and exploiter larvae parasitize the host plant, competing for and 

consuming seeds. Evolution of the mutualist determines which exploiters can invade 

successfully. Subsequent coevolution with an exploiter has a strong, predictable influence 

on mutualist-exploiter coexistence, mutualist and exploiter phenotypes, and species 

abundances. Weak mutualist competition promotes ‘evolutionary purging’ of the 

exploiter, while weak exploiter competition leads to ‘evolutionary suicide’ of the system. 

When stable, long-term coexistence occurs, we identify two main ‘trait-abundance 

syndromes’ that have three novel implications. (1) Persistent, highly parasitic exploiters 

can be favored by coevolution. (2) Even then, the density of coevolved mutualists can be 

high. (3) Low plant density results primarily from the evolution of mutualist, not 

exploiter, birth rate and density. To evaluate these predictions, studies are needed that 

identify and compare populations with and without exploiters and that compare life-

history traits of mutualists and exploiters. 
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Introduction  

 

Mutualisms are increasingly recognized as playing a key role in ecosystem function and 

the delivery of major ecological services (Agrawal et al. 2007; Holland and Bronstein 

2008). However, many if not most mutualisms are beset by other, non-mutualistic 

species. These ‘exploiters’ take advantage of the commodities provided by one or more 

of the mutualists without providing any commodity in return (Bronstein 2001; Yu 2001). 

Well-studied examples of exploiters include bees, ants, and hummingbirds that feed on 

floral nectar but that do not pick up or deposit pollen; non-pollinating seed parasites of 

obligately insect-pollinated yuccas and figs; ants that consume food rewards produced by 

plants and other insects without defending their associates; and Rhizobium bacteria that 

fail to fix nitrogen for their legume hosts (e.g., Cook and Rasplus 2003; Dedej and 

Delaplane 2005; Sachs and Simms 2008; Tillberg 2004). In addition to being numerically 

abundant and taxonomically diverse, there is evidence that exploiters are evolutionarily 

persistent in both facultative and obligate mutualisms (Currie et al. 2003; Després and 

Jaeger 1999; Machado et al. 1996; Pellmyr and Leebens-Mack 1999). 

This empirical evidence for the ubiquity of exploitation, however, clashes with 

conceptual expectation. The net effect of exploiters can be distinctly detrimental to one or 

both mutualists. Consequently, it has been argued that mutualist-exploiter associations 

should be rare in nature for both ecological reasons (e.g., exploiters would invade and 

drive mutualists to extinction) and evolutionary reasons (e.g., under the pressure of 

exploitation, natural selection would disfavor investments into mutualistic traits) 
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(Axelrod and Hamilton 1981; Bull and Rice 1991; Denison 2000; Doebeli and Knowlton 

1998; Edwards and Yu 2007; Herre et al. 1999; Johnstone and Bshary 2008; Maynard 

Smith and Szathmáry 1995). 

While progress has been made in explaining how mutualists are able to resist the 

‘temptation to defect’ (Ferrière et al. 2002; Foster 2004; Foster and Kokko 2006; Foster 

and Wenseleers 2006; Frank 1994; Holland et al. 2004; Kiers and van der Heijden 2006; 

West et al. 2002), there is a comparative paucity of theory explaining the evolutionary 

persistence of mutualisms in the presence of separate exploiter species. Nonetheless, 

several theoretical steps have been taken towards solving this ecological and evolutionary 

conundrum. The mathematical analyses of Law et al. (2001), Ferrière et al. (2002), 

Bronstein et al. (2003), Morris et al. (2003), and others have identified conditions based 

on trait values and on ecological details under which exploited mutualisms are 

ecologically viable. An emerging principle from these studies is that intra- and 

interspecific competition for commodities provided by the partner species is key for 

mutualists and exploiters to coexist. 

The ecological interactions of mutualists and exploiters are expected to generate 

strong selective pressures on the mutualists (Ferrière et al. 2007), and to cause reciprocal 

selection on the exploiters. In turn, the coevolutionary process is likely to play a 

significant role in shaping the ecological dynamics of the system (Fussmann et al. 2007; 

Thompson 1998). As competition, both intra- and interspecific, is a cornerstone of natural 

selection, it is likely to propagate feedbacks between the ecological and evolutionary 

dynamics of mutualist-exploiter systems. Thus, our understanding of the ecology and 
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evolution of exploited mutualisms requires an integrated theory of eco-evolutionary 

feedbacks mediated by intra- and interspecific competition.  

 Pollinating seed parasite mutualisms provide an ideal model system for an eco-

evolutionary theory of exploited mutualisms. These are obligate interactions between 

flowering plants (the host), pollinating seed parasites (the mutualist), and non-pollinating 

seed parasites (the exploiter) (Dufaÿ and Anstett 2003). The best-known examples 

involve figs and yuccas, in which seed production by the plant is dependent on the 

pollination services of (with few exceptions) a single species of insect (fig wasp, yucca 

moth) that both pollinates and deposits offspring on its host plant. In addition, both figs 

and yuccas are exploited by one or more species of non-pollinators, each of which is 

associated with one or at most a few species of plant hosts. Exploiters depend on the 

pollinators either because inflorescences that have not been pollinated are aborted by the 

plant along with developing exploiter larvae (in figs), or because pollinators fertilize the 

seeds on which exploiter offspring feed (in yuccas). Pollinating seed parasite mutualisms 

are among the best-studied examples of exploitation. Most of the currently available 

phylogenetic evidence for coevolution in mutualist-exploiter systems has been drawn 

from these systems (Després and Jaeger 1999; Machado et al. 1996; Pellmyr et al. 1996), 

and enough is known about their natural history to permit realistic features of their 

biology to be built into mathematical population models. The species-specific, obligate 

nature of the interaction for all three species means that, unlike for more diffuse 

interactions, models that include only three species can account for significant features of 

the ecological and evolutionary dynamics. 
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In pollinating seed parasite mutualisms, pollinator and exploiter larvae develop at 

the expense of seeds within the same fruit or inflorescence; as a result, larvae of both 

species may experience exploitation competition and interference competition from both 

conspecific and heterospecific larvae (Jaeger et al. 2001; Marr et al. 2001; Peng et al. 

2005). The role of such intra- and interspecific competition in promoting three-species 

ecological viability has been demonstrated by ecological models (Bronstein et al. 2003; 

Morris et al. 2003; Wilson et al. 2003). In these models, the critical parameters for 

species coexistence are the birth rates of mutualists and exploiters, parameters that also 

determine the number of larvae potentially competing for seeds within a fruit or 

inflorescence. We build on this body of ecological theory by treating the mutualist and 

exploiter birth rates as adaptive phenotypic traits subject to heritable variation and 

selection generated by ecological interactions. Given the intensity of intra- and 

interspecific competition, mutualist and exploiter birth rates determine the ecological 

state of the system, and thus the selection pressures acting on heritable variation in the 

birth rates. As the birth rates respond to selection and evolve, the ecology of the system 

changes, closing the eco-evolutionary feedback loop. The analysis of this feedback loop 

enables us to answer three general questions: How does the evolutionary history of the 

mutualism influence its ability to sustain invasion by exploiters and form an ecologically 

viable interaction with the exploiters? How and by how much does the coevolutionary 

process change the phenotypes of the mutualist and the exploiter? What are the 

consequences of mutualists’ and exploiters’ coevolution for their ecological stability and 

population dynamics? 
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Methods 

 

Morris et al. (2003) presented an ecological model of an obligate pollinating seed 

parasite mutualism exploited by a non-pollinating seed parasite species and found the 

conditions, with respect to pollinator and exploiter birth rates, under which coexistence of 

all three species is possible. We extended this ecological model by expanding the analysis 

of the role of competition in the population dynamics. We then embedded the ecological 

model into an evolutionary framework in order to analyze the patterns and consequences 

of coevolution between the pollinator and exploiter birth rates. 

Our analysis rests on three important assumptions. First, mutations affecting 

pollinator and exploiter birth rates are rare and have small effects, nevertheless, all trait 

values are accessible through mutation. This assumption allows us to link population 

dynamics and trait evolution by using the adaptive dynamics framework (Champagnat et 

al. 2006; Dieckmann and Law 1996; Metz et al. 1992). Second, the evolution of birth 

rates is constrained by the fundamental tradeoff between egg number and egg 

provisioning (e.g., Smith and Fretwell 1974); as a consequence, larvae produced at a 

higher (birth) rate are assumed to suffer a cost during competition with their conspecifics, 

due, e.g., to their smaller size (e.g., Fox et al. 2001). Third, because of the difference in 

pollinator and exploiter phenology (Kerdelhue and Rasplus 1996; Marr et al. 2001; 

Pellmyr et al. 1996), pollinator larvae enjoy a competitive advantage over exploiter larvae 
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that is independent of the species’ birth rates (Morris et al. 2003). Thus, the pattern of 

interspecific competition is fixed, and our analysis focuses on eco-evolutionary dynamics 

with respect to variation in pollinator and exploiter intraspecific competition. 

Based on these assumptions, we construct a two-species (plant and pollinator) 

model to study the evolution of pollinator birth rate in the absence of an exploiter; by 

doing so we identify the likely state of the mutualism prior to exploiter invasion. Next, 

we extend this model to include ecological interaction and coevolution with the exploiter. 

This three-species models allows us to predict (i) the phenotypes of exploiters that could 

invade and subsequently coevolve with the pollinator, (ii) the consequences of the 

pollinator-exploiter coevolutionary dynamics for long-term coexistence, and (iii) the 

phenotypic and population outcomes of the coevolutionary process; and to investigate 

how these predictions are affected by the intensities of pollinator and exploiter 

intraspecific competition. 

 

 

Eco-Evolutionary Model in the Absence of an Exploiter 

 

In the absence of an exploiter, the plant/pollinator interaction involves pollination and 

oviposition by one pollinator species visiting the flowers of one plant species. Larvae 

develop at the expense of seeds. The ecological dynamics of plant and pollinator are 

given by the per capita growth equations (1):  

(1a) 
1

P

dP

dt
= bPM(1− M)(1− P) −1, 
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(1b) 
1

M

dM

dt
= bM P(1− µM) − dM . 

P and M are the population densities of the plant and pollinator (mutualist), respectively; 

bP, bM, dP, and dM are the intrinsic birth and death rates; and µ is the intensity of mutualist 

intraspecific competition. The densities and birth rates incorporate sub-parameters such 

as numbers of sites for plants, potential oviposition sites, sites searched by pollinators, 

and the proportion of pollination events that are combined with oviposition. Furthermore, 

time and the pollinator death rate have been rescaled according to the plant death rate 

(see Morris et al. 2003). In the dimensionless version given above, the per capita 

population growth of plants is determined by the intrinsic birth rate (bP), availability of 

pollinators (M term), seed destruction by pollinator larvae ((1 – M) term), competition 

between plants for space ((1 – P) term), and death (at normalized rate 1). Since 

competition among plants is directly related to the proportion of free space in the 

environment, no coefficient is used to modify the intensity of competition. The per capita 

population growth of pollinators is determined by the intrinsic birth rate (bM), availability 

of plants (P term), competition between larvae for seeds ((1 – µM) term), and death (at 

rate dM).  

Equations (1) were solved to find the equilibrium densities of the two species. All 

cases had a non-trivial two-species equilibrium. At this equilibrium, the invasion fitness 

(i.e., population growth rate when rare, Metz et al. 1992) of a pollinator with a mutant 

intrinsic birth rate, bM
mut, competing with the ‘resident’ population of pollinators with the 

resident type, bM, is: 
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(2) WM (bM
mut,bM ) = bM

mut ˆ P [1− (µ + µ'(bM
mut − bM )) ˆ M ] − dM , 

 where ˆ P  and ˆ M  are the densities of plants and pollinators at the ecological equilibrium 

given by equations (1), which are also functions of the trait value bM. Equation (2) 

incorporates the assumed tradeoff between fecundity and competitive ability. The 

competitive effect of any resident-type individual on a focal individual is measured by µ 

if the focal individual is of the resident type, and by (µ + µ'(bM
mut − bM )) if the focal 

individual is a mutant. Thus, if the mutant’s birth rate is larger than the resident’s, the 

competitive effect experienced by the mutant is increased by an amount taken to be 

proportional (for simplicity) to the difference between birth rates; if the mutant birth rate 

is smaller than the resident’s, the competitive effect experienced by the mutant is reduced 

by that amount. The proportionality coefficient, µ’ , measures the slope of the fecundity-

competition tradeoff that constrains the evolution of the mutualist birth rate; it is assumed 

to be species-specific and constant. 

 Values of bM where the selection gradient ),( MMmut
M

M bb
b

W

∂
∂

 is equal to zero are 

called evolutionary singular states (Geritz et al. 1997). An evolutionary singular state at 

which WM is a maximum is an evolutionary stable state (ESS). At the ESS, the resident 

population cannot be invaded by any (nearby) mutant. Evolutionary stability (as opposed 

to evolutionary branching) and evolutionary convergence were systematically tested by 

constructing and inspecting pairwise invasibility plots (Geritz et al. 1997). 

 

Eco-Evolutionary Model in the Presence of an Exploiter 



 
 
 

34 

 

Once the system has been invaded by an exploiter species, both pollinator and exploiter 

larvae destroy seeds, but the exploiter does not contribute any additional pollination. The 

ecological dynamics of the three-species community are given by equations (3): 

(3a) 1)1)(1)(1(
1

−−−−= PEMMb
dt

dP

P P , 

(3b) MM dMPb
dt

dM

M
−−= )1(

1
µ , 

(3c) EE dEMPMb
dt

dE

E
−−−= )1)(1(

1
α , 

where the symbols for plants and mutualists are the same as in equations (1); E denotes 

the exploiter population density and α is the intensity of exploiter intraspecific 

competition. The per capita population growth of exploiters is determined by the intrinsic 

birth rate (bE), availability of pollinated plants (PM term), interspecific competition with 

pollinator larvae for seeds ((1 – M) term), intraspecific competition between exploiter 

larvae for seeds ((1 – αE) term), and death (at rate dE). Plants suffer additional seed loss 

from exploiter larvae ((1 – E) term), compared to pollinator seed destruction alone. 

Importantly, the exploiter species requires both plant and pollinator for its own survival. 

The model incorporates our assumption about interspecific competitive superiority of 

mutualists over exploiters: the pollinator growth rate is not directly affected by the 

presence of an exploiter (equation (3b)), whereas the exploiter growth rate is limited by 

interspecific competition with mutualists (equation (3c)). The interspecific competition 

coefficient is normalized to 1 (hence the term (1 – M) in equation (3c)), which sets the 
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scale for the coefficients of intraspecific competition in mutualists (µ) and exploiters (α).  

The ecological model specified by equations (3) has three potential types of 

solution: coexistence of all three species, exclusion of the exploiter, and extinction of all 

three species.  Each outcome corresponds to a region in the space of the evolving traits 

bM and bE. In all combinations of positive intraspecific competition intensities µ and α 

explored, coexistence was possible over some region of pollinator and exploiter birth 

rates and the coevolution of pollinator and exploiter species could be investigated. Again, 

the intrinsic birth rates were allowed to evolve according to the invasion fitnesses: 

(4a) WM (bM
mut,bM ) = bM

mut ˆ P [1− (µ + µ'(bM
mut − bM )) ˆ M ] − dM , 

(4b) WE(bE
mut,bE ) = bE

mut ˆ P ˆ M (1− ˆ M )[1− (α + α'(bE
mut − bE)) ˆ E ] − dE. 

Equation (4a) is identical to equation (2), except here the densities ˆ P  and ˆ M  are 

evaluated at the three-species ecological equilibrium given by equations (3), and thus 

depend on both bM and bE. Invasion fitness for a mutant exploiter with trait value bE
mut is 

affected by the same fecundity-competition tradeoff, this time with the tradeoff slope α’ . 

Eö is the density of the exploiter at the ecological equilibrium given by equations (3). In 

the two-dimensional trait space bM, bE, the curves where the selection gradients 

),( MMmut
M

M bb
b

W

∂
∂

 and 
∂WE

∂bE
mut

(bE,bE) become zero define the selective isoclines of the 

coevolutionary system. Points of intersection of the isoclines define the system’s 

‘coevolutionary singularities’; they are potential coevolutionary stable states (coESSs), 

that is, combinations of bM and bE that are evolutionarily stable for both the mutualist and 

the exploiter. The attractivity and stability of the coevolutionary singularities can be 
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studied by constructing the ‘canonical equations’ of the trait dynamics based on the 

selection gradients (Dieckmann and Law 1996, see Online Appendix). 

 

 

Results 

 

As described by Morris et al. (2003), the population dynamics of the three-species 

community given by equations (3) depend on the birth rates of the pollinator and 

exploiter, bM and bE. Three-species extinction occurs at low bM values, three-species 

coexistence at intermediate bM and bE values, and exclusion of the exploiter at low bE 

values (fig. 1). Morris et al. (2003) demonstrated that the equilibria are stable except in a 

narrow band of the three-species coexistence region bordering the extinction region, in 

which there is oscillation around an unstable equilibrium. 

Varying the intensities of pollinator and exploiter intraspecific competition, µ 

and α, changes the range of pollinator and exploiter birth rates that lead to each type of 

ecological outcome (fig. 1). In agreement with Morris et al.’s (2003) conclusions, we find 

that the three-species coexistence region widens into the exclusion region with increases 

in pollinator intraspecific competition, µ (e.g., compare fig. 1A, B and C) and into the 

extinction region with increases in exploiter intraspecific competition, α (e.g., compare 

fig. 1I, F and C). Thus, the major ecological effect of increasing pollinator competition is 

to make the mutualism more amenable to ecological coexistence with exploiters that 

would otherwise be excluded; the major ecological effect of increasing exploiter 
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competition is to ‘tame’ exploiters that would otherwise cause three-way extinction. 

Altogether, the likelihood that an invading exploiter can coexist with a given pollinator 

increases with increasing competition in both species. 

 What we learn from this purely ecological analysis is that both the adaptive traits 

bM and bE and the intraspecific competition intensities µ and α influence the ecological 

outcome of the mutualism-exploiter interaction. Therefore, evolution of the pollinator 

birth rate in the absence of exploiters sets the stage for an ecological invasion by 

exploiters, the outcome of which will depend on the exploiter birth rate and both 

intraspecific competition coefficients. While exploiter speciation is not explicitly 

modeled, the exploiter species may either arise from within the mutualism by a shift in 

oviposition time (described below), or arise elsewhere and then invade. In the case where 

invasion and three-way coexistence is possible initially, subsequent coevolution of the 

pollinator and the exploiter will change their birth rates as well as the ecological state of 

the interaction, possibly moving the system into the exclusion or even extinction region 

of adaptive traits bM  and bE.  

 

 

  Pollinator Evolution and Exploiter Invasion 

 

How does pollinator evolution affect the success of exploiter invasion? To answer this 

question, we consider the evolution of pollinator birth rate in the absence of exploiters, 

and examine the outcome of exploiter invasion in a population at the pollinator’s 
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evolutionary equilibrium. We call the stable evolutionary equilibrium reached by the 

pollinator’s birth rate in the absence of exploiters the ‘mutualism-only’ evolutionarily 

stable state (ESS). 

 Equation (2) yields the mutualism-only ESS as a function of pollinator 

competition. Evolution to an ESS, and generally to a low birth rate, is a consequence of 

the fecundity-competition tradeoff. Except when the intensity of pollinator competition is 

low, pollinator evolution drives the system near the tapered end of the region of 

ecological coexistence with potential exploiters (fig. 1). More precisely, the mutualism-

only ESS is always at the point where the pollinator coevolutionary isocline intersects the 

exploiter exclusion boundary (along this boundary, exploiter population density goes to 

zero making the three-species system and the two-species system formally equivalent). 

At the mutualism-only ESS, exploiters with a lower birth rate than the pollinator are 

always excluded. Which exploiters can invade at the mutualism-only ESS depends on the 

intensity of intraspecific competition in both pollinators and exploiters. At lower 

intensities of pollinator intraspecific competition, exploiters must have a higher birth rate 

in order to successfully invade, while at higher intensities of exploiter intraspecific 

competition, exploiters with a wider range of birth rates can invade (fig. 2). 

 The case of an exploiter that has the same birth rate as the pollinator is interesting 

because it highlights the scenario in which an exploiter species arises via a change in the 

timing of oviposition, with no difference in birth rate. Delaying oviposition changes the 

competitive environment experienced by larvae, which is the only feature that 

distinguishes pollinator and exploiter growth rates in our model. Later oviposition also 
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eliminates the opportunity for pollination; the lack of selection on active pollination could 

then lead to secondary loss of pollination behavior in nascent exploiters. The model 

shows that invasion by such a ‘derived exploiter’ is essentially determined by the 

intensity of pollinator competition, and is possible only above a certain threshold 

(estimated to be µ = 1.1, fig. 3; see also fig. 1C, F, I). 

 

 

Mutualism-Exploiter Evolutionary Persistence  

 

Given the successful invasion and ecological persistence of an exploiter, we now 

examine the subsequent coevolution of pollinator and exploiter birth rates and its 

consequences for the long-term viability of the three-species interaction. Evaluating 

equations (4) for different intensities of pollinator and exploiter intraspecific competition 

(µ and α between 0 and 2), we find that selection on birth rate can lead to a 

coevolutionary stable state (coESS) lying within the three-species coexistence region. In 

this case, there is evolutionary persistence of the three-species community (fig. 1A-F, H). 

However, there are two alternatives to evolutionary persistence. In one, coevolution leads 

to the boundary of the exploiter exclusion region (fig. 1G): the exploiter goes extinct 

while the mutualism remains intact. We refer to the extinction of the exploiter after 

coevolution as ‘evolutionary purging’ of the exploiter, since the exploiter is driven to 

competitive exclusion by the coevolving pollinator. Once evolutionary purging occurs, 

the mutualism will begin to return to the mutualism-only ESS. In the second alternative 
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to evolutionary persistence, coevolution leads to the boundary of the three-species 

extinction region and consequently to the extinction of all three species (fig. 2I). This is a 

case of ‘evolutionary suicide’ or evolution to extinction, in which the selection gradient 

drives a species to acquire nonviable trait values (Dieckmann and Ferrière 2004; Ferrière 

2000; Gyllenberg and Parvinen 2001).  

 Evolutionary coexistence occurs over a wide range of pollinator and exploiter 

competition intensities (fig. 1 and fig. 3). Nevertheless, figure 3 demonstrates that 

evolutionary purging of the exploiter is the expected outcome for weak intraspecific 

competition in both pollinator and exploiter, and evolutionary suicide is expected for 

strong pollinator competition and weak exploiter competition. These findings show that 

intensities of intraspecific competition that allow ecological coexistence between 

mutualists and exploiters do not guarantee evolutionary persistence (fig. 1G, I). On the 

other hand, intensities of intraspecific competition that restrict ecological coexistence to a 

small range of phenotypes may yet promote the evolutionary persistence of the three-

species community (fig. 1A, D).  

 

 

Phenotypic and Population Outcomes of Pollinator-Exploiter Coevolution  

 

The intensity of intraspecific competition in pollinators is the main determinant of the 

phenotypic and population outcomes of coevolution with the exploiter (fig. 4). The 

coevolutionary process always drives the birth rate of the pollinator to a coESS value 
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larger than the mutualism-only ESS value (fig. 4B). Pollinator and exploiter coESS birth 

rates vary predictably, yet non-monotonically with pollinator intraspecific competition 

(fig. 4A): they decrease as pollinator competition intensity µ increases to ca. 1, and then 

increase gradually. The difference between pollinator and exploiter coESS birth rates is 

about two-fold when pollinator competition is strong (µ > 1), and is greatest, up to ten-

fold, when pollinator competition is weak (µ < 1) (fig. 4A). In some cases, the coevolved 

exploiter birth rate is so high that the coevolved exploiters would have caused three-

species extinction had they invaded the ancestral mutualism. Thus, coevolution has the 

potential to generate ‘kamikaze exploiters’, i.e., those that can cause local extinctions of 

the mutualism upon invading naïve, non-coevolved populations (fig. 3). 

 The equilibrium densities of the coevolved pollinator, exploiter, and plant 

populations also show strong non-linear patterns of covariation with the intensity of 

pollinator competition, µ (fig. 4C, E). Below µ = 1, relaxing pollinator competition 

results in a strong increase of pollinator coESS population density (fig. 4C), while both 

exploiter and plant coESS population densities experience a marked decline (fig. 4C, E). 

Above µ = 1, intensifying pollinator competition results in a decrease of the pollinator 

coESS population density (fig. 4C), while both exploiter and plant coESS population 

densities decrease more slowly (fig. 4C, E). Coevolution between pollinators and 

exploiters reduces plant population density from the ESS to the coESS (fig. 4F), but leads 

to remarkably little change in the pollinator population density from the ESS to the 

coESS (fig. 4D) in spite of having a significant impact on pollinator birth rate (fig. 4B). 
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 The phenotypic and population outcomes of coevolution with respect to pollinator 

competition intensity are summarized in figure 5A. The observed patterns (fig. 5A) result 

from a combination of ecological and evolutionary effects (fig. 5B), the relative 

importance of which can be evaluated from our model. Ecological effects of varying 

pollinator competition intensity, µ, can be predicted from the ecological model, equations 

(3). Although no analytical results are available, a numerical approach is straightforward 

and the results are displayed in figure A2. Evolutionary effects can be predicted from the 

selective gradients, equations (4), which yield expressions of the coESS birth rates bM
*  

and bE
*  with respect to intraspecific competition intensities, µ and α, and pollinator and 

exploiter equilibrium densities, ̂ M  and ˆ E : 

(5a) bM
* =

1
′ µ 

1
ˆ M 

− µ
 

 
 

 

 
 , 

(5b) bE
* =

1
′ α 

1
ˆ E 

−α
 

 
 

 

 
 . 

By varying µ  and holding the birth rates bM and bE constant in equations (3), we 

find that µ has primary (i.e., direct) ecological effects on the equilibrium population 

densities ˆ M  and ˆ E  (fig. A2); meanwhile, by varying µ and forcing the ecological 

equilibrium population densities ̂ M  and ˆ E to be constant in equations (5), we find that µ 

has primary evolutionary effects on the coESS birth rates bM
*  and bE

* . Additionally, the 

primary ecological effects of µ cause secondary (i.e., indirect) evolutionary effects on the 

coESS birth rates bM
*  and bE

*  that can be predicted from equations (5) by varying the 

equilibrium population densities ̂ M  and ˆ E  while keeping µ constant. Furthermore, the 
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primary evolutionary effects of µ cause secondary ecological effects on the equilibrium 

population densities ̂ M  and ˆ E  that can be predicted from equations (3) by varying the 

pollinator and exploiter birth rates bM and bE while holding µ constant (fig. A2). 

How much variation in equilibrium traits and population densities is explained by 

ecology versus evolution as pollinator competition intensity varies? This question can be 

answered by comparing the observed outcomes of the coevolutionary process (fig. 5A) 

with the predicted primary and secondary ecological and evolutionary effects (fig. 5B). 

Primary and secondary ecological effects appear to be entirely congruent in their 

direction, both at low and high µ. However, they do not explain the strong decrease in 

plant population density ̂ P  when µ decreases at low µ, or the quasi-absence of change in 

exploiter population density ̂ E  at high µ. Thus, more complex effects of eco-

evolutionary feedbacks must play a significant role. The observed response of the 

pollinator birth rate at low µ is consistent with a strong primary evolutionary effect, 

which opposes and overcomes the secondary evolutionary response. In contrast, at high 

µ, it is the secondary evolutionary effect of changing µ that explains the observed change 

in pollinator birth rate; the primary evolutionary effect only has a moderating effect. 

Likewise, only the secondary evolutionary effect can explain the observed dramatic 

change in exploiter birth rate at low µ. At high µ, the decrease of exploiter birth rate as µ 

decreases is explained neither by primary nor by secondary evolutionary effects. Again, 

more complex effects of eco-evolutionary feedbacks must be involved.  
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Discussion 

 

The mutualism-exploitation interaction is an important model system because it provides 

a test case in which to move coevolutionary theory beyond a pairwise perspective. 

Coevolution is increasingly recognized to involve groups rather than pairs of species; 

furthermore, the presence of other species is being shown empirically to alter the 

outcome of pairwise, coevolving interactions (e.g., Currie et al. 2003; Strauss et al. 2005; 

Thompson and Fernandez 2006; Thrall et al. 2007). Thus, multi-species coevolution has 

the potential to be a powerful organizing force within ecological communities. A logical 

way to begin to incorporate multiple species within coevolutionary models is to explore 

the eco-evolutionary effects of third species that closely interact with well-understood, 

coevolving, pairwise interactions, a research direction that has been opened only recently 

by theorists (Ferrière et al. 2007; Gandon 2004; Nuismer and Doebeli 2004).  

 In order to investigate the eco-evolutionary dynamics of an exploited mutualism, 

we constructed an adaptive dynamics model of the coevolution of mutualist and exploiter 

birth rates given a fecundity-competition tradeoff and using the ecological dynamics 

described by Morris et al. (2003). Our model assumes complete competitive dominance 

of the mutualist species over the exploiter due to a gap between oviposition times. 

Therefore, we fixed the intensity of interspecific competition from mutualists 

experienced by exploiters, and focused on examining the role of mutualist and exploiter 

intraspecific competition on the state of the mutualism at the time of exploiter invasion, 

on the coevolutionary process, and on the phenotypic and population consequences of 
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eco-evolutionary feedbacks. We found that intraspecific competition does make long-

term coexistence possible. Once an exploiter has successfully invaded the mutualism, 

high intensities of mutualist and exploiter intraspecific competition make it more likely 

that a stable coevolutionary equilibrium will be reached at which the host, mutualist and 

exploiter coexist. When the intensity of exploiter intraspecific competition is low, 

evolutionary suicide will occur with all three species going extinct. When the intensity of 

mutualist intraspecific competition is low, the exploiter is excluded from the community 

through evolutionary purging, a type of coevolutionary dynamic not previously identified 

in mutualism-exploiter interactions (but see Kooi and Troost 2006 for evolutionary 

purging of a competitor). 

 When long-term coexistence occurs, ecological and evolutionary processes 

interact to determine phenotypic and population outcomes, with feedbacks between 

ecological and evolutionary responses playing a significant role. Under weak mutualist 

competition, the exploiter’s high birth rate is produced by secondary evolutionary effects 

while the host’s low density results from more complex effects of eco-evolutionary 

feedbacks. Under strong mutualist competition, coevolution leads to a minimal difference 

in birth rate between mutualist and exploiter, and the host density is largest. We have 

shown that neither primary nor secondary ecological or evolutionary effects suffice to 

explain this pattern.  

Below we discuss the implications of our results for understanding the dynamics 

of mutualist-exploiter communities. We emphasize insights that can be applied to 

coevolution in general. 
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Origin of Exploiters: Assembled or Derived? 

 

The model predicts that in the absence of exploiters, the mutualist species evolves to a 

relatively low birth rate as a consequence of a fecundity-competition tradeoff. Evolution 

of the mutualist is likely to produce an interaction that is ecologically more stable than 

the ancestral mutualism, as the low cost imposed on hosts by evolved mutualists results 

in a larger host population. On the other hand, evolving to a low birth rate also means 

evolving to a trait region in which three-species extinction is more likely following an 

exploiter invasion. However, early invasion of the mutualism by exploiters can 

‘immunize’ the mutualism against more harmful exploiters that would cause three-

species extinction, a process that is emerging as an important mechanism maintaining 

cooperation and mutualism (Ferrière et al. 2007; Foster and Kokko 2006; Nowak and 

Sigmund 1998). These results suggest that exploiters should often be anciently associated 

with mutualisms, such as in the attine ant-fungus mutualism (Currie et al. 2003) and the 

fig-fig wasp mutualism (Machado et al. 1996), in which exploiters are known to have 

persisted for millions of years. Unrelated exploiters that have invaded a mutualism 

recently may have already been ‘tamed’, as they have coevolved with a closely related 

mutualist pair (Currie et al. 2003; Lopez-Vaamonde et al. 2001; Segraves and Pellmyr 

2004). 

Our model also suggests that exploiters may be derived from the mutualist 

species, for example by a shift in oviposition time as has been proposed in the yucca 

(Pellmyr and Leebens-Mack 2000; Pellmyr et al. 1996) and globeflower (Després and 
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Cherif 2004) mutualisms (see also Law et al. 2001). Invasion by a derived exploiter is not 

predicted to cause the immediate extinction of the mutualism at any point during 

evolution of the mutualist. The model predicts that strong mutualist intraspecific 

competition is the key condition for derived exploiters to be able to persist in the 

mutualism. When mutualist competition is weak, derived exploiters can never arise, and 

exploiters are predicted to be assembled. When mutualist intraspecific competition is 

strong, derived exploiters can arise at any time in the mutualist's evolutionary history. 

This prediction agrees with the suggestion that escape from strong intraspecific 

competition was the mechanism behind the radiation of non-pollinators from pollinators 

in the globeflower-globeflower fly mutualism (Després and Cherif 2004; Després and 

Jaeger 1999).  

 

 

Dynamics of Mutualist-Exploiter Coevolution 

 

In our three-species model, the long-term persistence of the mutualism is achieved 

through evolutionary purging of the exploiter, or else through mutualist-exploiter 

coevolution towards an ecologically viable three-species equilibrium. Surprisingly, wide 

ranges of trait values that permit ecological coexistence between mutualists and 

exploiters do not guarantee evolutionary persistence; meanwhile, a narrow range of trait 

values allowing for ecological coexistence is no indication that evolutionary persistence 

is impossible. 
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Our results suggest that systems in which both mutualist and exploiter 

intraspecific competition are weak should be rare, and at best evolutionarily transient, due 

to evolutionary purging of the exploiter. Systems in which exploiter competition is weak 

and mutualist competition is strong should also be rare, in this case due to evolutionary 

suicide. Thus, the intensity of intraspecific competition can be critical for long term 

mutualist-exploiter coexistence. However, while there is empirical evidence that 

intraspecific competition in mutualists and exploiters does exist (Anstett et al. 1996; 

Bronstein et al. 1998; Jaeger et al. 2001; Jousselin et al. 2001), and theory suggesting that 

there should be selection on hosts to increase competition in mutualists and exploiters 

(Ferdy et al. 2002), there is as yet little information available about the relative intensities 

of intraspecific competition in mutualists and exploiters. 

The model makes the key assumption of a spatially homogenous community. 

However, spatial variation in environment, community composition and evolutionary 

history can influence coevolutionary dynamics (Thompson 1999; Thompson 2005). 

Inspection of the model results suggests that the three-species system may be maintained 

as a meta-community even when coevolution should lead to extinction of the exploiter 

(evolutionary purging) or of all three species (evolutionary suicide). When evolutionary 

purging occurs, the exploiter goes extinct locally and might be expected to go extinct 

globally as well. However, if populations linked by migration are at different 

evolutionary stages, exploiters may be able to persist by invading populations that are 

still susceptible. In this case, a species that should be eliminated by evolutionary 

dynamics (purging) could be maintained by an ecological mechanism (dispersal). 
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Similarly, an entire system that should be eliminated by evolutionary suicide might be 

rescued by frequent re-colonization of patches by hosts and mutualists, allowing 

temporary escape from exploiters. In either case, changes in migration rate or patch 

fragmentation could cause large changes in the eco-evolutionary outcome of the three-

species interaction, as suggested by Urban et al. (2008). 

Migration within meta-communities could also lead to local extinctions of the 

mutualism even when there is a viable three-species coESS. When exploiter intraspecific 

competition is low but exploiters are not purged, exploiters are expected to coevolve into 

'kamikazes' that will cause extinction of communities composed of mutualists that 

evolved in the absence of exploiters. Whether the entire system is driven to local 

extinction may depend on whether mutualists are obligate or facultative. For example, in 

the seed dispersal mutualism between conifers and crossbills, introduction of red squirrels 

(seed predators) from neighboring communities has driven crossbills (seed dispersers), 

but not black spruce, to local extinction (Parchman and Benkman 2002). 

Another model assumption is a constant environment. Examination of figure 1 

yields insight into how gradual environmental change or evolution of the host species can 

affect the eco-evolutionary dynamics of the system. If the intensity of mutualist 

intraspecific competition is altered by a changing environment (e.g., Memmott et al. 

2007) or by evolution of host morphology (e.g., Ferdy et al. 2002), the system can move 

between evolutionary purging of the exploiter and evolutionary persistence. Intensifying 

mutualist intraspecific competition could also open the opportunity for invasion by 

derived exploiters. Meanwhile, changes in the intensity of exploiter intraspecific 
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competition can shift the system between evolutionary suicide and evolutionary 

persistence. 

 

 

Phenotypic Consequences of Mutualist-Exploiter Coevolution 

 

We predict that mutualists coevolving with exploiters should always have a higher birth 

rate than mutualists that have evolved without exploiters. Similarly, Ferrière et al. (2007) 

predicted that mutualists evolve lower rates of investment into the mutualism when in the 

presence of exploiters. While there are mutualisms with only partial geographic overlap 

with exploiters (Anderson 2006; Pellmyr and Leebens-Mack 2000), comparisons between 

populations are still needed in order to determine the effect the presence of exploiters has 

had on mutualist evolution (e.g., Benkman 1999).  

Exploiters with a lower birth rate than the mutualist can exist transiently; 

however, our model shows that coevolution always results in coevolved exploiters with a 

higher birth rate than that of the coevolved mutualist. The difference in coevolved birth 

rates is predicted to be minimal and fairly constant in systems where mutualist 

competition is strong, but to diverge dramatically as mutualist competition decreases. In 

the globeflower and yucca mutualisms, more exploiter than pollinator eggs are found per 

fruit (Addicott 1996; Pellmyr 1989). However, as both mutualists and exploiters can 

spread their eggs among multiple fruits, the differences in eggs per fruit may reflect 

differences in pollinator and exploiter population densities and in numbers of 
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inflorescences/fruits available at the time of oviposition, rather than differences in 

fecundity. 

In our model, intermediate birth rates evolve as a consequence of the fecundity-

competition tradeoff experienced by mutualists and exploiters. While we have used an 

intraspecific tradeoff to understand the evolution of individual species, fecundity-

competition tradeoffs, and competition-colonization tradeoffs more generally, have 

previously only been applied to mutualistic communities in order to explain interspecific 

coexistence (Stanton et al. 2002; Yu et al. 2001). Consequently, the shape and slope of 

this tradeoff within mutualist and exploiter species requires empirical investigation. In the 

absence of more empirical data, we assumed the same tradeoff for both the mutualist and 

the exploiter (i.e. equal slopes, ′ µ = ′ α ) and we varied this slope (between 0 and 0.5) to 

test the robustness of our results; the qualitative ecological and evolutionary patterns 

reported here were unaffected except when the slope is zero (results not shown). 

However, different eco-evolutionary dynamics might develop if the tradeoff were to 

depart significantly from the assumed linearity (cf. equations (2) and (4)). With a 

sufficiently large degree of concavity, evolutionary branching might occur, as indicated 

by general theory (de Mazancourt and Dieckmann 2004; Rueffler et al. 2004) and a 

previous model of mutualism evolution (Ferrière et al. 2002). This is an interesting 

possibility that warrants future theoretical investigation, as it would predict persistent trait 

variation within mutualist and exploiter species, and reveal new ways in which eco-

evolutionary feedbacks mediated by phenotypically different populations within species 

could affect eco-evolutionary interactions between species. 
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Population Consequences of Mutualist-Exploiter Coevolution 

 

The model shows that the response of coevolutionary equilibrium population densities of 

hosts, mutualists and exploiters to variation in the intensity of competition is mediated by 

ecological and evolutionary forces, and their interactions. Such a partitioning of 

ecological and evolutionary effects due to environmental change is germane to the trait-

population time series analysis proposed by Hairston et al. (2005). 

A significant response of relaxing mutualist intraspecific competition is the sharp 

decline of host density. This response is best explained by a synergistic interaction 

between primary ecological and primary evolutionary effects (i.e., the increase in 

mutualist density and in mutualist birth rate as mutualist competition becomes weaker). 

The decrease in host population density at coevolutionary equilibrium in response to 

relaxed mutualist competition is part of a two-fold 'trait-abundance syndrome' that could 

not have been predicted without accounting for eco-evolutionary feedbacks. Under weak 

mutualist competition, the model predicts coevolution of associations of hosts with low 

density, mutualists with high density, and high birth rate exploiters with low density. 

Under strong mutualist competition, coevolution is expected to result in associations of 

hosts with high density, and mutualists and exploiters with similar densities and a 

relatively small difference in birth rates. These trait-abundance syndromes have three 

counterintuitive implications. (1) Persistent, highly parasitic exploiters can be favored by 

coevolution. (2) Exploiters can evolve strong parasitism (i.e., high birth rate) and yet the 

density of coevolved mutualists can be high. (3) Low plant density is caused primarily by 
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the mutualist’s coevolved birth rate and high density, not by highly parasitic coevolved 

exploiters. Indeed, under weak mutualist competition, the coevolutionary process leaves 

host population density almost unchanged from its mutualism-only equilibrium 

population density. 

 

 

Concluding Remarks 

 

Our eco-evolutionary model of a mutualism-exploiter system highlights that exploiters 

are not just opportunistic visitors of little ecological or evolutionary relevance. The 

success or failure of their invasion reflects specific features of mutualist evolution. 

Persistent exploiters have significant evolutionary effects on mutualists, and themselves 

change as mutualists evolve. The phenotype of mutualists and the abundance of hosts 

cannot be understood without taking coevolution with exploiters into account, and the 

ecological characteristics of each species (mutualist and exploiter) have eco-evolutionary 

repercussions on the other species. By accounting for interactions between ecological and 

evolutionary processes, our model has delivered new predictions about the evolutionary 

history of mutualisms and the characteristics of coevolved mutualist-exploiter 

communities, and new insights into the coevolutionary process in a community context. 

In order to evaluate these predictions, we are in need of empirical studies that identify 

and compare populations with and without exploiters and that directly compare life-

history traits of mutualists and exploiters. 
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Extensions of the current theory are needed to determine whether exploited 

mutualisms can be maintained spatially when coevolution should otherwise lead to the 

extinction of one or more species, and whether coevolution can still lead to stable three-

species coexistence when the intensity of intraspecific competition changes as a result of 

environmental change or host evolution. An even broader theoretical perspective is 

opened by connecting our model to host-parasite coevolutionary theory. The model 

studied here has the structure of a one host/two parasite system, assuming a 

superinfection process between parasite populations, and a single-infection process 

among genetic variants within parasite populations (Levin and Pimentel 1981; May and 

Nowak 1995; Mosquera and Adler 1998; Nowak and May 1994; van Baalen and Sabelis 

1995). Our conclusions about long-term coexistence are consistent with host-parasite 

evolutionary theory, although the latter would predict coevolution of less, rather than 

more, parasitic mutualists and exploiters (Boldin and Diekmann 2008; Mosquera and 

Adler 1998; Pugliese 2002). We hypothesize that this fundamental difference is rooted in 

the mutualistic relationship that one of the parasites has with the host. 

Current evolutionary theory views parasitism and mutualism as two ends of a 

phenotypic continuum (Genkai-Kato and Yamamura 1999; Yamamura 1993). Our 

analysis suggests that mutualism and parasitism should be investigated as separate 

characters that can evolve in a multi-dimensional trait space. This will pave the way for a 

deeper understanding of the ecology and evolution of complex, partly beneficial, partly 

antagonistic ‘liaisons dangereuses’ (Selosse et al. 2006; van Baalen and Jansen 2001) in 

natural communities. 
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Online Appendix A 

 

Coevolutionary dynamics of mutualist and exploiter birth rates 

 

The ecological model given by equations (3) in the Article, 

 
1

P

dP

dt
= bPM(1− M)(1− E)(1− P) −1, 

 
1

M

dM

dt
= bM P(1− µM) − dM , 

 
1

E

dE

dt
= bEPM(1− M)(1−αE) − dE,  

was found numerically to possess at most one positive equilibrium ( ˆ P , ˆ M , ˆ E ). At this 

equilibrium, the invasion fitnesses of mutant phenotypes bM
mut and bE

mut are defined by 

equations (4) in the Article: 

 WM (bM
mut,bM ) = bM

mut ˆ P [1− (µ + µ'(bM
mut − bM )) ˆ M ] − dM , 

 WE(bE
mut,bE ) = bE

mut ˆ P ˆ M (1− ˆ M )[1− (α + α'(bE
mut − bE)) ˆ E ] − dE,  

hence the selection gradients of traits bM and bE, 
∂WM

∂bM
mut

(bM ,bM )  and 
∂WE

∂bE
mut

(bE,bE). Under 

the assumption of small and rare mutations, the eco-evolutionary process that links the 

changes through time in ecological equilibria ( ˆ P , ˆ M , ˆ E ) and in trait values (bM ,bE )  can 

be approximated by the ‘canonical equation of adaptive dynamics’ (Champagnat et al. 

2006; Dieckmann and Law 1996): 

(A1a) 
dbM

dt
= kM

ˆ M 
∂WM

∂bM
mut

(bM ,bM ) , 
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(A1b) 
dbE

dt
= kE

ˆ E 
∂WE

∂bE
mut

(bE,bE ) , 

where kM and kE are rates of evolutionary variation in bM and bE, which combines the per-

offspring probability of trait mutation and the variance of the distribution of mutational 

effects. We assumed that mutualists and exploiters had similar evolutionary variation 

rates (kM = kE, normalized to 1), due to phylogenetic relatedness or physiological 

similarity (e.g., similar body size, Allen et al. 2006). 

 Coevolutionary singularities are obtained as the non-negative equilibria of 

equations (A1), that is, non-negative bM and bE values such that 
dbM

dt
= 0 and 

dbE

dt
= 0. 

The attractivity and the evolutionary stability of coevolutionary singularities are 

evaluated numerically by computing the eigenvalues of the Jacobian matrix and the 

Hessian matrix, respectively, which are associated with equations (A1) (Dieckmann and 

Law 1996). Across the ranges of intraspecific competition intensities and for the 

parameter values considered in this study, coevolutionary singularities were always found 

to be (locally) attractive and evolutionarily stable. 

 The trait selective field and trait trajectories towards coevolutionary singularities 

were obtained by numerical integration of the system of equations (A1), and an example 

is displayed in figure A1. This is figure 1E from the Article, on which we superimposed 

the numerically estimated trait vector field. As in all cases analyzed in this study, the 

coevolutionary singularity appears to be globally attractive. This example also reveals 

that under our assumption of equal rates of evolutionary variation in both traits, the 

evolutionary dynamics of traits bM and bE seem decoupled. With ancestral conditions 
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sufficiently distant from the coESS, first the pollinator trait evolves near its final value at 

coESS while the exploiter trait remains almost constant; the exploiter trait then evolves 

toward its final value at coESS while the pollinator trait value changes little. This 

decoupling of phenotypic evolution in the two species may add to the general difficulty 

of detecting reciprocal selection and coevolution in natural systems. 

 

Population densities at ecological equilibrium 

 

The effect of mutualist intraspecific competition and mutualist birth rate on  

population densities at ecological equilibrium was evaluated numerically by performing  

simulations over the relevant parameter range (fig. A2).
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Figure 1: Mutualist-exploiter eco-evolutionary dynamics for different intensities of 

intraspecific competition in mutualists (µµµµ) and exploiters (αααα). The white regions 

signify that a stable three-species ecological equilibrium exists, with three-species 

extinction in the gray region to the upper left and exclusion of the exploiter in the gray 

region to the lower right. Within the three-species coexistence regions, the evolutionary 

isoclines for the mutualist (quasi-vertical line) and exploiter (curved line) are shown. 

Where the isoclines intersect, there is a coevolutionary stable state, coESS (solid circle) 

(A-F, H). The mutualism-only ESS is also shown on the x-axis (triangle). In cases 

without an intersection of the isoclines, there is either evolutionary purging of the 

exploiter, when the mutualist isocline is to the right of the exploiter isocline (G), or 

evolutionary suicide, when the mutualist isocline is to the left of the exploiter isocline (I). 

Parameter values: bP = 10, dM = dE = 3, µ’  = α’  = 0.03; bP , dM  and dE held constant from 

Morris et al. (2003). 

 

Figure 2:  Range of exploiter birth rates capable of invading the mutualism at the 

mutualism-only ESS. The lower surface (opaque) and upper surface (transparent) 

represent the lowest and highest, respectively, exploiter birth rates than can invade and 

persist in the mutualism. Below the lower limit, exploiters will be excluded from the 

mutualism. Above the upper limit, invading exploiters will cause three-species extinction. 

The range of exploiter birth rates that can invade and coexist with the mutualist species is 

affected by intraspecific competition, such that the range is widened as the intensity of 
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exploiter intraspecific competition increases and the entire range is shifted to lower birth 

rates as mutualist intraspecific competition increases. Parameter values as in figure 1. 

 

Figure 3:  Summary of eco-evolutionary outcomes. Lettering A-I refers to examples 

shown in figure 1. Parameter combinations are evaluated at grid intersection points. 

White: evolutionary persistence (e.g., A-F); gray: evolutionary purging of the exploiter 

(e.g., G); dark gray: evolutionary suicide (e.g., I); light gray: evolution of kamikaze 

exploiters (e.g., H). Exploiters can be derived from a pollinator lineage above the dotted 

black line (µ > 1.1). Parameter values as in figure 1. 

 
  

Figure 4: Phenotypic and population outcomes of mutualist-exploiter coevolution, 

with respect to the intensity of mutualist intraspecific competition (µµµµ). Exploiter 

competition is held constant at α = 0.6 (gray lines) and α = 1.4 (black lines). (A) 

Mutualist (solid lines) and exploiter (dashed lines) birth rates at the coevolutionary stable 

state (coESS). (B) Difference between mutualist birth rates at the coESS and at the 

mutualism-only evolutionary stable state (ESS). (C) Mutualist (plain lines) and exploiter 

(dashed lines) population densities at the coESS. (D) Difference between mutualist 

population densities at the coESS and at the ESS. (E) Host population density at the 

coESS. (F) Difference between host population densities at the coESS and at the ESS. 

Parameter values as in figure 1. 
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Figure 5: Ecological and evolutionary effects of decreasing mutualist intraspecific 

competition (µµµµ) on adaptive traits (mutualist birth rate bM, exploiter birth rate bE) 

and population densities (mutualist density M, exploiter density E, host density P) at 

coESS. (A) Observed ecological and evolutionary effects, summarized from figure 4. (B) 

Predicted primary and secondary ecological and evolutionary effects. Primary ecological 

effects are responses of equilibrium population densities to varying µ while holding traits 

constant; they can be predicted from equations 3 (see also figure A2). Primary 

evolutionary effects show the selective effect on the adaptive traits of varying µ while 

holding population densities constant; they can be predicted from equations (5). 

Secondary ecological effects are changes in equilibrium population densities resulting 

from changes in trait values, independent of the direct changes caused by varying µ; they 

can be predicted from equations 3 (and figure A2). Secondary evolutionary effects are 

changes in adaptive traits caused by changes in population densities, estimated 

independently of the direct selective effect of varying µ; they can be predicted from 

equations (5).  

 

Online Figure A1: Coevolutionary dynamics of mutualist-exploiter traits. The white 

region signifies that a stable three-species ecological equilibrium exists, with three-

species extinction in the gray region to the upper left and exclusion of the exploiter in the 

gray region to the lower right. In the absence of an exploiter, the mutualist evolves to its 

ESS (open circle, dashed line). After successful exploiter invasion, the mutualist and 

exploiter evolve according to the selective field (arrows). The quasi-vertical and the 
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curved solid lines are evolutionary isoclines for the mutualist trait and the exploiter trait, 

respectively. Where the evolutionary isoclines intersect, there is a coevolutionary stable 

state (solid circle). Parameter values: bP = 10, dM = dE = 3, µ = α = 1, µ’  = α’  = 0.03; bP , 

dM  and dE held constant from Morris et al. (2003).  

 

Online Figure A2: Population densities at ecological equilibrium with respect to the 

intensity (µµµµ) of mutualist intraspecific competition and the mutualist birth rate (bM). 

Population densities of the (A) host, (B) mutualist and (C) exploiter are zero in the white 

regions and are highest in the darkest bands. Parameter values: bP = 10, bE = 50, dM = dE = 

3, α = 1. 
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APPENDIX B 

COEVOLUTION AND THE TRANSIENCE OF SPECIES IN AN EXPLOITED 

MUTUALISM 
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ABSTRACT: 

The dynamics of species interactions depend on both the community context and on 

coevolution with species in the community. However, nearly all coevolutionary models 

have taken a pairwise perspective. Here, we analyze an adaptive dynamics model of an 

exploited pollinating seed parasitism mutualism, such as the yucca-yucca moth 

mutualism, in order to distinguish between the population and trait consequences 

interactions with non-evolving species versus coevolution with the interacting species. 

Specifically, we investigate the evolution of mutualist and exploiter oviposition rates and 

host plant defense against seed destruction by larvae of the mutualists and exploiters; 

each of these traits determines the degree of parasitism of the species. By exploring how 

these traits evolve across different ecological and evolutionary parameters, we find that 

increasing the asymmetry in evolutionary rates (and thus the degree of coevolution) 

greatly increases the chances of the evolutionary suicide of the mutualism. Surprisingly, 

the major threat to the evolutionary stability of the mutualism comes from 

overexploitation of the host by the mutualist, not the exploiter. This threat is largest when 

evolutionary rates are asymmetric in favor of the mutualist (at the extreme, independent 

evolution of the mutualist). Nevertheless, effective plant defenses can limit the conditions 

that lead to extinction and increase population densities at the coevolutionary 

equilibrium.
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Introduction  

 

Evolution often alters interactions between pairs of species by driving population 

dynamics, changing the interaction type (Gomulkiewicz et al. 2003), leading to speciation 

(Law et al. 2001; Ferdy et al. 2002), or even leading to species extinction (Dieckmann et 

al. 1995; Ferrière et al. 2002). Due to eco-evolutionary feedbacks, coevolutionary models 

of pairwise interactions may make very different predictions about the evolutionary 

outcomes of an interaction than when one species is considered to evolve at a time (e.g., 

Best et al. 2009). Coevolution within communities should also lead to different dynamics 

than pairwise coevolution (Thompson 1998; Strauss and Irwin 2004), but so far this 

problem has only received limited theoretical attention (e.g., Gomulkiewicz et al. 2003; 

Nuismer and Doebeli 2004). Mutualisms provide the opportunity to model community 

coevolutionary dynamics involving multiple interaction types: cooperation, exploitation 

and competition. 

Mutualisms are a key feature of many ecosystems, resulting in services including 

nitrogen fixation (legumes and rhizobia), pollination and seed dispersal (plants and 

insects, birds, and mammals), and protection against herbivores, predators and parasites 

(ants and plants, ants and other insects) (Agrawal et al. 2007; Holland and Bronstein 

2008). Exploitation, in which individuals of non-mutualistic species take rewards from 

the mutualist species, are increasing recognized as common both within and across 

mutualisms (Bronstein 2001b; Yu 2001). Meanwhile, exploiters compete with mutualists 

for access to these rewards, and asymmetry in this competition favoring mutualists is 
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considered to be an important factor promoting the persistence of mutualisms (Ferrière et 

al. 2002; Morris et al. 2003; Ferrière et al. 2007).  

The balance of benefits received versus costs expended determines selection on 

investment in mutualism (Ferrière et al. 2002) and defenses against exploitation (Kiers 

and van der Heijden 2006). Consequently, the state of the interaction between each pair 

of species is likely to have indirect effects on coevolution with the third species. 

However, previous models of exploited mutualisms have only considered host-mutualist 

coevolution in the presence of non-evolving traits (Ferrière et al. 2007) or mutualist-

exploiter coevolution with non-evolving hosts (Jones et al. in press). 

In order to investigate how the ecological and evolutionary dynamics in an 

exploited mutualism are affected differently by independent species evolution, pairwise 

coevolution, and three-species coevolution, we build and analyze an eco-evolutionary 

model of the interactions between a host, mutualist and exploiter. Our model is based on 

one of the best-studied types of exploited mutualism: pollinating seed parasite 

mutualisms, which include the fig-fig wasp and yucca-yucca moth mutualisms (Dufaÿ 

and Anstett 2003). In these interactions, plants (hosts) rely on pollinators (mutualists) for 

fertilization, but lose a proportion of their potential seeds to pollinator and non-pollinator 

(exploiter) larvae. Both pollinators and non-pollinators are dependent on the plant for 

larval survival. The non-pollinators are also dependent on pollinators to ensure that seeds 

are produced (yuccas) or that fruits are not aborted (figs). Larvae of both species face 

exploitation and interference competition from both conspecific and heterospecific larvae 

(Jaeger et al. 2001; Marr et al. 2001; Peng et al. 2005). These interactions are generally 



 
 
 

87 

obligate for all species involved, and have long phylogenetic histories (Machado et al. 

1996; Pellmyr et al. 1996a; Després and Jaeger 1999), making coevolution between the 

species likely.  

Here, we model the evolution of mutualist and exploiter oviposition rates and 

constitutive plant defense against seed destruction. In all three species, higher trait values 

can be seen as 'less cooperative' or 'more parasitic', yet they are beneficial for the species 

possessing the trait. Not all combinations of these traits are viable; therefore, evolution of 

these traits determines whether the species persist. Oviposition rates can vary between 

populations (Thompson 1997), and high oviposition rates increase mutualist and exploiter 

fecundity, while reducing the number of seeds that survive in each fruit (e.g., Jaeger et al. 

2001). However, oviposition rates are expected to trade off with larval competitive 

ability, as egg provisioning is constrained (Smith and Fretwell 1974). Meanwhile, at high 

values of plant defense, fewer of the larvae oviposited in each fruit are able to survive. 

Plant traits that may act in this way include: the closed globeflower corolla, which has 

been proposed to increase larval competition of the pollinating Chiastocheta flies (Ferdy 

et al. 2002); the oviposition constriction zones (Shapiro and Addicott 2003), as well as 

the number and distribution of infertile seeds (Addicott 1986; Ziv and Bronstein 1996; 

Bao and Addicott 1998) in yuccas, which could restrict access of yucca moth larvae to 

viable seeds; and ovary position in Lithophragma which has recently diversified (Kuzoff 

et al. 2001), possibly in response to selection from the oviposition behavior of the 

pollinating Greya moths (J.N. Thompson, pers. comm.). 
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We investigate the coevolutionary dynamics of these three traits, plant defense 

and mutualist and exploiter oviposition rates, in order to answer the following three 

questions. (1) How do ecological parameters affect the equilibrium population densities 

and the potential for species coexistence? (2) What conditions are necessary for the 

species to reach a stable coevolutionary equilibrium? (3) Do the relative rates of 

evolution in the three species change the likelihood of species persistence? 

 

 

Methods 

 

Below, we first derive a model of the population dynamics of hosts, mutualists and 

exploiters in order to solve for the equilibrium population densities of each species. 

Analysis of these equations allows us to determine the effects of the traits of interest on 

population densities, and more generally, what trait combinations result in coexistence 

versus extinction. We then use the ecological equations to construct invasion fitness 

equations and selection gradients for the evolving traits in each of the three species in 

order to identify and classify any trait combinations that are coevolutionary singular 

states. Lastly, we incorporate evolutionary rates in order to track the coevolutionary 

trajectories of the evolving traits and to determine whether they lead to a convergence-

stable coevolutionary singular state or to extinction of one or more species. 
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Ecological Model Derivation 

 

We first describe the changes in numbers of plants (p), mutualists (m), and exploiters (x) 

over discrete time steps (∆t) in a landscape with K sites. 

 

 (1a) 

 

(1b) 

 

 

(1c) 

 

In a unit of time, ∆t, each plant produces θ locules, each containing σ ovules, 

reduced by the cost of imposing competition on larvae (1-ν). Mutualists and exploiters 

search for plants at a number of sites β and ε, respectively, a proportion of the time, τ, 

such that plant visits are Poisson distributed and occur at a mean rate of K
mβτ  and 

K
xετ , respectively. During a pollinator visit to a plant, the pollinator fertilizes all the 

plant’s ovules and deposits λm eggs per locule; meanwhile, each exploiter deposits λx eggs 

into each fertilized locule encountered. Thus, the probability that a locule receives at least 

one pollination visit is K
m

e
βτ−

−1  and the mean number of larvae per locule is K
mmβτλ  

for mutualists and K
xxετλ  for exploiters. 
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A number of seeds per locule is destroyed by larvae at a rate proportional to the 

number of ovipositions, but reduced due to larval mortality. Larval mortality is partially 

determined by constitutive plant defense, ν, which has species-specific effects on 

mutualists, cm, and exploiters, cx. The probability that a mutualist larva survives the plant 

defense and intraspecific competition is K
mc mm

e
βτνλ−

. The probability that an exploiter 

larva survives the plant defense and intraspecific competition is K
xc xx

e
βτνλ−

. Exploiter 

larvae also face interspecific competition, as they feed on the proportion of seeds that 

have not been consumed by mutualist larvae, K

mc m
m

βτλν 






−
1

1 . Consequently, 

mutualists destroy a proportion ( )
K

mc mm βτλν1  of seeds and exploiters destroy a 

further proportion ( )
K

xc xx ετλν1  of seeds. Finally, surviving seeds must land in one of 

the K
p−1  unoccupied sites in order to germinate, and individuals have a species-

specific probability of dying δp, δm, and δx, for plants, mutualists and exploiters, 

respectively. 

Assuming that ∆t is small, equations (1) can be approximated with continuous 

ordinary differential equations. With the additional assumption zez +≈1 , for small z, 

equations (1) become: 
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 (2b) 

 

  

(2c) 

 

We then group parameters, with the definitions tT pδ≡ , K
pP ≡ , K

mM βτ≡ , 

K
xX ετ≡ , 

p
Pb δ

θσ≡ , 
p

Mb δ
θβτ≡ , 

p
Xb δ

θετ≡ , 
p

m
Md δ

δ≡ , and 
p

x
Xd δ

δ≡ , 

leaving the following, dimensionless per-capita growth rates: 

(3a) 

 

 (3b) 

 

(3c) 

 

Solving equations (3) when each is set to zero yields the equilibrium population 

densities. Equations (3) can be evaluated with the density of exploiters, X, set to zero to 

model the plant-mutualist interaction in the absence of exploiters. In this case, the 
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Evolutionary Dynamics 

 

The evolving traits that we model are traits that increase the benefit of the interaction for 

the possessing species while increasing the cost of the interaction for one or more of the 

interacting species. In the plant, the constitutive defense, ν, decreases the proportion of 

seeds lost to larvae while increasing larval mortality. However, constitutive defense also 

imposes a cost for the plant in terms of the total number of ovules that can be 

produced. In the mutualist and exploiter species, the traits λM and λX are the number of 

eggs deposited per locule by mutualists and exploiters, respectively, and increased 

numbers of eggs result in a greater number of seeds destroyed. Due to resource limitation, 

the number of eggs trades off with size of eggs, and as larvae compete for survival, larger 

larvae have an advantage over smaller larvae.  

At the ecological equilibrium found by solving equations (3), the population 

densities are given by P̂  for the plant, M̂ for the mutualist, and X̂ for the exploiter. We 

can investigate invasion by mutant phenotypes at the ecological equilibrium using 

invasion fitnesses (Metz et al. 1992), which give the growth rate of a rare mutant (mut) 

trait in the resident (res) population. 
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(4c) 

 

The tradeoff between egg number and size is assumed to be linear, with slope 'Mc  in 

mutualists and 'Xc  in exploiters. Equations (4) can be used to investigate plant-mutualist 

evolution in the absence of exploiters by setting the equilibrium density of exploiters, X̂ , 

to zero; the 









−

mut
X

X

c

X

ν
λ ˆ

1  term is lost from equation (4a) and equation (4b) is unchanged. 

From equations (4), the selection gradients are )(ν
∂ν
∂

mut
PW

 for the plant, 

),( MMmut
M

MW
λλ

∂λ
∂

 for the mutualist, and ),( XXmut
X

XW
λλ

∂λ
∂

 for the exploiter. To approximate 

the change in trait values over time, with feedback from the ecological dynamics, we use 

the ‘canonical equations of adaptive dynamics’ (Dieckmann and Law 1996; Champagnat 

et al. 2006): 
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in which kP, kM and kX are evolutionary rate constants for the plant, mutualist and 

exploiter, respectively. These rates account for differences among the three species in the 

probability of mutation, the variance of mutation effects, and migration rates. 

We find a coevolutionary singularity when 0=
dt

dν
, 0=

dt

d Mλ
, and 0=

dt

d Xλ
. 

These singularities are coevolutionary stable states (coESSs) when both evolutionarily 

and convergence stable. All potential coESSs were tested for evolutionary stability and 

evolutionary convergence by inspection of pairwise invasibility plots (Geritz et al. 1997). 

 

 

Results 

 

Ecological Outcomes and Equilibrium Population Densities 

 

In the absence of exploiters, the plant and mutualist can coexist across a range of 

combinations of constitutive plant defense, ν, and the mutualist oviposition rate, λM (fig. 

1). The highest population densities for both species occur at very low values of λM. At 

higher values of λM, fewer seeds survive per fruit and larval mortality due to intraspecific 

competition is higher, thus both plant and mutualist densities are decreased. Meanwhile, 

the maximum density of plants occurs at slightly higher values of ν than that of 

mutualists. At higher values of ν, fewer of the larvae developing in each fruit are able to 

survive, and mutualist density is decreased. The size of the ecological coexistence region 
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increases with both species' intrinsic growth rates, such that it becomes larger as birth 

rates of each species are increased, and as the death rates are decreased (not shown). 

Meanwhile, the shape of the ecological coexistence region depends on the how strongly 

plant defense affects larval survival and seed destruction. A stronger effect results in 

increased larval mortality at high values of ν, but also in increased plant tolerance of high 

oviposition rates. Thus, as the effectiveness of plant defense on mutualists, cM, is 

increased, the coexistence region is shifted to a lower, smaller range of ν values, but 

expands to higher λM values (fig. 1).  

Exploiters can coexist with plants and mutualists across a range of values of 

constitutive plant defense, ν, and mutualist oviposition rate, λM, that depends on the 

exploiter oviposition rate, λX (fig. 2). This three-species coexistence region exists within a 

sub-region of the plant-mutualist coexistence region (fig. 3). The region is widest for 

exploiters with intermediate oviposition rates, λX, and narrows at high and low values of 

λX (fig. 4). At higher values of constitutive plant defense, ν, the boundary of the 

coexistence region is shared with three-species extinction region, while at lower values of 

ν the boundary is shared with the exploiter-only extinction region (fig. 3). Plant and 

mutualist equilibrium densities follow the same relationship with ν and λM as in the 

absence of exploiters (fig. 3A,B), and decrease as exploiter oviposition rate, λX, increases 

(fig. 4A,B). Exploiter density is highest at low values of ν and λM (fig. 3C), and decreases 

as λX increases (fig. 4C). As with the plant-mutualist system, the coexistence region 

widens as birth rates are increased, and shrinks as death rates are increased for any of the 

three species. Similarly, the shape of the coexistence region is determined by the 
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effectiveness of plant defense on mutualists and exploiters, cM and cX, respectively. The 

coexistence region shrinks over ν while widening over λM and λX when either cM or cX is 

increased. 

 

Evolutionary Singularities 

 

Whether a convergence-stable coevolutionary stable state (coESS) exists within the 

species coexistence region depends on the slope of the fecundity-competition tradeoff in 

the mutualist, '
Mc . In the plant-mutualist interaction, each species evolves towards its 

evolutionary isocline, the curve along which its selection gradient equals zero. At high 

values of '
Mc , there is only one combination of constitutive plant defense, ν, and 

mutualist oviposition rate, λM, values at which the plant and mutualist evolutionary 

isoclines intersect, and it is always convergence stable. As the slope, 'Mc , becomes 

shallower, a second intersection exists that is a "Garden of Eden" ESS (a point that 

cannot be invaded by mutants, but that is not convergence stable) for the mutualist. 

Selection at nearby points will lead away in either direction, resulting in either evolution 

to the convergence-stable coESS or to extinction (fig. 5A). As '
Mc  is decreased further, 

the mutualist’s two evolutionary singularities collide (fig. 5B) and are both lost (fig. 5C). 

Consequently, when the fecundity-competition tradeoff is weak, evolution will always 

lead to extinction. 

In the three-species system, each species evolves towards its evolutionary 

isosurface, the surface in ν, λM, λX space over which its selection gradient equals zero. 
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These three surfaces tend to have one convergence-stable intersection when the slope of 

the fecundity-competition trade-off is steep in both mutualists and exploiters (i.e., high 

values of both '
Mc  and '

Xc ). A second intersection exists, which is a “Garden of Eden” 

ESS for the exploiter (see fig. 4). At lower values of '
Mc  and '

Xc , the evolutionary 

isosurfaces of the mutualist and exploiter do not intersect. When the effectiveness of 

plant defense on mutualist and exploiter larvae is weak (i.e., low cM and cX), the slope of 

the fecundity-competition trade-off must be steeper in order for a coESS to exist. 

 

Equilibrium and non-Equilibrium Evolutionary Outcomes 

 

Whenever there is no coESS, coevolution leads to the extinction of all the interacting 

species. However, the existence of a convergence-stable coESS does not guarantee that 

species will persist as they coevolve. When there is a "Garden of Eden" ESS for the 

mutualist (e.g., fig. 5A), evolution from initial values of λM higher than this ESS point 

will always result in extinction of the plant and mutualist. Similarly, when there is a 

"Garden of Eden" ESS for the exploiter (e.g., fig. 4), evolution from initial values of λX 

higher than this ESS point lead to extinction of all three species. 

Asymmetry in the evolutionary rates of the plant and the mutualist results in an 

even greater proportion of initial combinations of ν and λM leading to extinction of the 

plant-mutualist interaction. When the mutualist evolves faster than the plant, the 

mutualist oviposition rate, λM, can reach non-viable values before the plant evolves to 

compensate. Trait combinations further from the coESS, and especially those close to the 
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boundaries of the coexistence region, evolve to extinction at lower levels of asymmetry 

(fig. 6). The proportion of initial trait combinations that evolves to extinction depends on 

the shape of the coexistence region, which is affected by the effectiveness of plant 

defense on mutualist larvae, cM. When the coexistence region is contracted at lower cM 

values, more of the initial trait combinations result in evolution to extinction (fig. 6A). 

In the presence of exploiters, asymmetry between plant and mutualist 

evolutionary rates can result in either three-species extinction or extinction of the 

exploiter alone. Extinction of all three species occurs at high values of constitutive plant 

defense, ν, at which the boundary between coexistence and extinction is shared between 

the two- and three-species systems (fig. 3). On the other hand, purging of the exploiter 

occurs at low values of ν, at which the boundary of the three-species coexistence region 

lies within the plant-mutualist coexistence region (fig. 3). Purging of the exploiter is not 

an equilibrium outcome; after extinction of the exploiter, the mutualism always returns to 

a point at which the exploiter can reinvade. 

Asymmetry between mutualist and exploiter evolutionary rates can lead to either 

purging of the exploiter or three-species extinction, depending on whether mutualist or 

exploiter evolution is faster, respectively. When the mutualist evolves significantly faster 

than the exploiter and the initial combinations of mutualists and exploiters have low λM 

and λX values, mutualist evolution of increased λM values drives exploiters extinct (fig. 4). 

Exploiters, which still have low oviposition rates, go extinct as a result of out-

competition by mutualists for seeds. However, as with the exploiter purging outcome 

described above, exploiters can reinvade after extinction. On the other hand, when the 
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exploiter evolves faster than the exploiter and the initial mutualists have high values of 

λM, selection on exploiters can lead to very high values of λX, and thus high proportions of 

seeds destroyed, leading to three-species extinction. 

 

 

Discussion 

 

Empirical (Thompson and Pellmyr 1992; Thompson 1998) and theoretical (Thrall et al. 

2007) studies have shown the importance of the community context of pairs of 

coevolving species for understanding patterns of selection on traits and the evolution of 

interaction specificity. Here, we have moved beyond the typical pairwise coevolutionary 

perspective in order to investigate how the population dynamics within the community 

are affected by coevolution with interacting species as opposed to interactions with non-

evolving species. In our adaptive dynamics model, we analyzed the eco-evolutionary 

dynamics of a host plant, its pollinating seed predator mutualist and a seed predator 

exploiter. We focused on traits in each species that alter the costs and benefits of the 

interaction: constitutive plant defense that decreases larval seed destruction and larval 

survival, at a cost to the total seeds produced; and mutualist and exploiter oviposition 

rates that increase both insect fecundity and seed destruction. As not all combinations of 

these traits are ecologically viable, we find that evolution of these traits can lead to the 

persistence of the community, purging of the exploiter, or extinction of the entire 

community.  
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The coevolutionary outcome depends on both interspecific and intraspecific 

factors. The species-specific effectiveness of plant defense on the mutualist and on the 

exploiter determine the range of trait values in each species that allow species 

coexistence, with stronger constitutive defense enabling plants to tolerate higher numbers 

of mutualist and exploiter larvae. Meanwhile, the slope of the trade-off between fecundity 

and competition in mutualists and exploiters determines the endpoint of coevolutionary 

trajectories. Steeper slopes of this trade-off result in selection for lower oviposition rates, 

decreasing the destruction of host plant seeds.  

Species extinction can occur through two routes. First, there may be no 

coevolutionary stable state (coESS), with selection always favoring nonviable trait 

combinations. Second, the coESS may be unreachable from some initial trait 

combinations due either to asymmetric evolutionary rates or to a second, repelling 

evolutionary singular state. Surprisingly, the major threat to the persistence of the 

mutualism in both cases is from evolution of the mutualist, not the exploiter. Despite the 

fact that in this model the mutualism is constrained to have a net effect for the plant that 

is either positive or neutral, extinction can occur when the net benefits of the interaction 

are sufficiently reduced since the interaction is obligate.  

 

Limiting the costs of mutualists and exploiters 

 

Mutualisms are defined by their net beneficial effects, but mutualisms often involve 

significant costs (Bronstein 2001a). Moreover, it is to the advantage of individuals to get 
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as much as they can from their mutualist partners, such that mutualisms are better 

described as mutual exploitation than as cooperation. In our model, the host plant trait 

can evolve to reduce exploitation by mutualists and exploiters. Meanwhile, mutualists 

and exploiters can evolve to increase the level of their exploitation. Our analysis 

demonstrates that higher species-specific effectiveness of plant defense against mutualist 

and exploiter larvae enables coexistence over a wider range of plant, mutualist and 

exploiter traits, especially at trait combinations likely at the origin of the interaction (low 

constitutive defense, high oviposition rates). Furthermore, evolution from these initial 

trait value combinations is more likely to lead to the coESS when plant defense is 

effective. 

While not modeled as such, the strength of constitutive plant defense could be 

related to the slope of the fecundity-competition trade-off in the mutualist and exploiter. 

Thus, in addition to increasing the size of the ecological coexistence region, higher levels 

of defense would increase the chance of the selection gradients of each species 

intersecting at a convergence-stable coESS. Partner choice mechanisms may act in just 

such a way, as they have been suggested to decrease the costs of mutualism by excluding 

(Kiers and van der Heijden 2006) or decreasing cooperation (Simms et al. 2006) with 

non-rewarding partners, and thus selecting for more beneficial partners (Denison 2000; 

Foster and Wenseleers 2006). However, we propose that explicit choice between partners 

is not necessary as long as defense mechanisms give a competitive advantage to the more 

beneficial partners.  
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Fitness trade-offs and evolutionary persistence 

 

Fitness trade-offs result in trait values that are evolutionary equilibria. The stability and 

convergence properties of the equilibrium depends on the shape of the trade-off, with a 

convergence-stable ESS, a "Garden of Eden" ESS, an evolutionary branching point, or an 

invasible repeller as possible outcomes (de Mazancourt and Dieckmann 2004). We 

assumed a linear trade-off between fecundity and competition in mutualists and 

exploiters as the simplest case, particularly for a scenario in which competition is for a 

limiting resource (seeds) that cannot be substituted. This trade-off generally leads to a 

convergence-stable coESS, which is joined by a "Garden of Eden" ESS at higher 

oviposition rates as the trade-off slope is decreased. However, when the trade-off is too 

weak and the disadvantages of decreased competitive ability do not overcome the 

advantages of higher larval number, these two singularities collide, leading to 

evolutionary suicide as a result of runaway selection on oviposition rate.  

Under certain conditions, competition could be non-linear, with individuals 

possessing distant trait values having reduced competitive effects on each other. This 

configuration is likely to lead to evolutionary branching. Indeed, ancestral seed predators 

may have diversified to reduce competition for seeds. In the globeflower mutualism, 

larval competition has been proposed to have driven the adaptive radiation of 

Chiastocheta flies through changes in oviposition timing that result in changed egg 

mortality rates (Ferdy et al. 2002; Després and Cherif 2004). While we assumed larvae to 

be obligately dependent on seeds, it is possible that competition could cause 
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diversification onto other resources. In the Prodoxidae, which include yucca moths and 

Greya, larval feeding on vegetative tissue in some exploiter species appears to be derived 

from the ancestral state of feeding on seeds (Brown et al. 1994; Pellmyr et al. 1996b); this 

diversification to a nutritionally inferior resource may also have followed intense 

competition for seeds.  

 

Causes and consequences of asymmetric evolutionary rates 

 

Asymmetries in the rates of evolution between species can result from differences in 

mutation rates, migration rates and genetic system. Additionally, evolutionary rates may 

vary within a species across time and space. Asymmetric evolutionary rates have mostly 

been considered in the context of host-parasite (e.g., Kaltz and Shykoff 1998) and 

predator-prey (e.g., Dieckmann et al. 1995) interactions, which demonstrate Red Queen 

dynamics (Van Valen 1973). However, a previous investigation of the effects of 

asymmetric evolutionary in a mutualism by Bergstrom and Lachmann (2003) predicted 

that the species with the slower evolutionary rate should gain the larger benefit from the 

interaction. Importantly, their model considered evolution of investment into mutualism. 

In our model of evolution of exploitation traits, we see a very different consequence of 

asymmetric evolutionary rates: asymmetry increases the chance of extinction. Thus, 

significance of asymmetric evolutionary rates depends not only on the type of interaction 

under consideration, but on the types of evolving traits. 
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In our host-mutualist model, we have focused on the case in which mutualists 

evolve faster than plants. This case may be the most likely, due to the shorter generation 

time of the mutualists. Additionally, oviposition rate is likely to evolve through changing 

the resource distribution between egg size and number, which in some insect species is a 

plastic behavior (reviewed in Fox and Czesak 2000), and thus should be fast in 

comparison to evolution of plant defense traits requiring changes in physical structure. 

For the three-species interaction, mutualists are still likely to be the fastest-

evolving species. While exploiters and mutualists are generally closely related and have 

the same evolving trait in our model, exploiters are predicted to have high migration rates 

(Wilson et al. 2003), which could limit their potential for local adaptation. 
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Figure 1: Plant-mutualist coexistence regions and equilibrium population densities. 

The ecological outcome of the plant-mutualist interaction depends on the combinations of 

constitutive plant defense, ν, and the mutualist oviposition rate, λM. The species coexist in 

the colored region and are both extinct in the grey region. The shape of the coexistence 

region is determined by the effectiveness of plant defense on mutualists, cM; (A,B) cM =2, 

(C,D) cM =5. The population densities of the plant (A,C) and mutualist (B,D) are shown 

within the coexistence region, with areas of higher densities having warmer colors (red) 

and areas of lower densities having cooler colors (blue). The species evolve to their 

evolutionary isoclines (dashed = plant, solid = mutualist), which do not necessarily lead 

to higher population densities. Parameter values: bP=50, bM=10, dM=5, '
Mc =0.5. 

 

Figure 2: Plant-mutualist-exploiter coexistence region. All three species coexist at 

combinations of constitutive plant defense, ν, mutualist oviposition rate, λM, and exploiter 

oviposition rate, λX, within the enclosed region. Each species evolves to a surface 

determined by its selection gradient; these surfaces intersect at a coESS (red point). The 

coESS is convergence stable for all three species, as shown in the pairwise invasion plots 

for the plant (B), mutualist (C), and exploiter (D). Mutant traits can invade when in the 

black region, but not in the grey region; consequently, for each species, selection leads to 

the coESS from both higher and lower trait values. Parameter values: bP=50, bM= bX =10, 

dM= dX =5, cM = cX =5, '
Mc = '

Xc =0.3. 
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Figure 3: Plant-mutualist-exploiter equilibrium population densities and 

evolutionary outcomes at coESS exploiter oviposition rate, λX. Slices of the three-

species coexistence region (fig. 2) are superimposed on the plant-mutualist ecological 

outcomes. The population densities of the plant (A), mutualist (B) and exploiter (C) are 

shown within the coexistence region, with areas of higher densities having warmer colors 

(red) and areas of lower densities having cooler colors (blue). In the light gray region, the 

exploiter is out-competed by the mutualist and goes extinct, leaving the mutualism intact. 

In the dark gray region, all three species go extinct. The two- and three-species systems 

share a boundary between coexistence and extinction at high values of constitutive plant 

defense, ν; otherwise, evolution out of the three-species coexistence regions leads to the 

extinction of the exploiter alone. The species evolve to their evolutionary isoclines 

(dashed = plant, solid = mutualist) and reach a convergence stable coESS at the 

intersection. Parameters as in fig. 2. 

 

Figure 4: Plant-mutualist-exploiter equilibrium population densities and 

evolutionary outcomes at coESS constitutive plant defense, ν. Slices of the three-

species coexistence region (fig. 2). The population densities of the plant (A), mutualist 

(B) and exploiter (C) are shown within the coexistence region, with areas of higher 

densities having warmer colors (red) and areas of lower densities having cooler colors 

(blue). The species evolve to their evolutionary isoclines (solid = mutualist, dot dashed = 

exploiter) and reach a convergence stable coESS at the lower left intersection. At the 

upper right intersection, the exploiter evolves away from the intersection, towards either 
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extinction or the coESS. Parameter values: bP=50, bM= bX =10, dM= dX =5, cM = cX =2, 

'
Mc = '

Xc =0.5. 

 

Figure 5: Plant-mutualist evolutionary outcomes depending on the slope of the 

mutualist's fecundity-competition tradeoff. The top row shows the ecological and 

evolutionary outcomes of the plant-mutualist interaction across combinations of 

constitutive plant defense, ν, and the mutualist oviposition rate, λM, when the slope of the 

trade-off between mutualist oviposition rate and larval competitive ability is (A) '
Mc =0.2, 

(B) '
Mc =0.15, and (C) '

Mc =0.1. The species coexist in the white region and are extinct in 

the grey region. The species evolve to their evolutionary isoclines (dashed = plant, solid 

= mutualist), and reach a coESS when the intersection of the isoclines is convergence 

stable for both species (e.g., Ai). The second and third rows show the pairwise 

invasibility plots for the plant trait and the mutualist trait, respectively. Mutant traits can 

invade when in the black region, but not in the grey region. When the singular point 

cannot be invaded, it is an evolutionary stable state (e.g., Aii , Aiii , Bii , Biii , Cii ). 

However, the upper ESS in Aiii   and the ESS in Biii  are not convergence stable; 

evolution from nearby the former, "Garden of Eden" singularity will lead away from it in 

either direction, and evolution from above the latter singularity will lead to higher trait 

values. Parameter values: bP=50, bM=10, dM=5, cM=5. 

 

Figure 6: Evolutionary outcomes depending on the relative evolutionary rates. As in 

fig. 1, the plots show combinations of constitutive plant defense, ν, and the mutualist 
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oviposition rate, λM, that lead to ecological coexistence (inner region) or extinction (solid 

grey region), and the evolutionary isoclines (dashed = plant, solid = mutualist), when the 

effectiveness of plant defense on larval survival is (A) cM=2, and (B) cM=5. Within the 

coexistence region, the shading shows whether evolutionary trajectories lead to the 

coESS or to extinction. Initial trait combinations in the white regions always evolve to 

the coESS when the evolutionary rate of the plant, kP, is varied from 10-1 (equal to the 

mutualist's rate) to 10-5 (highly asymmetric evolution). Darker shading signifies that less 

asymmetry in evolutionary rate is required for evolution to extinction. Parameter values: 

bP=50, bM=10, dM=5, '
Mc =0.3, kM=10-1. 
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ABSTRACT: 

Pollinators and their predators share innate and learned preferences for high quality 

flowers. Consequently, pollinators are more likely to encounter predators when visiting 

the most rewarding flowers. I present a model of how different pollinator species can 

maximize lifetime resource gains depending on the density and distribution of predators, 

as well as their vulnerability to capture by predators. For pollinator species that are 

difficult for predators to capture, the optimal strategy is to visit the most rewarding 

flowers as long as predator density is low. At higher predator densities and for pollinators 

that are more vulnerable to predator capture, the lifetime resource gain from the most 

rewarding flowers declines and the optimal strategy depends on the predator distribution. 

In some cases, a wide range of floral rewards provides near-maximum lifetime resource 

gains, which may favor generalization if searching for flowers is costly. In other cases, a 

low flower reward level provides the maximum lifetime resource gain and so pollinators 

should specialize on less rewarding flowers. Thus, the model suggests that predators can 

have qualitatively different top-down effects on plant reproductive success depending on 

the pollinator species, the density of predators, and the distribution of predators across 

flower reward levels.
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Introduction  

Pollinator preferences play an important role in both selection on floral traits (e.g., Medel 

et al. 2003, Gomez et al. 2006) and plant community assembly (Sargent and Ackerly 

2008). Thus, understanding the basis of pollinator preferences will advance our 

understanding of the ecological and evolutionary dynamics acting in plant communities. 

As a rule, pollinators attempt to visit the most rewarding flowers (i.e., those with the 

highest nectar volume, sugar concentration and/or pollen availability) both within and 

between plant species, through innate and learned preferences for floral traits that 

correlate with reward level, such as color (Menzel 1985), display size (Ashman and 

Stanton 1991, Cohen and Shmida 1993), symmetry (Møller 1995), odor (Andersson 

2003), age (Higginson et al. 2006), and sex (Shykoff and Bucheli 1995). 

However, recently it has been found that ambush predators such as crab spiders 

(Thomisidae) can use some of the same floral characters to recognize flower quality, 

including flower symmetry (Wignall et al. 2006), odor (Heiling et al. 2004), and age 

(Chien and Morse 1998). Using this information, they will move to the more rewarding 

plant individuals (Heiling and Herberstein 2004) and species (Schmalhofer 2001). 

Consequently, the most rewarding flowers may become the most dangerous flowers. 

How then should pollinators forage to maximize the rewards they collect over their 

lifetime? 

Crab spiders are often camouflaged, making detection by pollinators difficult 

(Chittka 2001, Théry and Casas 2002) and increasing vigilance is likely to decrease 

foraging efficiency (Ings and Chittka 2008). Indeed, field and laboratory experiments 
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have shown that pollinators sometimes, but do not always avoid plants harboring an 

ambush predator (Heiling and Herberstein 2004, Robertson and Maguire 2005, Reader et 

al. 2006). Since identifying individual flowers that harbor crab spiders appears to be 

either unreliable or costly, another solution would be for pollinators’ flower preferences 

to shift after encounters with crab spiders. Honey bees will avoid locations where they 

have encountered a spider, a simulated attack, or a dead honey bee (Dukas 2001) and 

bumble bees will avoid locations with dead bumble bees (Abbott 2006), although the 

extent to which bees generalize estimates of predation risk to other locations is not 

known. However, experiments by Ings and Chittka (2008) have demonstrated that after 

experiencing attacks by camouflaged predator models, bumble bees are more likely to 

falsely reject similar-appearing feeders lacking a predator model. Moreover, bumble bees 

will switch to low-reward feeders if high-reward feeders are perceived as dangerous, and 

will slow or quit foraging if even low-reward feeders are perceived as dangerous (Jones 

and Dornhaus, in prep).  

If pollinators avoid flowers that have a higher probability of harboring a predator, 

predators of pollinators should have a much more widespread effect on plant 

reproduction within the community than would be expected if pollinators avoid only 

those flowers where a predator has been detected. Indeed, game theoretic models of patch 

choice by predators and prey have suggested that predators should prefer patches that are 

rich in the resources consumed by their prey, while prey themselves should be uniformly 

distributed among patches (Hugie and Dill 1994, Sih 1998). However, empirical studies 
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of the top-down effects of predators on plant reproduction have not taken into account the 

consequences of a relationship between flower reward level and predation risk. 

Here, I demonstrate that in order to maximize pollinator lifetime resource gain, 

pollinator foraging preferences should depend on the type of relationship between 

predation risk and flower reward level, as well as on the density of predators and the 

vulnerability of pollinators. To do this, I present a model of the lifetime foraging gains of 

pollinators visiting flowers of differing reward levels. I then evaluate the model for a 

range of potential predator distributions, using field data on the risk of predation by crab 

spiders, a major predator of pollinators on flowers, to show that the differences between 

distributions are relevant for natural systems. Finally, I discuss the results in the context 

of the methodology of measuring top-down effects of crab spiders and of the 

development of more advanced predator and prey patch-choice games.  

 

Methods 

I modeled the lifetime resource gain of pollinators foraging at a specific reward level 

when the probability of encountering a crab spider at a flower depends on the reward 

level. The probability of a pollinator encountering a crab spider (E(r)) depends on the 

proportion of crab spiders per flower (s) and the influence of flower reward level on crab 

spider choice:  

  (1) ( ) 1−= ccsrrE , 

in which the constant c determines the crab spiders’ preference function. If crab spiders 

are indifferent to flower reward level, c=1 and the distribution of crab spiders across 
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flowers in uniform. When c>1, crab spiders have a preference for more rewarding 

flowers; this preference decelerates with reward level for 1<c<2, increases linearly with 

reward level for c=2, and accelerates with reward level for c>2. As E(r) must not exceed 

1 for any value r, equation (1) can only be evaluated over 0≤r≤1 and 0≤s≤1/c. 

The expected lifetime of a pollinator, and thus the lifetime resource gain, 

decreases as the probability of encountering a crab spider at the given reward level (csrc-

1), the prey capture probability (p), and the external mortality probability (m) increase. 

Lifetime resource gain, as in Clark and Dukas (1994), is given as the sum of the resource 

gain from a series of flower visits that is limited only by a constant chance of mortality: 

(2) 
mcpsr
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c
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When the overall chance of mortality per flower visit is low, equation (2) can be 

approximated as: 

 (3)  
mcpsr

r
rL

c +
≈

−1
)( . 

To investigate the effect of potential predator distributions on pollinator lifetime 

resource gain, equation (2) was evaluated at four values of the constant c, so that the 

chance of encountering a crab spider on a flower, from equation (1), was either uniform 

(c=1), decelerated with reward level (c=1.5), increased linearly with reward level (c=2), 

or decelerated with reward level (c=2.5) (fig. 1). In addition, equation (2) was evaluated 

for patches with two levels of predator density and for two types of pollinators. Estimates 

of the percentage of pollinator foraging sites occupied by crab spiders vary for crab 
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spider species, population, and year, with reports as low as <1% (Morse 2007), between 

6.8% and 12.5% (Suttle 2003), and between 2% and 30% (Robertson and Maguire 2005). 

Thus, ‘low predator’ patches with s=0.01 and ‘high predator’ patches with s=0.10 reflect 

natural conditions. The vulnerability to crab spider attack varies greatly between 

pollinator species and may depend on a combination of morphological and behavioral 

variables. In particular, body size of the pollinator appears be a significant component of 

vulnerability; in a study by Morse (1979), bumble bees were only captured in 1.1% of 

opportunities for attack, while the much smaller syrphid flies were captured in 21.4% of 

opportunities for attack. Therefore, I contrasted relatively ‘invulnerable’ pollinators, 

characterized by p=0.01, and ‘vulnerable’ pollinators, characterized by p=0.20. While 

here parameterized for individual flowers of different reward levels, the model could also 

be applied to patches with different reward and spider occupation levels. 

 

Results 

As an increasing proportion of foraging sites are occupied by predators, the lifetime 

resource gain achieved by pollinators declines. For relatively invulnerable pollinators 

foraging in a patch in which very few predators are present, all four predator distributions 

give the same optimal foraging strategy for pollinators: specialize on the most rewarding 

flowers (fig. 2A, Table 1). More interestingly, increasing the density of predators also 

changes which flower reward level yields the maximum lifetime resource gain (fig. 2B, 

Table 1). A uniform (c=1), decelerating (c=1.5), or linear (c=2) relationship between 

predators and flower reward level continues to favor the pollinator strategy of 
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specializing on the most rewarding flowers. Meanwhile, if there is an accelerating (c=2.5) 

relationship between predators and reward level, the maximum of the lifetime resource 

gain curve occurs at a lower reward level and a wider range of reward levels provide 

nearly the maximum lifetime resource gain (Table 1). Thus, the optimal pollinator 

strategy may become generalization over a range of lower-reward flowers, especially if 

searching costs (Heinrich 1972) are high enough to negate the slight advantage of more 

rewarding sites. 

More vulnerable pollinators show qualitatively similar responses to predator 

density and distribution (fig. 2C, D). However, the effect of predator distribution remains 

significant at the lower predator density. Additionally, the difference between optimal 

pollinator strategies is even more pronounced than for the less vulnerable pollinators. At 

both predator densities considered, the range of pollinator reward preferences, r, that 

approach the maximum lifetime gain increases as the relationship between predators and 

flower reward level shifts from uniform to linear (Table 1). Thus, even when predators 

are relatively rare, vulnerable pollinators may benefit from generalizing across reward 

levels. Moreover, if the chance of encountering a predator accelerates with flower reward 

level, low-reward flowers always provide the maximum lifetime gain for vulnerable 

pollinators (Table 1). 

 

Discussion 

The analysis presented here demonstrates that when predation risk is positively correlated 

with flower reward level, optimal pollinator foraging preferences should shift to less 
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rewarding flowers. These shifts should be greater for more vulnerable pollinator species, 

at higher predator densities, and when the distribution of predators is more weighted 

towards high-reward flowers. Under the same circumstances, pollinators should generally 

also increase the range of visited reward levels. However, for vulnerable pollinators when 

predators are at a high density and have an accelerating relationship with flower reward 

level, specialization on low-reward flowers is optimal. 

While Dukas et al. (2005) suggested that pollinators often do not have enough 

experience to accurately assess predator abundance within a patch, bumble bees may be 

able to learn optimal foraging preferences indirectly by observing more experienced 

foragers (Baude et al. 2008). Moreover, empirical results from studies with similar 

predator densities and pollinator vulnerabilities as used to parameterize the model are in 

agreement with the model predictions on when foraging sites with predators should be 

avoided. In areas with low crab spider density, patches with crab spiders were visited by 

large bumble bees, but were avoided by the smaller, and thus more vulnerable, honey 

bees (Dukas and Morse 2005), or by both honey bees and small bumble bees (Dukas and 

Morse 2003). Additionally, Schmalhofer (2001) found that small pollinators were more 

likely to visit smaller and less rewarding flower patches than those preferred by both 

large pollinators and crab spiders; however, Schmalhofer suggested that this pattern could 

be explained by competitive exclusion. Experiments in areas with higher crab spider 

densities have found avoidance of flowers with crab spiders across pollinator species 

(Suttle 2003, Robertson and Maguire 2005). However, it is not clear from these studies 
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whether pollinator avoidance of flowers with predators resulted from increased vigilance 

or from a change in preferences for flowers. 

Previous experiments on the effects of ambush predators on pollinator behavior 

and plant reproductive success have used pairs of plants (e.g. Suttle 2003) or patches (e.g. 

Dukas and Morse 2003, Dukas and Morse 2005) with and without crab spiders. However, 

the model presented here suggests that within a patch, the presence of crab spiders on 

some high-reward flowers may decrease pollinator visitation to all the high-reward 

flowers, a foraging response that might or might not change the amount of pollinator 

visitation at the patch level. Therefore, studies comparing paired plants within a patch 

may have underestimated the effect of crab spiders, while studies comparing paired 

patches may have ignored changes of pollinator preferences within the patches with 

predators. Additionally, while predators may reduce pollination of both paired plants, 

they sometimes also capture plant enemies and thus can have positive effects on the 

occupied plant by reducing insect herbivory and seed predation (Louda 1982, Romero 

and Vasconcellos-Neto 2004). Consequently, in order to determine the effects of crab 

spiders specifically on pollination, it may be necessary to compare the distributions of 

pollinator visits across flowers of different reward levels between patches with and 

without crab spiders. 

The game between pollinators and ambush predators differs from traditional 

models of predator and prey patch choice (reviewed in Brown and Kotler 2007), as the 

latter assume that predators are equally or more mobile than their prey. Ambush predators 

such as crab spiders, while mobile, move more slowly and over shorter distances than 
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their prey (Morse 2007), and thus cannot react to short-term changes in pollinator 

preference. While a number of studies have suggested that the probability that a flower is 

occupied by a crab spider should increase with the reward level of the flower (Morse and 

Fritz 1982, Morse and Stephens 1996, Chien and Morse 1998, Schmalhofer 2001, 

Heiling, Cheng and Herberstein 2004, Heiling and Herberstein 2004, Wignall, Heiling, 

Cheng and Herberstein 2006), there has been no quantitative investigation of the 

distribution of predators across flower reward levels. As pollinators shift their foraging 

preferences in response to predation risk, it should become advantageous for some 

predators to move to less rewarding flowers. Indeed, a minority of crab spiders 

consistently choose lower quality foraging sites (Morse and Fritz 1982, Morse and 

Stephens 1996) and prey abundance generally plays a role in choice of ambush site 

(Morse 1988).  

However, the optimal distribution for predators is likely to depend on a 

combination of many factors that affect the distribution of their principal prey, requiring a 

more formal game-theoretic analysis. These factors are likely to include the vulnerability 

of prey, the experience levels and learning abilities of prey, the degree to which naïve 

foragers are easier to capture (as in Armitage 1965), and whether foragers are attempting 

to maximize lifetime resource gain or rate of resource gain (Cartar 1991). The 

pollinator/ambush predator system also provides an interesting extension to predator-prey 

patch choice games through the feedback between predator-prey interactions on the 

patches themselves. As pollinator preferences change, the distribution of flower reward 

levels will change over the short-term through depletion of pollen and nectar. Unlike 



 
 
 

131 

other systems, however, pollinators will increase the long-term abundance of the 

preferred flower types through increasing their reproduction. 

The model results described here extend the growing body of literature on 

nonconsumptive effects of predators (e.g., Orrock et al. 2008, Peckarsky et al. 2008, 

Schmitz et al. 2008), which highlights the important consequences of antipredator 

behavior for community and evolutionary dynamics. In addition to decreasing pollinator 

density and causing pollinators to avoid individual plants, ambush predators may lead to 

shifts in pollinator preferences, such as towards generalization across reward levels or 

specialization on low-reward flowers. These preference changes could affect competition 

among plant species and trait selection within plant species. In order to better understand 

these potential consequences, studies are needed on ambush predator distribution and the 

level at which pollinators respond to predation risk, whether at the level of individual 

plants, plant phenotypes, plant species, or patches. 
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Figure 1: The relationship between the reward level of a flower and the proportion 

of such flowers occupied by a predator. The distribution of predators across sites 

depends on whether the probability that a predator will choose a site with a given reward 

level is random, c=1 (dotted line), increases less than linearly with reward level, c=1.5 

(thick dashed line), increases linearly with reward level, c=2 (solid line), or increases 

more than linearly with reward level, c=2.5 (thin dashed line). Overall proportion of 

flowers occupied by a predator: s = 0.1. 
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Figure 2: The total amount of resources collected by pollinators depending on their 

reward preference. The optimal foraging strategy is represented by the maximum of the 

lifetime resource gain curve and depends on whether the probability that a predator will 

be on a flower with a given reward level is random, c=1 (dotted line), decelerates with 

reward level, c=1.5 (thick dashed line), increases linearly with reward level, c=2 (solid 

line), or accelerates with reward level, c=2.5 (thin dashed line). (A) ‘Invulnerable 

pollinator/Low predator density’ patch: p=0.01, s=0.01. (B) ‘Invulnerable pollinator/High 

predator density’ patch: p=0.01, s=0.10. (C) ‘Vulnerable pollinator/Low predator density’ 

patch: p=0.20, s=0.01. (D) ‘Vulnerable pollinator/High predator density’ patch, p=0.20, 

s=0.10. For all graphs, m=0.001. Maxima for lifetime resource gain and optimal reward 

levels are listed in Table 1. 
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Population Distribution L(r)max ropt Range (%) 

A. 

Low vulnerability 

Low density 

 

Uniform 

 

908 

 

1 

 

5.0 

decelerating 869 1 5.3 

Linear 832 1 5.9 

accelerating 799 1 6.9 

 

B. 

Low vulnerability 

High density 

 

 

Uniform 

 

499 

 

1 

 

5.0 

decelerating 399 1 7.1 

Linear 332 1 13.7 

accelerating 286 0.857 44.7 

 

C. 

High vulnerability 

Low density 

 

 

Uniform 

 

332 

 

1 

 

5.0 

decelerating 249 1 7.9 

Linear 199 1 21.1 

accelerating 180 0.540 51.6 

 

D. 

High vulnerability 

High density 

 

 

Uniform 

 

47 

 

1 

 

5.0 

decelerating 31 1 9.7 

Linear 23 0.766 77.5 

accelerating 39 0.116 11.1 
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Table 1: Characteristics of the lifetime resource gain curves. For each combination of 

prey vulnerability, predator density and predator distribution, the maximum lifetime 

resource gain (L(r)max), the reward level that yields the maximum lifetime resource gain 

(ropt), and the percent range of reward levels that provide at least 95% of the maximum 

lifetime resource gain are given. 
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APPENDIX D 

PREDATION RISK MAKES BEES REJECT REWARDING FLOWERS AND 

REDUCE FORAGING ACTIVITY 
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SUMMARY: In the absence of predators, pollinators can often maximize their foraging 

success by visiting the most rewarding flowers. However, if predators use those highly 

rewarding flowers to locate their prey, pollinators may benefit from changing their 

foraging preferences to accept less rewarding flowers. Previous studies have shown that 

some predators, such as crab spiders, indeed hunt preferentially on the most pollinator-

attractive flowers. In order to determine whether predation risk can alter pollinator 

foraging behaviour, we conducted laboratory experiments on the response of bumble bees 

(Bombus impatiens) to simulated predator attacks when faced with a tradeoff between 

predation risk and flower reward (measured here as sugar concentration). In response to a 

simulated attack, bees foraging on a low-reward artificial flower were more likely to 

cease foraging for at least an hour or to extend the time between flower visits. Bees 

attacked on a high-reward artificial flower were more likely to increase visitation of low-

reward artificial flowers. Forager body size, which is thought to affect vulnerability to 

capture by predators, did not have an effect on response to an attack. Predation risk can 

thus alter pollinator foraging behaviour in ways that influence the number and reward 

level of flowers that are visited.  

 

Keywords: Bombus impatiens, bumble bees, foraging, predation risk



 
 
 

144 

1. INTRODUCTION  

Foraging pollinators face danger on the flowers they visit from ambush predators such as 

crab spiders (Thomisidae), predaceous bugs (Reduviidae), and praying mantids 

(Mantidae). Crab spiders, the best studied of these predators, are more likely to be 

encountered on the more pollinator-attractive flowers. Crab spiders will move to flowers 

receiving more pollinator visits (e.g., Morse & Fritz 1982; Morse 1988), as well as to 

flowers with cues that they provide more or better resources, both within (Heiling & 

Herberstein 2004a) and between (Schmalhofer 2001) plant species. These cues, which 

are preferred by both bees and crab spiders, include floral symmetry (Møller 1995; 

Wignall et al. 2006), odour (Andersson 2003; Heiling et al. 2004), and age (Chien & 

Morse 1998; Higginson et al. 2006).  

As a result of the higher chance of encountering a predator on the most preferred 

flowers, pollinators face a tradeoff between the amount of resources they can collect in a 

single flower visit and predation risk, which ultimately affects how many flower visits 

they can make in their lifetime. If colony fitness depends on long-term resource gain, it 

can be optimal for foragers to accept lower flower rewards or even to specialize on low-

reward flowers (Jones, submitted). When predation risk is associated with a high reward 

level, will pollinators demonstrate the predicted behaviour of switching to a lower reward 

level? 

Bees tend to avoid crab spiders (Dukas & Morse 2003; Robertson & Maguire 

2005; Reader et al. 2006; Gonçalves-Souza et al. 2008). However, crab spiders are often 

well camouflaged (Chittka 2001; Théry & Casas 2002) and, indeed, bees often fail to 
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react to a crab spider on a flower (Heiling & Herberstein 2004b; Robertson & Maguire 

2005; Reader et al. 2006). If vigilance is not very successful, bees may benefit from 

avoiding locations that are more likely to harbour crab spiders. For example, after 

experiencing a simulated attack on a flower with a camouflaged predator model, bees are 

more likely to falsely reject similar-appearing flowers without a predator model (Ings & 

Chittka 2008; Ings & Chittka 2009).  

Previous studies of bee response to predation risk have found that foragers avoid 

(artificial) flowers where either they have experienced simulated predation attempts or 

encountered dead conspecifics (Dukas 2001a; Abbott 2006); however, in these studies, 

safe and dangerous flowers were of equal reward level. Therefore, it is not known 

whether bees will avoid locations that are more likely to have predators even at a cost to 

their short-term foraging gains. Additionally, forager response to predation risk may 

depend on individual traits, since individuals that are more vulnerable to capture by 

predators are predicted to benefit more from preferentially visiting lower reward flowers 

(Jones, submitted). 

One of the determinants of vulnerability to capture by crab spiders appears to be 

forager body size relative to crab spider size. However, it has been argued both that 

smaller species are more vulnerable, as observed by Morse (1979), and that smaller 

individuals should be less vulnerable due to higher manoeuvrability (Dukas 2001b). In 

bumble bees, forager body sizes vary widely, with consequences for flower choice 

(Cumber 1949; Morse 1978) and foraging success (Goulson et al. 2002; Spaethe & 
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Weidenmüller 2002). Thus, response to predation risk may also vary between foragers 

within a colony as a result of differences in vulnerability. 

Here we examine the response of bumble bee (Bombus impatiens) foragers to 

simulated predator attacks when artificial flowers differ in reward level. We measured 

whether predation risk affects foraging activity and preference for flower type, and 

investigated whether there is any interaction between response to predation risk and 

forager body size. Foragers were given access to two foraging arenas, representing 

separate flower patches, each provisioned with one high-reward and one low-reward 

artificial flower, representing flowers of different species. Given this setup, an attacked 

forager could react by (1) continuing to visit the same flower type, but switching to a new 

resource patch, or (2) switching to the other flower type. Switching patches, but not 

flower type, suggests that bees associate the experience of danger with an individual 

flower, not the flower type. Alternatively, switching flower types suggests that danger is 

associated with flower type, not just an individual flower. 

 

2. MATERIAL AND METHODS 

(a) Setup and training 

Two Bombus impatiens colonies (obtained from Koppert Biological Systems, MI, USA) 

containing approximately 150 to 200 workers each were housed in wooden nest boxes 

(39 x 23 x 8 cm). Each colony was connected to three wooden foraging arenas (each 24 x 

20 x 8 cm) by transparent PVC tubes 152 cm long (figure 1). Nest boxes and foraging 

arenas had transparent acrylic covers to allow viewing, and foraging arenas had trap 
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doors on the rear wall to allow for simulated predator attacks. All bees were marked with 

coloured, numbered plastic tags for individual identification. Bees were given ground 

pollen daily and, except for training and trials, were provided with a low concentration 

sugar solution in artificial flowers placed in the centre foraging arena. The sugar solution 

was 25% v/v ‘Beehappy’ in water solution (Koppert Biological Systems) in Colony 1 and 

20% w/w sucrose solution in Colony 2. The artificial flowers were constructed from Petri 

dishes (4cm diameter x 1cm) sealed with hot glue, with a slit drilled through the top, and 

placed on top of a gray foam (Crafters Square) circle. 

Training of all active foragers took place for the 24 hours before experimental 

trials were carried out. During training, a low-sugar artificial flower on a yellow circle 

and a high-sugar artificial flower on a blue circle were put in the centre foraging arena. 

Blue is preferred over yellow by bees (Menzel 1985), so colour and sugar preferences 

were matched. In Colony 1, ‘low’ and ‘high’ sugar solutions were 25% and 50% v/v 

‘Beehappy’ in water, respectively; in Colony 2, ‘low’ and ‘high’ sugar solutions were 

20% and 40% w/w sucrose, respectively. These sugar concentrations span a typical range 

found in bumble bee visited flowers (Cruden et al. 1983), and honey bees have been 

shown to discriminate against sucrose solutions that are 50% lower than the alternative 

(Bachman & Waller 1977). In the ‘Beehappy’ trials of colony 1, bees had additional 

olfactory cues for reward level compared to sugar solution trials of colony 2; however, 

data were combined after no significant difference was found between colonies. 

 

(b) Testing 
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During experimental trials, artificial flowers were removed from the centre (training) 

arena and pairs of new, clean artificial flowers were placed in the experimental arenas 

(which had not previously contained food). Each pair included one low-sugar flower on a 

yellow circle and one high-sugar flower on a blue circle. Trials lasted between two and 

four hours, during which every forager visit was recorded by forager identity, flower 

visited, and time. Bees only received simulated attacks in their very first visit to a flower 

in the experimental arena. Since we had a complete record of flower visits by all bees for 

the experimental arenas, we could identify which bees were visiting a flower for the first 

time in that trial. Every other forager on its first visit to an artificial flower received a 

simulated attack; however, foragers were not attacked if there was another forager 

present on or near the artificial flower. In a crab spider attack, the spider grabs the bee 

with its raptorial forelimbs (Morse 2007). We simulated this type of attack by lightly 

squeezing the bee’s abdomen with forceps for approximately 2 seconds before releasing 

the bee. Forceps were immediately removed from the foraging arena after an attack. This 

may have led to an underestimate of predation risk, since some bees searched for the 

source of the attack and resumed feeding after failing to find the source (pers. obs.). After 

all trials were completed, the thorax widths of foragers were measured with digital 

callipers as a measure of body size (Goulson et al. 2002; Jandt & Dornhaus 2009).  

Body size data were normally distributed and thus analyzed with parametric tests. 

All other data were non-normal and analyzed with non-parametric tests. Analyses of 

proportions of return visits to the original feeder type or to the original foraging arena 
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included only those bees that had made at least four or two return visits, respectively, 

within the analysis time period. 

 

3. RESULTS 

For bees that first visited a high-reward artificial flower, there was no significant 

difference between bees that were attacked and those that were not attacked in the 

likelihood to return to forage in the hour after the first foraging trip (χ2 test: n=89, 

χ
2=0.67, p=0.41; figure 2a), the time to return for a second flower visit (Mann-Whitney 

U-test: n=76, U=525.0, p=0.34; figure 3a), and the average time between flower visits 

(Mann-Whitney U-test: n=74, U=569.0, p=0.97; figure 3b). However, for bees that first 

visited a low-reward artificial flower, bees that were attacked were less likely to return to 

forage in the hour after the attack (χ
2 test: n=72, χ2=5.53, p=0.019; figure 2a), took 

significantly longer to return for a second foraging trip (Mann-Whitney U-test: n=55, 

U=210.0, p=0.0060; figure 3a), and showed a trend toward longer gaps between flower 

visits (Mann-Whitney U-test: n=52, U=234.0, p=0.075; figure 3b) than those bees that 

were not attacked. Forager body size had a weak negative correlation with both the time 

to second flower visit (linear regression: attacked, n=39, p=0.30, R2=0.029; not attacked, 

n=70, p=0.033, R2=0.065; figure 4a) and average time between flower visits (linear 

regression: attacked, n=36, p=0.41., R2=0.020; not attacked, n=69, p=0.045, R2=0.059; 

figure 4b), but neither of these relationships was affected by whether or not bees had 

experienced an attack (comparison of regression coefficients: time to second flower visit, 

t=0.29, p=0.77; average time between flower visits: t=0.27, p=0.79). Furthermore, for the 
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bees that had experienced an attack, body size did not affect whether the bees returned to 

forage within an hour of the attack (unpaired t-test: n=57, t=-0.25, p=0.80). 

While those foragers that were attacked on a high-reward flower did not reduce 

their foraging activity, their foraging preferences did change. These bees were 

significantly less likely to return to the same type of flower on the second foraging trip 

than bees that were not attacked (χ
2 test: n=76, χ2=14.09, p<0.0001; figure 2b). There was 

a trend for foragers attacked on a high-reward flower to keep avoiding high-reward 

flowers over their first hour of foraging (Mann-Whitney U-test: n=30, U=58.0, p=0.058; 

figure 3c). On the other hand, foragers that were attacked on a low-reward flower did not 

show a difference in preference on the second trip (χ2 test: n=56, χ2=2.70, p=0.10; figure 

2b) or during the first hour (Mann-Whitney U-test: n=24, U=55.0, p=0.57; figure 3c) 

compared to foragers that were not attacked. After the first hour of foraging, there was no 

longer a significant difference in preference for flower type for bees that were attacked 

either on a high-reward flower (Mann-Whitney U-test: n=25, U=59.5, p=0.53; figure 3d) 

or on a low-reward flower (Mann-Whitney U-test: n=20, U=41.5, p=0.59; figure 3d). 

Attacks did not affect foragers’ choice of foraging arena on the visit after an 

attack. Overall, 27.6% of bees switched foraging arenas between the first and second 

foraging trips, and bees that had experienced an attack were not more likely to switch 

between arenas (χ2 test: first visit to high-reward feeder, n=78, χ
2=0.24, p=0.62; first visit 

to low-reward feeder, n=56, χ2=1.95, p=0.16). There was also no significant effect of an 

attack on the proportion of trips that foragers made to the originally chosen foraging 
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arena during the first hour (Mann-Whitney U-test: first visit to a high-reward feeder, 

n=45, U=216.0, p=0.98; first visit to a low-reward feeder, n=32, U=94.0, p=0.39). 

 

4. DISCUSSION 

In our experiment with Bombus impatiens, we found that simulated predator attacks have 

an effect on the overall foraging activity and foraging preferences of bees. Bees attacked 

on a low-reward artificial flower spent more time between flower visits and were less 

likely to return to forage within an hour of the attack. Bees attacked on a high-reward 

artificial flower were more likely to switch flower types on subsequent foraging trips, 

even though that meant switching to an inferior resource. The change in preference 

decayed within about one hour. Forager body size did not affect the response to predation 

risk. 

By avoiding dangerous flowers, foragers may be able to increase their lifespan 

and therefore lifetime resource gain. Dukas (2001b) estimated that, even in areas with 

relatively low crab spider densities, between 17.5% and 46.7% of forager losses each day 

are due to predation by crab spiders. Therefore, avoiding crab spiders may be adaptive 

despite a cost to short-term resource gain. Since a single crab spider attack is unlikely to 

be successful in capturing a bumble bee (Morse 1979), bumble bees may often be able to 

use unsuccessful attacks to inform their future foraging behaviour. Given the positive 

relationship between flower reward level and crab spider presence that may occur in 

many situations (Chien & Morse 1998; Schmalhofer 2001; Heiling et al. 2004; Heiling & 

Herberstein 2004a; Wignall et al. 2006), foragers may be able to infer crab spider 
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densities, and thus optimal foraging strategies, through limited encounters with crab 

spiders. Theory predicts that a forager encountering a crab spider on a high-reward flower 

is likely to be able to increase its lifetime foraging gains by switching to lower-reward 

flowers (Jones, submitted), the forager response we observed here. However, if a forager 

encounters a crab spider on a low-reward flower, it is likely that there is a high crab 

spider density and that the forager may be better off searching for another patch. While 

we provided two patches in our experiment, it is possible that they were not considered 

sufficiently independent by the foragers, which reduced their foraging activity rather than 

switching between patches. 

We found that smaller foragers generally took longer to forage, as has been 

reported previously (Spaethe & Weidenmüller 2002). However, contrary to our 

expectations, smaller foragers were not more timid with respect to their response to 

predation risk. Previous studies compared the vulnerability of pollinator species of 

different sizes (Morse 1979; Morse 1981), rather than conspecific individuals of different 

sizes. It is possible that although bumble bee foragers vary greatly in size, the size 

differences are not great enough to affect the vulnerability of the foragers. Alternatively, 

there might be behavioural constraints for small foragers to react in the same way as large 

foragers, especially since it is usually the large bees that do most of the foraging 

(Goulson et al. 2002; Jandt & Dornhaus 2009). Finally, smaller individuals may 

compensate for their size with higher manoeuvrability, as has been suggested by Dukas 

(2001b).  
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Predation risk is recognized to decrease the fitness advantages of high net rates of 

energetic gain (reviewed in Lima & Dill 1990; Lima 1998). Furthermore, maximizing 

short-term foraging rate or efficiency may not be optimal for colony fitness when there is 

a tradeoff between predation risk and flower reward level. Our research suggests that bee 

foragers may sacrifice rate of collecting floral rewards in order to lengthen lifespan, a 

behaviour which has been predicted to be increase lifetime resource gain under some 

conditions (Jones, submitted). Avoidance of mortality risk at a cost to foraging rate has 

also been observed in ants (Nonacs & Dill 1991; Nonacs & Calabi 1992) and this 

behaviour has been found to have a net benefit for colony growth (Nonacs & Dill 1990). 

On the other hand, sensitivity to predation risk may depend on colony energy 

requirement, as which foraging behaviour maximizes colony fitness is predicted to 

depend on colony state (Beauchamp 1992) and starving bumble bee colonies have been 

found to have riskier foraging behaviour (Cartar 1991). 

By changing pollinator foraging behaviour, crab spiders may impose costs on 

colony foraging efficiency in addition to the more obvious mortality costs from predation 

of foragers, as has been observed in ants (Nonacs & Calabi 1992). Furthermore, these 

behavioural changes potentially affect plant reproduction. Changes in pollinator 

behaviour such as we have shown could both decrease levels of pollination and shift 

pollination toward less rewarding plant individuals and species. However, there is 

conflicting evidence on whether predation risk has a large enough effect on plant fitness 

to lead to selection on floral traits. A number of field studies have found negative effects 

of predator presence on plant fitness (Suttle 2003; Dukas 2005), whereas others have 
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failed to find any effect (Dukas & Morse 2005), or have even found a positive effect due 

to predation of herbivores (Romero & Vasconcellos-Neto 2004) or seed predators (Louda 

1982). The results from our laboratory experiments, that predation risk does significantly 

alter pollinator behaviour, both in terms of foraging activity and foraging preferences, 

suggest that predators could affect plant reproduction, provided that predator densities are 

sufficiently high. Therefore, we suggest that studies of top-down effects of crab spiders 

need to consider the possibility that selection acts not just on plants occupied by crab 

spiders, as has been investigated previously, but also on plants phenotypically similar to 

occupied plants. 
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Figure 1: Experimental setup.  The position (left or right) of the low-reward and high-

reward artificial flowers was randomized in each box for each training day and during 

each trial. The experimental arenas were accessible to bees at all times, but were empty 

except during test periods. 

 

 Figure 2: The proportion of bees that (a) returned to forage within an hour of their first 

foraging trip and (b) returned to their first flower choice on their second foraging trip. On 

the first foraging trip, bees either went to a low or high-reward artificial flower and either 

foraged safely (white bars) or were attacked (gray bars). (a) An attack decreased the 

probability that a bee would return to forage in the hour after the first foraging trip for 

bees that first visited low-reward flowers (χ2-test: n=72, χ2=5.53, p=0.019), but not for 

bees that first visited high-reward flowers (χ
2-test: n=89, χ2=0.67, p=0.41). (b) Both the 

bees that first visited low-reward flowers and those that first visited high-reward flowers 

showed a tendency to be less likely to return to the same flower type after an attack; this 

effect was significant for bees that first visited a high-reward flower (χ2-test: n=76, 

χ
2=14.09, p=0.0001), but not for bees that first visited a low-reward flower (χ2-test: n=56, 

χ
2=2.70, p=0.10). 

 

Figure 3: The effect of artificial flower reward level and simulated predator attacks on (a) 

the time between first and second flower visits, (b) the average time between flower visits 

over the duration of the trial, (c) the proportion of return visits to a forager’s first flower 

choice during the first hour of foraging, and (d) the proportion of return visits to a 
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forager’s first flower choice after the first hour of foraging. Bars show the median and 

lower and upper quartiles, with whiskers demarking the 10th and 90th percentiles and 

outliers shown (solid circles). On the first foraging trip, bees either went to a low or high-

reward artificial flower and either foraged safely (white bars) or were attacked (gray 

bars). (a) An attack increased the time taken to return to forage for bees that first visited a 

low-reward flower (Mann-Whitney U-test: n=55, U=210.0, p=0.0060), but not for those 

that first visited a high-reward feeder (Mann-Whitney U-test: n=76, U=525.0, p=0.34). 

(b) Over the duration of the trial, an attack tended to increase the average time taken by 

bees between foraging trips for bees that first visited a low-reward feeder (Mann-Whitney 

U-test: n=52, U=234.0, p=0.075), but not for those that first visited a high reward feeder 

(Mann-Whitney U-test: n=74, U=569.0, p=0.97). (c) Over the first hour, an attack tended 

to decrease the proportion of returns to high-reward flowers (Mann-Whitney U-test: 

n=30, U=58.0, p=0.058), but did not affect returns to low-reward flowers (Mann-Whitney 

U-test: n=24, U=55.0, p=0.57). (d) After the first hour of foraging, no effect of an attack 

remained on returns to either low (Mann-Whitney U-test: n=20, U=41.5, p=0.59) or high 

(Mann-Whitney U-test: n=25, U=59.5, p=0.53) reward flowers.  

 

Figure 4: The relationship between forager body size and (a) time until first return visit 

and (b) average time between artificial flower visits. Bees that were attacked (filled 

circles, solid regression line) and not-attacked (open circles, dashed regression line) had a 

weak negative relationship between thorax width and both time until the first return 

(linear regression: attacked, n=39, p=0.30, R2=0.029; not attacked, n=70, p=0.033, 
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R2=0.065) and overall foraging rate (linear regression: attacked, n=36, p=0.41., R2=0.020; 

not attacked, n=69, p=0.045, R2=0.059). The slopes of the linear regressions were not 

significantly different between attacked and not-attacked bees in either the time until first 

return (t=0.29, p=0.77) or overall foraging rate (t=0.27, p=0.79), showing that the 

response to an attack is not sensitive to body size. 
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Figure 2: 
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Figure 3: 
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Figure 4: 
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