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Co-evolutionary theory assumes co-adapted characteristics are a positive response to counter those of another species, whereby 
co-evolved species reach an evolutionarily stable interaction through bilateral adaptation. However, evidence from the fig-fig 
wasp mutualistic system implies very different co-evolutionary selection mechanisms, due to the inherent conflict among in-
teracted partners. Fig plants appear to have discriminatively enforced fig wasps to evolve “adaptation characteristics” that pro-
vide greater benefit to the fig, and fig wasps appear to have diversified their evolutionary strategies in response to discrimina-
tive enforcement by figs and competition among different fig wasp species. In what appears to be an asymmetric interaction, 
the prosperity of cooperative pollinating wasps should inevitably lead to population increases of parasitic individuals, thus re-
sulting in localized extinctions of pollinating wasps. In response, the sanctioning of parasitic wasps by the fig should lead to a 
reduction in the parasitic wasp population. The meta-populations created by such asymmetric interactions may result in each 
population of coevolved species chaotically oscillated, temporally or evolutionarily. 
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Co-evolution, which was once previously assumed to be a 
rare form of evolution, is now recognized as a common ex-
istence within ecosystems, with either strong or weak inter-
actions between species [1,2]. By definition, coevolution 
requires that two species adapt to evolutionary changes oc-
curring in each other [1–3]. An example of reciprocal adap-
tation is the development of mutualistic relationships be-
tween plants and pollinating insects. As a plant develops a 
specialized structure and/or organ to provide a pollinator 
with food or a living habitat, as in many obligate mutualistic 
systems, the pollinating species develops a pollen carrier 
mechanism to disperse pollen, which could evolve as a spe-
cies-specific interaction [46]. In antagonistic interactions 

between species, for example, between plants and herbi-
vores, both species co-evolve strategies enabling coexist-
ence with one another—a plant may develop chemical de-
fenses to reduce herbivory, but a herbivore may develop 
“counter weapons” that enable continued consumption of 
the plant [7]. In these well-accepted perceptions of the con-
cept of co-evolution, co-evolved species are assumed to 
interact symmetrically, where the coevolved species have 
equally developed the biological characteristics in the same 
evolutionary pathway to adapt to each others’ strategies 
[8,9]. Coevolved species will evolve to be in a state of equi-
librium under such a symmetric interaction. Where there is 
a positive adaptation between two species, these will attain 
an evolutionarily stable strategy (ESS) through a “contract” 
[10,11]. The evolutionary characteristics of the co-evolved 
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species could increase their fitness, which therefore should 
be the predominant strategy of the interacting species [12]. 

The evolutionarily stable interactions of co-evolved spe-
cies are based on the assumption that species are symmetri-
cally co-evolved. This may hold for many species interac-
tions, but recent advances in knowledge of obligate mutual-
isms (e.g., fig-fig wasp, legume-rhizobium and yucca-yucca 
moth systems) imply that the co-evolved species are asym-
metrically interacted [13–16]. In asymmetric interactions, 
the sanctioning of parasites by hosts that reward cooperative 
species will enforce the evolution of less virulent parasites, 
or perhaps enforce parasites to become more cooperative 
towards the host plant. In the fig-fig wasp system, parasites 
include non-pollinator wasps and the cheating individuals of 
pollinator wasps, by definition [17]. However, in asymmet-
ric interactions, symbionts tend to diversify their strategies, 
which may be cooperative (e.g., the cost of carrying pollen 
for a host-derived reward) or may involve cheating/parasi- 
tizing the host plant (e.g., no cost of carrying pollen but this 
may result in being sanctioned by the host) [14,18,19]. 
Symbionts might also diversify into different cryptic species 
or even distinct species because of intra- or inter-specific 
competition, or undergo niche separation [14,15,18]. 

In such asymmetrically co-evolved interactions, where 
symbionts have diversified their genotype, phenotype 
and/or behavioral strategies to increase their fitness, the host 
plant may also diversify its strategies (e.g., different sanc-
tion strategies) to facilitate the evolution of cooperation. 
This has been empirically observed in a fig-fig wasp system 
[14] and implied in other mutualistic systems [13,15,20]. In 
such asymmetric interactions, because both interacted spe-
cies use mixed strategies of either cooperating or competing 
with each other, sanctioning by the host plant is predicted to 
lead to localized population declines or extinctions of the 
symbiont, thereby creating meta-populations. Populations of 
interacting species might temporally or evolutionarily os-
cillate chaotically, with population oscillation swings de-
pendent on the plant’s sanctioning intensity and competition 
intensity amongst the different genotypes or phenotypes 
within or between species. Here, we discuss a fig-fig wasp 
system to illustrate how asymmetric interactions between 
species may lead to the creation of a meta-population effect.  

1  Biology of fig-fig wasp systems 

In the obligate mutualism between figs and their pollinator 
wasps, the wasps carry pollen from mature syconia (en-
closed inflorescences) to receptive syconia, and figs provide 
pollinators with access to some of their female flowers to 
oviposit. The larvae of pollinator wasps develop into adults 
in galled female flowers. Adult female wasps that develop 
in the syconia then disperse the fig’s pollen. Both pollen 
dispersion (from mature syconia) and pollen availability (to 
receptive syconia) are dependent on the species-specific 

pollinator wasps [21,22]. Recent experimental results 
demonstrated that both pollinator and non-pollinator wasps 
can successfully deposit their eggs and develop to adulthood 
in the ovules of (fig) female flowers without pollination 
occurring [23]. However, figs have the ability to sanction 
pollen-free wasps through the abortion of syconia or by 
discriminatively decreasing the offspring development ratio 
of wasps [14,24,25]. 

Figs may inadvertently support cheating individuals of 
pollinator wasps or non-pollinator wasps that are either par-
asitoids of fig wasps or resource competitors (i.e., gall mak-
ers or inquilines) [26,27]. Gall makers that do not carry 
pollen to receptive syconia are non-pollinator wasps and 
cheating individuals of pollinator wasps [14,27]. Gall mak-
ers may additionally impose a negative impact on fig viable 
seed production by directly foraging on seeds or competing 
with pollinator wasps for female flowers [2729]. The 
mechanisms that prevent parasites (or exploiters) from 
overexploiting the common resource, at the expense of the 
pollinator wasps and fig fitness, are still debated within the 
scientific community, though many hypotheses have been 
proposed [14,25,30–34]. 

Here we use the fig Ficus racemosa and the hosted fig 
wasp species to illustrate species interactions in the fig-fig 
wasp community. Ficus racemosa hosts six fig wasp spe-
cies, of which one species, Ceratosolen fusciceps (Agaoni-
dae), is the pollinator of F. racemosa. The species 
Apocryptophagus testacea and A. mayri are gall makers and 
compete with pollinator wasps for the common resource, 
i.e., the female flowers [27,35]. Apocrypta sp. and A. west-
woodi are parasitoids of the gall makers A. testacea and A. 
mayri, respectively. Apocryptophagus agraensis is a para-
sitoid of pollinator wasps (for more details see [27,36]).  

2  Niche separation among fig wasps 

Niche partitioning, or spatial heterogeneity amongst mutu-
alists and exploiters, has long been known to promote spe-
cies coexistence [37–39]. However, niche utilization by 
exploiters has been observed to overlap with that of mutual-
ists [14,17,27]. Niche overlap enables the possibility for one 
species to exclude another in the process of evolution, if 
either species has a fitness advantage over the other. Niche 
partitioning therefore does not sufficiently explain the co-
existence between reciprocal mutualists, exploiters, and the 
stability of the system. 

In F. racemosa, the gall-maker wasps utilize the same 
resource (i.e., female flowers) and temporally separate the 
peak of their oviposition sequence from one another. How-
ever, the oviposition periods of these species overlap and 
they appear to utilize the common resource at the expense 
of the other [14,27]. Non-pollinator gall makers are able to 
decrease pollinator populations, thus leading to localized 
extinctions in the wild [14,29,40]. Although niche separa-
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tion between the gall maker species of F. racemosa exists, 
the temporal segregation in the oviposition period cannot 
solely maintain the stability of the coexistence of these spe-
cies [14,27]. 

3  Asymmetric species interactions in fig-fig 
wasp communities  

Similar to other mutualistic systems, fig plants should sanc-
tion parasitic species and cheating individuals of pollinator 
wasps, and reward cooperating individuals. Selective abor-
tion, which commonly occurs in yucca-yucca moth mutual-
isms [13,41,42] and legume-rhizobium mutualisms [15,43], 
also exists in fig-fig wasp mutualisms [14,23,24,44]. How-
ever, experimental evidence demonstrates that the selective 
abortion of syconia in F. racemosa only occurs when syco-
nia are oviposited by the parasitic wasp A. testacea, which 
oviposits before pollinator wasps, and are thus not suffi-
ciently pollinated by pollinator wasps [14,44]. Selective 
abortion is likely to save resources and energetic expendi-
ture on development of syconia that are not adequately pol-
linated, and will consequently kill offspring of parasitic 
wasps within these unpollinated syconia [14,44].  

However, when syconia are oviposited by parasitic 
wasps either after they have been oviposited by pollinator 
wasps or by the cheating individuals of pollinator wasps, 
selective abortion does not occur [14,44,45]. The abortion 
of such syconia would result in the death of the pollinator 
wasp offspring and thus reduce the chance of pollen disper-
sal. In such circumstances, F. racemosa may use another 
sanctioning strategy—to discriminatively decrease the adult 
wasp development ratio—which occurs when the syconia 
are too heavily oviposited [14,44]. This sanctioning activity 
may be due to a chemical secreted by the syconia. Under 
sanctioning by the fig plant, exploiting individuals and 
non-pollinator wasps are likely to lose their fitness ad-
vantage.  

Research on F. racemosa and related fig-fig wasp sys-
tems suggests that fig wasps have diversified their geno-

types (or may have specialized and diverged into distinct 
wasp species) and phenotypes/behavior (by separation of 
oviposition peaks) in response to intra- and/or inter-specific 
competition among wasps, and in order to escape sanction-
ing or enforcement by the host fig. As a counter-response, 
host figs may be able to diversify their strategies in order to 
facilitate the evolution of less harmful and/or more coopera-
tive wasps (e.g., through wasps dispersing more pollen 
and/or less parasitization). Figs can implement different 
strategies to sanction parasitic wasps depending on the dif-
ferent fig wasp strategies [14,44]. Diffusive strategies be-
tween the co-evolved species reveal that the evolution of 
cooperative wasps may be an enforced process due to the 
limited dispersal ability of symbionts and asymmetric in-
teractions between symbiont and host, rather than positive 
evolution for the reciprocal exchange stemming from the 
idea of contract theory (Figure 1). 

Among fig wasp species, non-pollinators have a fitness 
advantage over pollinating wasps as they do not pay the 
cooperative cost (i.e., carrying pollen and pollen dispersal), 
and might therefore be able to exclude pollinators from the 
system [14,28,40]. The non-pollinator gall-maker wasps can 
directly reduce pollinator wasp populations or cause local-
ized extinctions, because of resource competition and fit-
ness advantages over pollinator wasps [14,44].  

4  Asymmetric interactions and the metapopu-
lation  

The sanctioning imposed by figs, either through the selec-
tive abortion of syconia or discriminative repression of off-
spring development of parasitic wasps (or exploiters), is 
proposed to lead to population decreases and/or localized 
extinctions of parasitic species and cheating individuals of 
pollinator wasps within specific syconia, trees or habitats. 
Cooperative pollinator wasps would be predicted to subse-
quently increase in numbers through immigrating individu-
als, which should be encouraged by the high reward offered 
by fig plants, resulting in high offspring developmental  

 

 
Figure 1  Asymmetric interactions in the fig-fig wasp system.  
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rates. After a population of pollinator wasps becomes estab-
lished, the migration of non-pollinator wasps or the off-
spring of cheating individuals of pollinator wasps will have 
a fitness advantage—as fig syconia will be sufficiently pol-
linated by cooperative pollinator wasps. Over time, the 
population of non-pollinator wasps and cheating individuals 
of pollinator wasps will increase, resulting once again in 
population declines or localized extinctions of pollinator 
wasps. The over-abundance of parasitic wasps that leads to 
the declines in pollinator wasp populations will subse-
quently result in inadequate fig pollination. The fig should 
then implement discriminative sanctioning against parasitic 
wasps, once again leading to population decreases or local-
ized extinctions of parasitic wasps. Meta-populations are 
thus predicted to be created through such asymmetric inter-
actions (Figure 2).  

In such asymmetric interactions, each species’ population 
is predicted to chaotically oscillate either temporally or 
evolutionarily (Figures 1 and 2). The population of each fig 
wasp species should oscillate with population establishment 
cycles after population declines that result from sanctioning 
by host fig plants or from competition exclusion between 
wasp species. Host fig population numbers and/or seed 
production may also oscillate in response to oscillations of 
pollinating wasp populations. Both the host plant and asso-
ciated wasps populations might also oscillate evolutionarily. 
Over their evolutionary histories, climatic and/or geograph-
ic (spatially heterogeneous variation) shifts may be ex-
pected to favor population increases in either the non-  
pollinator wasps or pollinator wasp populations, followed 
by the establishment of some species potentially leading to 
the extinction of others across spatial and/or temporal scales, 
possibly similar to that which occurs in the yucca–yucca 
moth system [18,46].  

It has been experimentally demonstrated that the local 
extinction frequency of pollinator wasps differs greatly 
among habitat sites occupied by F. racemosa. In primary 
forest, the proportion of syconia that contained no or low 
numbers of pollinator wasps was much lower than that in  

fragmented forests [14,29] (Figure 3). In fragmented forest, 
more than 30% of syconia contained no pollinator wasps 
but sufficient pollination was observed in the dry season 
[29]. This finding indicates that the frequency of local ex-
tinction of pollinator wasps was due to high competition 
with non-pollinator wasps in fragmented forests relative to 
primary forests. Comparisons between primary forest, 
fragmented forest and locally fragmented forest habitats 
demonstrates that the average pollinator wasp proportion 
was much higher in the wasp community in primary forests 
compared with fragmented forests [29,40]. Forest fragmen-
tation appears to favor population increases of non-     
pollinator wasps, which may in part be attributed to de-
creased predation by ants (as a result of decreased popula-
tion numbers) and which in turn imposes a much higher 
negative impact on non-pollinator than pollinator wasps 
[35,40], and may therefore competitively exclude pollinator 
wasps from fragmented forests. The population of pollinator 
wasps in primary forest would be expected to be much more 
stable than in the fragmented forests. Pollinator wasps in 
fragmented forest may experience localized extinctions 
more frequently, with re-establishment expected to be facil-
itated through immigration (Figure 3). 

5  Conclusion 

Spatial heterogeneity plays an important role in me-
ta-population creation [47,48]. Among habitat sites with 
spatial heterogeneity, species distributions may differ in 
density and biodiversity. Spatial heterogeneity is created by 
physical differences, such as climatic or geographic features, 
and individuals within a species and/or different species 
might migrate from their habitats to other colonies. Such 
physical differences leading to the oscillation of species 
interactions have been well documented within co-     
evolutionary systems [49,50]. Research into fig-fig wasp 
systems demonstrates, however, that asymmetric species 
interactions might also create a meta-population, which is in  

 

 
Figure 2  Creation mechanisms of the metapopulation under asymmetric interactions in the fig-fig wasp system. 
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Figure 3  A, Schematic representation of (a) primary forest, (b) fragmented forest with pseudo-corridors, and (c) locally fragmented forest habitat types 
where observations of pollinator wasp and fig (Ficus racemosa) populations were made (see Wang and Sun, 2009; Wang et al., 2010 for additional details). 
B, Relationship between the proportion of syconia (%) and the percentage of pollinator wasps in the F. racemosa-fig wasp community across primary forest, 
fragmented forest and locally fragmented forest habitat types during dry season (B1) and wet season (B2) events. For description of the methods used for 
data collection see Wang et al. (2010) or Supporting Information.  

contrast to the meta-population creation dynamic of spatial  
heterogeneity.  

In fig-fig wasp systems, the species interactions are very 
specific; in most cases, each wasp species pollinates only 
one fig species, and each gall maker or parasitic species 
only parasitizes one fig or wasp species. Within these spe-
cies communities, one species usually has obvious fitness 
advantages over another, such as a gall maker among 
non-pollinator wasps being more competitive than pollina-
tor wasps [28,29,51]. However, the fig plant can alter the 
behavior of pollinators and gall makers to be less parasitic 
and/or more cooperative by sanctioning parasitic individuals 
and rewarding pollinating individuals [14]. In such a closely 
interactive relationship, the sanctioning of one species 
against another species, or fitness advantages of one over 
another, will more easily lead to the population decline or 
localized extinction of another species [16,52,53]. The 
sanctioning of one species against another within asymmet-
ric interactions between species with such closer interac-
tions might be much stronger than that between less closely 
interactive species (Wang et al., unpublished data). In less 
closely interactive species communities, the population 
fluctuations of interacting species might be smaller than 
those in species communities showing more highly asym-
metric interactions. The effects of the meta-population 
might be less significant in these less closely interactive 

species communities. 
In a community with asymmetric species interactions, the 

limited dispersal ability of individuals within a species 
and/or spatial correlations between species may play im-
portant roles in meta-population creation [52,53]. The 
greater the degree of difficulty for the dispersal of commu-
nity individuals, the greater the probability becomes for 
population declines or local extinctions under asymmetric 
interactions [14,25]. In a species community, if individuals 
of interacting species suffer dispersal limitations, the sanc-
tioning of or higher competition of one species over another 
will more likely result in population declines or localized 
extinctions of the “weaker” species [14,16,54,55]. Alterna-
tively, weaker species may disperse to other colonies in 
order to escape sanctioning by the host fig or intense com-
petition presented by the “stronger” species. In a communi-
ty with less severe dispersal limitations, the population of 
each species would be predicted to be more evenly distrib-
uted among the different habitat patches.  
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Supporting Information 

The method of data collection presented in Figure 3 

We collected adult wasps that were supported by figs from three sampling sites. One sample site was at the center of the pri-
mary forest, and another was at the edge of the primary forest, within a locally fragmented forest. Samples were also collect-
ed from a highly fragmented forest where the fig plants are isolated by rubber trees, roads or crop fields. We collected these 
data over most months of the year in 2006, 2007 and 2008. The total sample size was N=1503. 

When the syconia developed to maturity, but before pollinator wasps cut open exit holes, we collected mature syconia and 
injected 75% alcohol to kill all adult wasps present in the syconium. We then counted both male and female wasps present in 
each syconium. In this data census, we cut open galls to collect adult wasps—if wasps did not exit the galls we ensured that 
the data generated from adult wasps included all of the well-developed adult wasps present. 

 
 
The supporting information is available online at life.scichina.com and link.springer.com. The supporting materials are 

published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains entirely 
with the authors. 

 


