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Theory predicts that mutualisms should be vulnerable to invasion by cheaters, yet mutualistic interactions
are both ancient and diverse. What prevents one partner from reaping the benefits of the interaction with-
out paying the costs? Using field experiments and observations, we examined factors affecting mutualism
stability in six fig tree—fig wasp species pairs. We experimentally compared the fitness of wasps that did or
did not perform their most basic mutualistic service, pollination. We found host sanctions that reduced
the fitness of non-pollinating wasps in all derived, actively pollinated fig species (where wasps expend
time and energy pollinating), but not in the basal, passively pollinated fig species (where wasps do
not). We further screened natural populations of pollinators for wasp individuals that did not carry
pollen (‘cheaters’). Pollen-free wasps occurred only in actively pollinating wasp species, and their preva-
lence was negatively correlated with the sanction strength of their host species. Combined with previous
studies, our findings suggest that (i) mutualisms can show coevolutionary dynamics analogous to those
of ‘arms races’ in overtly antagonistic interactions; (ii) sanctions are critical for long-term mutualism
stability when providing benefits to a host is costly, and (iii) there are general principles that help maintain
cooperation both within and among species.
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1. INTRODUCTION

From the mycorrhizal fungi that are essential for the
growth of most forest trees to the intestinal bacteria that
provide nutrients we otherwise could not access, mutual-
isms are of fundamental ecological and evolutionary
importance (Herre et al. 1999). Despite this, the evol-
ution and maintenance of mutualisms remains a largely
unsolved puzzle (Trivers 1971; Axelrod & Hamilton
1981; Bull & Rice 1991; Sachs et al. 2004; West et al.
2007). In a mutualistic system where the partners trade
costly services, individuals that reap the benefits of the
interactions without paying the cost of providing service
to the mutualist (i.e. ‘cheaters’) are expected to realize
higher fitness than non-cheaters, and increase in their
relative frequency. Therefore, the long-term stability of
the mutualism likely requires mechanisms that limit or
prevent cheating. Some studies have documented the
existence of host ‘sanctions’ that lower the fitness of unco-
operative symbionts (Nefdt 1989; Pellmyr & Huth 1994;
Richter & Weis 1995; Wilson & Addicott 1998; Huth &
Pellmyr 2000; Jousselin & Kjellberg 2001; Kiers er al.
2003, 2006; Edwards et al. 2006; Simms ez al. 2006;
Tarachai ez al. 2008; Bever et al. 2009; Heath & Tiffin
2009). For example, both cultivated and wild legumes
can selectively suppress rhizobial strains that feed off
plants but are inefficient in fixing nitrogen (Kiers ez al.
2003, 2006; Simms ez al. 2006), and yuccas differentially
abort inflorescences that are relatively underpollinated or

* Author for correspondence (kcj4@cornell.edu).
Electronic supplementary material is available at http:/dx.doi.org/10.
1098/rspb.2009.2157 or via http:/rspb.royalsocietypublishing.org.

Received 26 November 2009
Accepted 17 December 2009

overexploited by their pollinating moth (Pellmyr & Huth
1994; Richter & Weis 1995; Wilson & Addicott 1998;
Huth & Pellmyr 2000). However, no study has examined
variation in sanction strength across related host species.
Further, although distinct cheating/parasitic species are
known to exploit many mutualisms (Sachs & Simms
2006), examples of cheating individuals within a mutua-
listic species are rare (Bronstein 2001). Here we use the
fig tree—fig wasp system to test whether cheating levels
in symbionts are related to sanction strength.

The fig tree—fig wasp system is well suited for studying
the evolution and stability of mutualisms. This mutualism
is both ancient (80 Mya) and diverse (more than 700 fig
species) (Machado er al. 2001; Rensted er al. 2005),
and each fig species is generally pollinated by one or a
few highly host-specific wasp species (Molbo et al.
2003; Haine er al. 2006). Each partner is totally depen-
dent on the other for reproductive success, and lifetime
reproductive success of the wasp is easily measured
(Herre 1989). Fig flowers are located on the inside of
the distinctive, enclosed inflorescences that define the
genus Ficus (formally syconia; hereafter figs). Pollination
is completely dependent on having one or more pollen-
bearing female fig wasp (foundress) enter each fig and
pollinate the flowers. Fig wasps, in turn, can only oviposit
and reproduce in fig flowers.

Wasps generally pollinate both the flowers in which
they oviposit, and those that do not receive eggs
(Jousselin & Kjellberg 2001; Jandér 2003), then die
inside the fig. In monoecious fig species (the roughly
50% of fig species that produce seeds and wasps in the
same fig, as opposed to on different trees (dioecious)),
each flower produces either a seed or is transformed

This journal is © 2010 The Royal Society
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into a gall that hosts a single wasp larva, causing a direct
trade-off between producing fig seeds or wasp offspring
(Verkerke 1989; Herre & West 1997). When mature, the
wasp offspring mate and females gather pollen within
their natal fig before they fly off in search for a new recep-
tive fig tree. Thus, monoecious fig trees depend on the
foundress generation to pollinate their own flowers and
initiate seed production (thereby realizing ‘female func-
tion’) and on the females of the offspring generation to
use their pollen to initiate seed production in another
tree (thereby realizing ‘male function’).

There are two distinct pollination syndromes in figs
that demand different levels of effort from the pollinating
wasps: (i) passive pollination, the ancestral condition,
and (ii) active pollination, the more derived condition
(Jousselin er al. 20035). Passively pollinated fig species
produce numerous, large male flowers that release abun-
dant pollen onto the wasps as they leave the fig to
disperse. Typically, male-to-female flower ratios range
from 0.25 to 1, and pollen to ovule ratios can be as
high as 44000 to 1 (Cruden 1997; Kjellberg et al.
2001). Therefore, in these fig species, trees invest
considerable resources in producing abundant pollen,
and no aspect of pollen transfer relies on specialized
wasp behaviour.

In contrast, actively pollinated fig species produce rela-
tively few, small male flowers. Male-to-female flower ratios
range from 0.01 to 0.15, and pollen to ovule ratios are gen-
erally 5 to 10 times lower than that in passively pollinated
species (Cruden 1997; Kjellberg ez al. 2001). In these fig
species, pollen transfer is completely dependent on special-
ized wasp morphology and pollination behaviour. Female
wasps search for the male flowers inside their natal fig,
gather pollen using their front legs, and store it in special-
ized thoracic pollen pockets (Galil & Snitzer-Pasternak
1970; Frank 1984). When wasps reach a receptive fig,
they oviposit, then use their front legs to transfer pollen
grains to the stigmas (Galil & Eisikowitch 1969; Frank
1984). Overall, 2—5% of the wasps’ total time within a
receptive fig is spent actively depositing pollen (Jandér
2003; K. C. Jandér 2009, unpublished data). Active polli-
nation thus appears to be beneficial for trees as less pollen
production is required, but it requires time and energy
from the short-lived wasps. Previous studies suggest that
wasps ovipositing in pollinated figs produce more offspring
than wasps ovipositing in unpollinated figs (reviewed in
Herre er al. 2008).

Here, we use field experiments and observations to
examine factors that affect the host—pollinator relation-
ships in six monoecious fig species—four actively
pollinated (where wasps actively expend time and
energy pollinating) and two passively pollinated (where
pollination is a byproduct of the wasps’ activities). First,
we experimentally measured sanction strength in the
respective fig species by relating total lifetime reproduc-
tive success for a single foundress wasp to whether or
not the wasp was carrying pollen. Second, for the differ-
ent wasp species we estimated the likelihood that a wasp
would be a single foundress—the situation in which a
cheating wasp would be most fully exposed to any host
sanctions. Third, we screened natural populations of
pollinator wasps for wasp individuals that did not carry
pollen (‘cheaters’). We thus were able to examine:
(i) whether host sanctions were present in these fig
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species, and if that was related to the pollination syn-
drome (passive or active), and (ii) whether pollinator
cheating levels were related to the strength of sanctions
or the likelihood of being a single foundress.

2. MATERIAL AND METHODS

(a) Study system

We studied natural populations of trees and wasps near the
Panama Canal, Republic of Panama. The passively polli-
nated fig species represent the most basal of all fig lineages,
subgenus Pharmacosycea, section Pharmacosycea: Ficus
maxima and FE insipida (Herre et al. 1996; Machado et al.
2001; Jousselin er al. 2003b; Ronsted et al. 2005). All the
actively pollinated fig species belong to the more derived
subgenus Urostigma, citrifolia,
E nymphaefolia, E obtusifolia and E popenoei. The respective
pollinator wasp species and mean number of female flowers
are specified in electronic supplementary material, table S1.
For simplicity, here we will use the fig species name as a
proxy also for its associated wasp species.

section Americana: F

(b) Pollen exclusion experiment

For each fig tree—pollinator species-pair, we experimentally
produced pollen-carrying (P 4+ ) and artificially pollen-free
(AP—) wasps, and introduced one wasp into each fig to pro-
duce pollinated (P+) and unpollinated (P—) figs (Jousselin
et al. 2003a). We quantified two components of fig sanctions
that strongly influence wasp fitness: (i) the proportion of P—
and P+ figs that the tree aborted prior to maturation (fig
abortion leads to 100% mortality of the enclosed wasp
larvae), and (ii) the reproductive success of AP— and P+
wasps in the unaborted figs.

We first surveyed several hundred fig trees to match pairs
of nearly ripe trees (producing wasps) with nearly receptive
conspecific experimental trees. We prevented uncontrolled
pollination by enclosing multiple twigs on each pre-receptive
tree in mesh bags. To obtain artificially pollen-free (AP—)
wasps of the pollinator species, we gathered nearly ripe figs
from different, conspecific trees, and opened the figs when
male wasps were mating with the females, but when females
were still within their galls. We removed all male flowers to
prevent female wasps from accessing pollen when they
emerged. Control wasps with pollen loads (P+) emerged
normally from ripe figs into mesh-covered vials (Jousselin
et al. 2003a).

When figs on the experimental tree were receptive, a
single AP— or P+ female wasp was introduced into each ran-
domly assigned fig. To determine the effects of no foundress
(F—, i.e. no oviposition and no pollination), some figs were
left without any wasp entering. All experimental figs on
each tree were approximately the same size, and when poss-
ible paired figs were used for the P+ and P— treatments. We
then re-bagged the twigs to prevent attacks by parasites.
During the weeks following the experimental introductions
we collected any aborted figs and checked them—figs in
which a foundress had been introduced but had not success-
fully entered the internal cavity of the fig were excluded from
the study. The majority of aborted but entered figs showed
macroscopic signs of gall development, indicating wasp ovi-
position. At the end of the experiment, we collected the
non-aborted figs just before wasps emerged, so that wasps
could emerge in vials and be counted. In a few cases where
wasps had already emerged, we counted empty wasp galls
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to quantify the number of offspring. Experimental figs on
FE maxima tree no. 2 were lost because of a neighbouring
tree fall a few days before maturation (well after any abor-
tions); hence abortions could be assessed but wasp
offspring could not be counted. We counted seeds in each
fig to confirm a successful treatment. In some cases there
were a few seeds in the P— treatment (usually less than 1%
of seeds in the P+ treatment). These figs were included in
the P— treatment in the analyses; the results did not
change if only figs with zero seeds were included.

To enable direct comparisons across species, we
calculated the following values for each tree:

— Mp_, the proportion of figs in the P— treatment that
matured (did not abort).

— Mp,, the proportion of figs in the P+ treatment that
matured (did not abort).

— Op-, the mean number of wasp offspring in P— figs that
matured.

— Op,, the mean number of wasp offspring in P+ figs that
matured.

— Mg, Mp_/Mp,, the relative proportion of P— figs that
matured.

— Og, Op_/Op_, the relative number of offspring in
unaborted P— figs.

— Wg, Mg x Og, the relative fitness of a single foundress
P— wasp. Assuming P— and P+ foundresses laid similar
numbers of eggs (electronic supplementary material), this
is equivalent to the relative survival of P— eggs to P+ eggs
(Wenseleers & Ratnieks 2006).

Thus, each tree produced a single value of My, Or and Wg,
and we compared these variables across species using
ANOVAs. The parameter W was square root-transformed
to meet the assumption of homogeneity of variances for
the ANOVA, but we used untransformed data for graphs
and magnitude comparisons. Performing the ANOVA on
untransformed data did not change the results.

(c) Proportion of single foundress wasps

in each species

To estimate the proportion of wasps associated with each
species that are likely to be single foundresses, we collected
figs within a week after pollinator arrival (with few exceptions
more than 100 figs per crop; number of crops: E pop. 12,
E nym. 5, E cit. 6, E obt. 8), and counted the number of
dead foundress wasps in each fig. We then calculated the
proportion of wasps that were single foundresses (e.g. if
50% of figs had one foundress and 50% had two, then
one-third of wasps were single foundresses), and tested
whether this proportion differed across species using a gener-
alized linear model with binomial errors, a logit link and an
overdispersion parameter, using single foundress wasps (out
of total number of wasps) for each crop as the response vari-
able, and species as the explanatory variable; contrasts were
pairwise and sequential Bonferroni corrected. Results did
not change if we instead used a Kruskal—Wallis test to exam-
ine whether the proportion of single foundress wasps differed
across species.

(d) Prevalence of pollen-free wasps

in natural populations

Unmanipulated, naturally occurring wasps of the pollinator
species were collected on sticky traps or by using an aspirator
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as they were arriving at receptive trees. In two cases we col-
lected wasps emerging from ripe figs by placing mesh bags
around individual figs; only a single wasp per fig fruit was
examined to assure independence. In all fig species except
one we sampled from several independent flowering or fruit-
ing events (crops); number of examined wasps per event:
FE max. 7235 F ins. 311, 11175 E pop. 564, 699, 620, 988,
715, 979, 459; E obz. 107, 396, 206, 160, 241; E nym.
709, 302, 411; E cit. 621, 479, 1017, 687, 919. Wasps
were examined under a light microscope, with the examiner
blind to species when possible, to detect presence or absence
of pollen grains in their pollen pockets (active pollinators) or
on their body (passive pollinators). We fitted a generalized
linear model with binomial errors, a logit link and an overdis-
persion parameter, using natural pollen-free (NP—) wasps
(out of total number of wasps) for each crop as the response
variable, and species as the explanatory variable. Results did
not change if we instead used a Kruskal—Wallis test to exam-
ine whether the proportion of NP— wasps differed across
species.

(e) Phylogenetically independent contrasts

We used the PDAP module of MESQUITE to calculate phylo-
genetically independent contrasts (Midford er al. 2008).
Because the dependent variable is a wasp characteristic, we
based calculations on the best known wasp phylogeny
(Machado et al. 2005; C. A. Machado 2009, personal com-
munication). We used molecular branch lengths; results did
not change if we used equal branch lengths. We treated
each host as associated with only one (the most common)
wasp species. The results did not change if we instead
based calculations on an alternative wasp phylogeny (Jackson
et al. 2008) or the fig phylogeny (Jackson ez al. 2008), using
either equal or molecular branch lengths.

3. RESULTS

(a) Experimental investigation of fitness cost

Jor wasps that do not pollinate

We found host sanctions against cheating (AP—) wasps in
all actively pollinated fig species. These sanctions were a
combination of (i) increased abortion of P— figs (Mg),
and (i) reduced number of wasp offspring in P— figs
that were not aborted (Og) (electronic supplementary
material, table S2). In contrast, the passively pollinated
fig species showed no evidence of sanctions: there was
no difference between P— and P+ figs in either the like-
lihood of abortion, or the number of wasp offspring that
developed from a fig (electronic supplementary material,
table S2). Specifically, the relative proportion of P— figs
that matured (Mg) was significantly lower in the actively
pollinated species than the passive (ANOVA: Fs5o=
39.5, p<0.0001; planned contrast: o= —7.7, p<
0.0001; figure la). Further, the relative number of off-
spring in unaborted P— figs (Or) was significantly
lower in the actively pollinated species than the passive
(ANOVA: Fs5=17.7, p<0.05; planned contrast:
ts = —4.1, p<0.01; figure 15). The resulting relative
fitness for a single foundress P— wasp (Wgr) was signifi-
cantly lower in actively pollinated species than in passive
(ANOVA: Fs5g=170.7, p<0.0001; planned contrast:
tg = —10.6, p < 0.0001; figure 1¢). There was no evi-
dence that the experimental AP— treatment reduced the
number of eggs a wasp carried or could lay (electronic
supplementary material). Across all species, all figs
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Figure 1. The two components of sanctions and the resulting
relative fitness of a cheating wasp compared across species.
(@) Relative proportion of figs that matured (did not abort)
after experimental introductions of wasps without
pollen (AP—) compared to wasps with pollen (P+) (Mg).
(b) Relative number of wasp offspring emerging from
unaborted P— figs compared with P+ figs (Ogr). (¢) The
resulting experimentally determined relative fitness of a
single foundress AP— wasp compared with a P+ wasp
(Wg). Letters represent significantly different subsets
within the actively pollinated species. Light grey bar, passive
pollination; dark grey bar, active pollination. Error bars
represent 1 s.e.m.

aborted if neither a wasp nor pollen entered (electronic
supplementary material, table S2).

Sanction strength (defined as 1 — W (see Wenseleers &
Ratnieks 2006)) varied greatly across the actively pollinated
species. The relative proportion of P— figs that matured
(MgR) ranged from 2.8 per cent (K citrifolia) to 78 per
cent (IY popenoei) (ANOVA: F; ;= 32.3, p<0.001; Tukey
HSD: p < 0.05) (figure 1a). The relative number of wasp
offspring produced in unaborted P— figs (Or) ranged
from 4.9 per cent (¥ curifolia) to 88 per cent (E popenoer)
of the number produced in P+ figs (ANOVA: F; 4, = 6.3,
p=0.053) (figure 1b). Therefore, across the actively
pollinated species, the combined effects of abortion and
offspring reduction produced large differences in estimated
relative fitness for P— wasps (Wg), ranging from 0.14 per
cent (F citrifolia) to 67 per cent (E popenoer) (ANOVA:
F57,=55.6, p<0.0001; Tukey HSD: p<0.05)
(figure 1¢).
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Figure 2. Wasps of the pollinator species do not always carry
pollen. (@) The proportion of naturally occurring pollen-free
wasps (NP—) varied across the studied fig species. NP—
wasps were only found in association with actively pollinated
fig species. Letters represent significantly different subsets
within the actively pollinated species; error bars indicate
1 s.e.m. Light grey bar, passive pollination; dark grey bar,
active pollination. (b) Passive pollinator of E insipida with
pollen grains scattered all over her body. (¢,d) Two active pol-
linator wasps of E nymphaefolia, one with her pollen pocket
full of pollen grains (arrow, c¢), the other with an empty
pollen pocket (arrow, d). In both (¢,d), the wasp’s head is
just outside the lower right corner.

(b) Foundress distributions

The proportion of wasps that were single foundresses
varied considerably across the actively pollinated fig
species: in F obtusifolia (A), 71 + 8.2 (s.e.m.) per cent,
in F citrifolia (A) 52 + 5.3 per cent, in E nymphaefolia
(B) 24 4+ 10.6 per cent, and in E popenoei (B) 6.9 + 2.2
per cent (GLM: binomial errors, x5 = 76.1, p < 0.0001;
letters represent significantly different subsets). There-
fore, in addition to the difference in sanction strength
described above, an average P— wasp in F popenoer
would be seven times less likely to experience full
sanctions than an average P— wasp in F citrifolia.

(¢) Field survey of natural pollen-free wasps

The proportion of natural pollen-free (NP—) wasps varied
significantly across species (GLM: binomial errors, X§ =
93.0, p<0.0001; figure 2). No passively pollinating
wasp (out of 2151 sampled) was caught without pollen,
whereas all actively pollinating wasp species exhibited
some individuals that did not carry any pollen (planned
contrasts, p < 0.0001). Within the actively pollinated
species, pollen-free wasps were an order of magnitude
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Figure 3. The proportion of naturally occurring pollen-
free wasps was negatively correlated with sanction strength
(1 — WgR) across actively pollinated fig species.

more common in wasps associated with F popenoer (5%)
than in the other species (0.5%) (GLM: binomial
errors, )(% =65.9, p<0.0001; pair-wise sequential
Bonferroni corrected contrasts, p < 0.0001) (figure 2).

Further, across the actively pollinated species the
proportion of pollen-free wasps negatively correlated with
sanction strength  (Pearson correlation on log-
transformed data, r= —0.996, p < 0.01; figure 3). This
relationship persisted when we controlled for phylogenetic
dependencies (PIC: r= —0.995, p < 0.01). Across the
actively pollinated species studied, there was no significant
relationship between the proportion of pollen-free wasps
and the proportion of wasps that were single foundresses
(Pearson correlation: r= —0.46, p = 0.54).

Ficus popenoer and E obtusifolia each have two cryptic
pollinator species (Molbo et al. 2003). We found pollen-
free wasps in each of these pollinator species; there was
no support for pollen-free wasps belonging exclusively
to one of the cryptic wasp species (electronic supplemen-
tary material, table S3). Ficus citrifolia and FE nymphaefolia
have only one known pollinator species each (Molbo er al.
2003; Machado ez al. 2005); all tested NP— and P+
wasps in F citrifolia belonged to the known species.

4. DISCUSSION

This study provides three novel findings relevant to mutu-
alism stability. First, we show that host sanctions against
non-cooperative symbionts vary dramatically in form
and intensity across fig species. Second, we document
the existence of pollen-free individuals (‘cheaters’)
within the otherwise mutualistic pollinator wasp species.
Third, across the actively pollinated fig species, we show
that the proportion of pollen-free wasps is negatively cor-
related with sanction strength. Finally, we combine the
results from our study with previous fig studies to give a
phylogenetic overview of our current knowledge of host
sanctions and wasp cheating in the fig tree—fig wasp
mutualism. Together, these studies demonstrate that the
form and strength of sanctions in the host, and the corre-
sponding characteristics of the pollinators vary greatly
across the fig tree—fig wasp mutualism.

(a) Host sanctions in figs

Results from previous pollen exclusion experiments in figs
show or suggest lower offspring numbers for wasps that
did not pollinate, and/or increased abortion of figs that
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received wasp eggs but no pollen (Galil & Eisikowitch
1971; Nefdt 1989; Jousselin & Kjellberg 2001; Jousselin
et al. 2003a; Tarachai er al. 2008). Host sanctions have
been detected in fig species representing all major subgenera
of Ficus (see the phylogenetic overview in figure 4). How-
ever, the previous studies only examined actively pollinated
species, with little or no replication either of species, or of
trees within species (figure 4; summary in Herre ez al.
2008). Our study design allows us to directly compare sanc-
tion strength both across several closely related actively
pollinated fig species, and across distantly related groups
of figs that represent different pollination syndromes. In
the actively pollinated species, the sanction strengths we
measured here (0.33-0.999 in F popenoei and E citrifolia,
respectively) bracket those reported previously (0.34—0.80
in F burtt-davyii and E montana, respectively; figure 4).
The passively pollinated species in our study represent
the most basal lineage of Ficus, and in contrast with the pre-
viously studied fig species (Herre ez al. 2008; figure 4),
there was no indication of host sanctions in these species.
Further, we found no evidence of pollen-free individuals
in the associated wasp species. Passively pollinating
wasps do not actively expend energy pollinating, and they
cannot easily avoid carrying pollen. We suggest that
although passively pollinated fig species invest more in
pollen production, they benefit from a low incidence of
pollen-free wasps, which makes sanction mechanisms
unnecessary. In contrast, actively pollinating wasps actively
expend time and energy on pollination, and omitting
even one of a chain of required pollination behaviours
would prevent a fig from being pollinated. Therefore, this
behaviour could easily be lost, and there may be wasp
incentives to do so. Although actively pollinated fig species
benefit from considerably lower costs of pollen production
(Kjellberg er al. 2001), all existing studies of actively
pollinated fig species suggest that they need effective sanc-
tion mechanisms in order to maintain highly cooperative
pollinators (figure 4; Herre ez al. 2008; this study).

(b) The existence of ‘cheaters’ within the
mutualistic wasp species

In the fig tree—fig wasp system there are two well-known
groups of non-mutualistic wasp species: (i) numerous
taxa of parasitic wasps that mostly oviposit from the out-
side of figs and do not pollinate (West ez al. 1996; Rasplus
et al. 1998; Kerdelhue ez al. 2000; but see Jousselin ez al.
2001), and (ii) two species of wasps from lineages of
active pollinators that have lost their ability to pollinate,
and have become parasites or ‘cuckoos’ (Galil &
Eisikowitch 1968; Compton et al. 1991; Peng et al.
2008; figure 4). In contrast, we here report for the first
time the existence of pollen-free, ‘cheating’, wasp individ-
uals that belong to otherwise mutualistic pollinating wasp
species, and not to separate, parasitic species. Since these
wasps will be unable to pollinate but still will be able to lay
eggs, they are effective cheaters with respect to the tree’s
seed production (female function). If the tendency not
to collect pollen is heritable, then such wasps are also det-
rimental to the tree’s male function because their
daughters are not likely to disperse pollen.

We found pollen-free individuals in natural popu-
lations of all actively pollinating wasp species, including
all known cryptic wasp species of FE popenoei and
E obrusifolia. Interestingly, although the cryptic species
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Figure 4. Phylogenetic relationship between the fig species that have been studied for sanctions and their pollinating wasps.
Because the sanction strength value does not take into account the likelihood of being a single foundress in the respective
species, effective sanction strength is likely to be lower in species with multiple foundresses. The proportion of naturally occur-
ring pollen-free wasps (NP—) in the pollinating species is indicated where known. Phylogenetic relationships based on
Machado ez al. 2001, 2005; Ronsted et al. 2005; Jackson ez al. 2008; C. A. Machado 2009, personal communication. Placement
of wasps associated with E altissima and FE religiosa are inferred from the wasp taxonomy. *F altissima and F sycomorus are associ-
ated with ‘cuckoo’ wasp species that have lost their active pollination behaviour; we hypothesize that they have weak, if any,
sanctions. In earlier pollen-free experiments, figs are monoecious and the fitness reduction significant unless otherwise
noted; sample sizes (P+, P—) and relevant notes: (6,12) (Nefdt 1989); (12,11), p=0.07 (Jousselin et al. 2003a); 9ho
data or statistical tests presented (Galil & Eisikowitch 1971); ¢(60,60), dioecious (Tarachai ez al. 2008); f(16,16), dioecious
(Jousselin & Kjellberg 2001); #(4,3), experimental figs had two foundresses (Nefdt 1989).

in F obtusifolia appear to be sister species, those in
FE popenoer are not (Molbo er al. 2003; Jackson er al.
2008), suggesting that the high levels of pollen-free
wasps found in the two cryptic species associated with
F popenoer may represent two independent evolutionary
events. It is currently unclear if the pollen-free wasps
derive any benefit, and if so how large, from not carrying
pollen. Potential benefits include energy savings from not
carrying the pollen weight, and time savings from not
collecting and depositing pollen.

(c¢) The association between sanction strength

and the prevalence of pollen-free wasps

In systems with repeated interactions between individuals,
direct punishment of uncooperative individuals is known
to induce future cooperative behaviour. For example, in
the reef fish—cleaner fish mutualism, host punishment
of cheating cleaners increased cooperation levels in
future interactions with the same host individual
(Bshary & Grutter 2002; Bshary & Grutter 2005).
Many relationships, however, are not characterized by
repeated interactions between the punisher and the pun-
ished. Recent studies of intraspecific systems lacking
repeated interactions suggest that the level of cheating
in a population will negatively correlate with the expected
level of punishment. In social insects, reproductive
workers (cheaters) are rarer in species where the prob-
ability of nestmates Kkilling worker-laid eggs is higher
(Wenseleers & Ratnieks 2006), and across human
societies, the tendency for cooperation in economic
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games is positively correlated with the tendency to
punish uncooperative individuals (Henrich er al. 2006).
Here we have shown a similar pattern in a mutualism,
where the interacting individuals belong to different
species and do not interact repeatedly. Across the actively
pollinated fig species in our study, the prevalence of natu-
rally pollen-free (NP—) wasps was negatively correlated
with host sanction strength, and this relationship persisted
when we controlled for phylogenetic dependencies.
Although data for the prevalence of NP— wasps is cur-
rently unavailable for the previously studied fig—wasp
pairs (figure 4), we expect NP— wasps to be relatively
more common in fig species where sanctions are weak.
We would similarly expect the fig species associated with
the ‘cuckoo’ wasps (F sycomorus and F altissima) to have
relatively weak sanctions (Herre er al. 2008; figure 4).
The fig sanctions described in this study are likely to be
a modification of the universal plant trait of aborting
unpollinated flowers. Fig trees, too, abort figs that are
both unpollinated and unoviposited (this study and
(Bronstein 1988), also see (Herre 1989)). However, as
shown in this study and others (Galil & Eisikowitch
1971; Nefdt 1989; Jousselin & Kjellberg 2001; Jousselin
et al. 2003a; Tarachai er al. 2008), fig trees often retain
unpollinated figs in which wasps have oviposited. We
note that in monoecious species, a seedless fig can still con-
tribute to a fig tree’s fitness if at least some of the offspring
wasps disperse pollen from their natal fig. While we suspect
that the immediate reason for trees to apply ‘sanctions’ is
likely to direct resources to those figs that are the most
profitable (most seeds and wasps per tree investment),
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such sanctions would also restrain the spread of the pollen-
free trait in the wasp populations if the pollen-free trait is
heritable. In contrast, wasps should be selected to increase
the likelihood that oviposited flowers will be provisioned,
and reduce the likelihood of fig abortion, regardless of pol-
lination status. We suspect that whether individual flowers
are provisioned or entire figs are aborted will be deter-
mined from the chemical/physical interaction between
the fig inflorescences and some combination of pollination
and the liquid deposited by the wasps during oviposition
(Verkerke 1989).

The relationship between the spatial precision of sanc-
tions and the spatial distribution of symbionts will be
important in determining the effectiveness of sanctions
in any mutualism where multiple symbionts interact sim-
ultaneously with a host (see also Denison 2000; Bever
et al. 2009). For example, if sanctions operate on the fig
level, pollen-free wasp might largely evade sanctions in
fig species that routinely have multiple foundresses
(such as FE popenoer and FE sycomorus; Herre 1989;
Compton et al. 1991) by free-riding on the pollination
efforts of other foundresses. Alternatively, if sanctions
operate on the level of individual flowers within figs,
pollen-free wasps would be relatively more exposed to
sanctions even in fig species with many foundresses. We
found a negative but non-significant relationship between
the likelihood of wasps being single foundresses and the
proportion of pollen-free wasps, the direction being con-
sistent with sanctions acting on the fig level. Further
studies of the figs are needed to identify the level of pre-
cision and mechanism of sanctions, and to attempt to
quantify the relative costs of sanctions across species.
Further studies of the wasps are needed to determine if
naturally occurring pollen-free wasps inherit this trait
from their mothers, and whether any fitness benefits
of the pollen-free trait are large enough to explain its
persistence despite the sanctions.

In conclusion, we found host sanctions in all actively
pollinated fig species, but not in passively pollinated fig
species. Further, we found pollen-free individuals in all
species where wasps can easily cheat by omitting any of
the time-consuming behaviours associated with active
pollination. Within these actively pollinated fig species,
pollen-free wasps were most common in the species
with the weakest sanctions. Combined with previous
studies, our results indicate that the mechanisms that
maintain mutualism stability are not fixed in form or
intensity, and that within the fig tree—fig wasp mutualism
they have changed dramatically over the course of 80 Mya
of co-adaptation. Such change in host sanction and sym-
biont response is likely to be a more general property
across other mutualisms, analogous to ‘arms races’ in
overtly antagonistic interactions.
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