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Abstract 22 

Mutually beneficial interactions between two species – mutualisms - are ancient, diverse and of 23 

fundamental ecological importance. Nonetheless, factors that prevent one partner from reaping 24 

the benefits of the interaction without paying the cost are still poorly understood. Fig trees and 25 

their unique pollinators, fig wasps, present a powerful model system for studying mutualism 26 

stability. Both partners depend completely on each other for reproduction, cooperation levels can 27 

be manipulated, and the resulting field-based fitness quantified. Previous work has shown that 28 

fig trees can impose two types of host sanctions that reduce the fitness of wasps that do not 29 

pollinate: 1) fig abortion, which kills all developing larvae, and 2) reduced number of wasp 30 

offspring in figs that are not aborted.  31 

Here we demonstrate a third component of host sanctions. Through manipulative field 32 

experiments we show that for four of five studied species, offspring of pollen-free foundresses 33 

are only 50 – 90% the size of offspring of pollinating foundresses. We further show that in all 34 

four studied species, smaller wasps are less likely to reach and enter a flowering fig to become 35 

foundresses themselves. Therefore, the experimentally determined size reduction of offspring is 36 

estimated to cause an additional reduction of up to 80% in fitness for a pollen-free foundress. We 37 

determine that the size reduction of pollen-free offspring acts on the level of the entire fig fruit 38 

rather than on individual flowers. These results show that estimates of the fitness effect of host 39 

sanctions on uncooperative symbionts should consider not only offspring quantity but also 40 

offspring quality. We discuss implications beyond the fig tree – fig wasp mutualism. 41 

 42 

Key words: mutualism, species interaction, cooperation, co-evolution, sanctions, partner choice, 43 

resource allocation, Ficus, fig wasp, Agaonidae, pollination, insect size 44 
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Introduction 45 

 46 

Mutualisms are ecologically important and widespread – examples include the mycorrhizal fungi 47 

that help forest trees take up soil nutrients, gut microbes that help many animals, including 48 

humans, take up nutrients, and pollinators that help flowering plants reproduce (Herre et al. 49 

1999; Bäckhed et al. 2005; Douglas 2010; Ollerton et al. 2011). Despite their ecological 50 

importance, the evolutionary maintenance of mutualisms presents a puzzle (Sachs et al. 2004; 51 

Leigh 2010). How are partners in the mutualism prevented from taking the benefits of the 52 

interaction without paying the cost? Mechanisms such as vertical transmission of symbionts, and 53 

repeated interactions with automatic fitness benefits (partner fidelity), can align the interests of 54 

the two partners (Herre et al. 1999; Sachs et al. 2004; Leigh 2010). However, in systems where 55 

symbiont transmission is horizontal and partners do not repeatedly interact, other mechanisms 56 

are needed to prevent mutualism breakdown. In many mutualism systems host sanctions (the 57 

reduction of fitness of uncooperative symbionts) have often been reported (Kiers et al. 2003; 58 

Leigh 2010). Host sanctions often involve the co-opting of existing host mechanisms that shift 59 

resource allocation away from tissues associated with less cooperative symbionts or groups of 60 

symbionts, effectively rewarding more cooperative symbionts (see Jandér and Herre 2010; Kiers 61 

et al. 2011; Frederickson 2013).  62 

Host sanctions have so far been documented in a number of ecologically important 63 

mutualisms, such as in the plant – mycorrhizae, legume – rhizobia, and fig tree – fig wasp 64 

mutualisms (Kiers et al. 2003; Simms et al. 2006; Bever et al. 2009; Jandér and Herre 2010; 65 

Kiers et al. 2011; Wang et al. 2014). There are two documented components of host sanctions 66 

that both reduce the fitness of uncooperative symbionts: 1) completely ceasing interaction with 67 
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uncooperative symbionts, or 2) retaining the interaction but reducing the resource allocation to 68 

uncooperative symbionts. When hosts completely cease interaction with symbionts, symbionts 69 

either die (eg. when figs or yucca fruits are aborted) or symbionts are forced to live in a less 70 

productive free-living state (eg. when legume nodules senesce) (Pellmyr and Huth 1994; 71 

Denison and Kiers 2004; Jandér and Herre 2010). When hosts retain the interaction but reduce 72 

the resource allocation this often reduces the number of offspring from uncooperative symbionts, 73 

such as reduced offspring numbers for fig wasps that do not pollinate (Jandér and Herre 2010), 74 

or reduced number of rhizobia in nodules that do not fix nitrogen (Kiers et al. 2003). Because 75 

resources are required for offspring development it seems logical that not only the offspring 76 

quantity but also the offspring quality can be affected by host sanctions. Offspring quality is 77 

expected to be an important fitness component. For example, an earlier study suggests that 78 

within species, larger fig wasp individuals are more likely to successfully disperse to receptive 79 

trees where they can reproduce (Herre 1989). Despite the expected importance, the potential 80 

effect of host sanctions on offspring quality has rarely been studied.  81 

Here we experimentally test whether the quality (size) of offspring is affected when 82 

symbionts are uncooperative. We test this in the mutualism between fig trees and their 83 

pollinating fig wasps, where manipulative experiments preventing wasps from pollinating are 84 

straightforward (Jousselin et al. 2003a; Jandér and Herre 2010). Fig wasps are the sole 85 

pollinators of fig trees, and fig wasp offspring can only develop in fig flowers. In monoecious fig 86 

species, each fig flower can develop into either a seed or a wasp offspring. Two thirds of fig 87 

species are associated with actively pollinating wasp species that expend time and energy 88 

collecting (using their front legs), transporting (in special pollen pockets) and depositing (using 89 

their front legs) pollen (Ramirez 1969; Frank 1984; Kjellberg et al. 2001; Cruaud et al. 2012). 90 
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However, not all wasp individuals in actively pollinating wasp species transport pollen (Jandér 91 

and Herre 2010), and some previously actively pollinating fig wasp species have stopped 92 

pollinating altogether (Compton et al. 1991; Peng et al. 2008). Although we have not yet been 93 

able to quantify it, it seems reasonable that wasps could obtain some benefit from not actively 94 

collecting, carrying and depositing pollen (Jandér 2011; Jandér & Steidinger unpublished 95 

manuscript). For example, 2-5% of the wasps’ time inside a receptive fig is spent actively 96 

depositing pollen, time that otherwise likely could be used to lay more eggs (Jandér 2003; Jandér 97 

and Herre 2010; Jandér et al. 2012). However, in most actively pollinated fig species studied to 98 

date, wasps that do not pollinate face fitness consequences: 1) unpollinated figs abort, which kills 99 

all developing wasp offspring within, and 2) fewer wasp offspring emerge from figs that are not 100 

aborted but mature on the tree (Herre et al. 2008; Jandér and Herre 2010; Wang et al. 2014). 101 

Together, these two types of host sanctions can reduce the fitness of pollen-free wasps to 67% - 102 

0.001% of that of pollinating wasps (Jandér and Herre 2010). Although the exact mechanism 103 

behind host sanctions in figs is not yet clear, a likely explanation is that the tree allocates less 104 

resources to fruits that lack a pollination signal, do not produce seeds, and therefore are less 105 

likely to be profitable to the tree (Jandér et al. 2012; Frederickson 2013; Jandér & Herre 106 

unpublished manuscript).  107 

To determine whether Ficus host sanctions lead to not only fewer but also lower quality 108 

wasp offspring that themselves have lower fitness, we first use single foundress introduction 109 

experiments (Experiment A) on five fig species to ask whether offspring from P- (pollen-free) 110 

foundresses are smaller than offspring from P+ (pollen-carrying) foundresses. We then use a 111 

dataset of thousands of naturally field-collected foundress and emerging wasps from four 112 

different fig species to estimate (a major component of) the fitness consequences of the size 113 
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reduction we found in the experiments: likelihood of reaching and entering a receptive fig. We 114 

test whether foundresses are larger than wasps that emerge. We calculate the relative probability 115 

of becoming a foundress given a particular head length. We then combine the data from 116 

Experiment A with that of the field collection to estimate the fitness consequences of the 117 

experimentally observed size reduction. Finally, we use two-foundress introduction experiments 118 

in F. nymphaeifolia (Experiment B) to ask whether offspring size reduction acts on the level of 119 

the entire fig (as does offspring number reduction, see (Jandér et al. 2012)), or whether it acts on 120 

the level of individual flowers, as suggested in (Jansen-González et al. 2012). We find that 121 

pollen-free wasps have offspring that are 5-50% lighter than pollinating wasps, that this size 122 

reduction can cause an additional up to 80% reduction in fitness due to smaller wasps having a 123 

decreased chance of becoming foundresses themselves, and that the size reduction acts on the 124 

level of the entire fig. We conclude that the third component of host sanctions, reduction in 125 

offspring quality, is substantial and may be present also in other mutualistic systems where host 126 

sanctions involve reduced resource allocation. 127 

 128 

Methods 129 

 130 

Study species and basic assumptions 131 

We studied natural populations of trees and wasps near the Panama Canal, Republic of Panama. 132 

The four actively pollinated fig species (F. citrifolia, F. nymphaeifolia, F. obtusifolia, and F. 133 

popenoei) all belong to the subsection Urostigma Americana, and are respectively pollinated by 134 

Pegoscapus tonduzi, P. piceipes, two cryptic species P. hoffmeyeri A and B, and two cryptic 135 

species P. gemellus A and B (Wiebes 1995; Molbo et al. 2003). The passively pollinated fig 136 
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species F. maxima (subsection Pharmacosycea) is pollinated by Tetrapus americanus. For 137 

simplicity, we will here use the fig species name as a proxy for its associated wasp species. At 138 

the study site, the proportion of wasps that end up in single foundress figs (and therefore are 139 

subjected to full-strength sanctions if they do not pollinate) are in: F. obtusifolia 71%, F. 140 

citrifolia 52%, F. nymphaeifolia 24%, and F. popeneoi 7% (Jandér and Herre 2010). 141 

Wasp size was measured either by dry weight (experiment A), length of front femur 142 

(experiment B), or head length (field collections). These different measurements are all reliable 143 

ways to measure wasp size and highly correlated with each other (Appendix, Fig. S1). Further, 144 

producing foundresses for the pollen-free treatment (opening the fig before females have 145 

emerged in order to remove pollen) does not affect foundress size (Appendix S1).  146 

 147 

P-/P+ field experiments (experiments A & B) 148 

The sample origin and experimental setup for single foundress introductions (experiment A: F. 149 

maxima, F. popenoei, F. obtusifolia, F. nymphaeifolia, and F. citrifolia) are described in (Jandér 150 

and Herre 2010); that for two-foundress introductions (experiment B: F. nymphaeifolia) in 151 

(Jandér et al. 2012). Briefly, we created P- (pollen-free) female wasps by removing the pollen 152 

from half of the wasp-producing figs with fine forceps before the females had emerged from 153 

their galls. The remaining figs were untouched allowing P+ (pollen-carrying) wasps to collect 154 

pollen. Pre-receptive figs on the experimental trees were covered with fine mesh bags to prevent 155 

uncontrolled pollination. When the experimental figs were receptive we introduced either a 156 

single P- or P+ wasp (experiment A) or two wasps: P-P-, P-P+ or P+P+ (experiment B) (Fig. S2). 157 

Experiment A tested the fitness effect for a single uncooperative (P-) foundress wasp compared 158 

to a pollinating (P+) wasp in five different fig species. Experiment B tested whether fitness 159 
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reductions act on the level of the entire fig fruit (whether one pollinator is sufficient to prevent 160 

sanctions or whether resource allocation increases with pollination level), on individual flowers 161 

within the fig, or on flowers and nearby surroundings (Jandér et al. 2012). Predictions for 162 

experiment B are detailed in Table S1.  163 

Some weeks later, prior to wasp offspring emergence, the experimental figs were 164 

collected, brought to the lab, and wasps allowed to emerge in petri dishes so that they could be 165 

counted and measured, then stored in the freezer. For experiment A, 10 female offspring were 166 

blindly sampled from the aggregation of dead offspring from each matured fruit, then dried at 167 

50C for 48 hours and each weighed to the nearest microgram using a Sartorius MC 15 168 

microbalance. To test if P- wasp offspring were smaller than P+ wasp offspring we used the 169 

mean weight of the 10 female offspring from each fig as an independent sample in the t-tests 170 

(Table S2). Samples were not obtained from all experimental trees included in (Jandér and Herre 171 

2010) because some samples were lost due to a faulty freezer. For each experimental tree in 172 

Experiment A we then calculated:  173 

SP- = the mean dry weight (Size) for female pollinator wasps emerging from P- figs 174 

SP+ = the mean dry weight for female pollinator wasps emerging from P+ figs 175 

SR = SP- / SP+ = the relative dry weight of female pollinator wasps from P- figs compared to P+ 176 

figs. Each tree produced a single value of SR, and those were compared across species using an 177 

Anova. F. maxima and F. citrifolia were not included in the Anova due to only having data from 178 

one tree each. 179 

For experiment B, the length of the front femur was measured to the nearest 0.01 mm in 180 

each of 10 blindly sampled female wasp offspring from each P-P- and P+P+ fig, and 20 from 181 

each P-P+ fig, using a dissecting scope with a reticle. The female wasp offspring from the P-P+ 182 

Page 8 of 35Ecology



Jandér, Dafoe & Herre, MS 

 9

figs were then identified to maternal lineage using molecular methods (see Jandér et al. 2012). 183 

The mean front femur length of the female offspring from each fig (or from each maternal 184 

lineage in each P-P+ fig) was used as an independent sample in the t-tests when comparing 185 

across different fig types. Within P-P+ figs the mean femur lengths from the P- and P+ lineages 186 

in each fig was used as paired samples in the paired t-tests.  187 

 188 

Size distributions in natural populations 189 

To determine whether relatively larger wasps are more likely to become foundresses, we 190 

collected nearly mature figs of F. citrifolia, F. nymphaeifolia, F. obtusifolia and F. popenoei  191 

(where males had emerged but females were still in their galls) from multiple crops (Table S3). 192 

In these species the foundresses’ dead bodies usually remain inside the developing fig, so the 193 

number of foundresses can be counted and their bodies measured (Herre 1989; Herre 1993). In 194 

figs with only a single foundress, the foundress was set aside, the female wasp offspring allowed 195 

to emerge, and then killed by freezing. We measured the head length of the foundress and 5 196 

female offspring per fig to the nearest 0.01 mm using a dissecting scope, using the mean of three 197 

measurements for each individual wasp. In total we measured over 9 000 wasps.  198 

We then calculated the ratio (foundress head length) / (mean female offspring head 199 

length) for each fig. We compared the resulting ratios to 1 (no difference) with a one-sided t-test 200 

for each species. We here assume that the emerging offspring are representative of the overall 201 

emerging wasp population. This seems reasonable because samples were collected from many 202 

trees over a span of 14 years (Table S3). 203 

 204 

Linking the size of female offspring to fitness 205 
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To calculate the probability of being a foundress given a certain head length we used Bayes’ 206 

theorem: P(F|HL) = (P(HL|F) x P(F))/ P(HL) and the field-collected data on wasp head length to 207 

link offspring wasp size to fitness (likelihood to survive to reproduction). Here, P(HL) is the 208 

probability distribution of head length for emerging wasps, P(HL|F) is the probability 209 

distribution of head length for wasps that become foundresses, and P(F) is the baseline 210 

probability of becoming a foundress for each species. P(F) was calculated from a different 211 

dataset from the same populations (Herre 1989) based on figs with naturally occurring foundress 212 

numbers for each fig species. We calculated the proportion of emerging wasps that become 213 

foundresses by using the equation: P(F) = (mean foundress number) / (mean number of emerging 214 

female pollinator wasps per unmanipulated fig). Combining this equation with the data from 215 

(Herre 1989), P(F) is for F. citrifolia: 0.81%, F. nymphaeifolia: 1.22%, F. obtusifolia 0.32%, and 216 

for F. popenoei: 1.09%. We estimated the probability densities P(HL|F) and P(HL) using the 217 

kernel density estimator “density” in the R base package, (R Core Team 2015) then calculated 218 

P(F|HL). We produced confidence intervals using a nonparametric bootstrap: we repeatedly 219 

resampled from the data to produce bootstrapped samples, then reestimated the densities and 220 

P(F|HL) for each bootstrapped sample. We plotted the lower 2.5% and upper 97.5% quantile of 221 

the estimates of P(F|HL) for each value of head length. For more details, see Appendix S1. 222 

We used the relationship between head length and dry weight to translate the weight 223 

reduction documented in P- wasps in experiment A to the equivalent reduction in head length 224 

(linear regression: Log head length (mm) = 0.40 (Log dry weight (mg)) + 0.093; r2 = 0.93, t = 225 

42.43, p = 3.5E-79; Appendix S1). Using the calculated probability of becoming a foundress 226 

given a certain head length, P(F|HL), we determined for each experimental tree how the size 227 

reduction of P- offspring would affect their probability of becoming foundresses. For the entire 228 
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distribution of wasp sizes we calculated their probability of becoming foundresses when 229 

emerging from pollinated figs (FP+), the probability of becoming foundresses when reduced in 230 

size due to developing in an unpollinated fig (FP-), and the average relative probability to become 231 

a foundress for a P- relative a P+ offspring (FR), see Appendix S1 for details.  232 

 233 

Incorporating size reduction into previous sanction strength measures 234 

We then incorporated this new component of host sanctions, offspring size reduction, into the 235 

previously published measures of sanction strength (Jandér and Herre 2010). We calculated a 236 

size-included fitness measure of P- foundresses compared to P+ foundresses (WSR) by 237 

multiplying FR with the previously published relative fitness of a P- foundress compared to a P+ 238 

foundress (WR, based on only fig abortions and the reduction of wasp offspring numbers (Jandér 239 

and Herre 2010)) for each tree: WSR = FR × WR. Each tree produced a single value of WSR, and 240 

those were compared across species using a Welch test robust to unequal variances. Statistical 241 

analyses were done in SPSS 21 and R version 3.2.2; all tests were two-tailed unless otherwise 242 

stated.  243 

 244 

Results 245 

 246 

1. Experiment A: documenting reduced offspring size 247 

The experiments with a single P- or P+ foundress in each fig tested whether P- offspring were 248 

smaller than P+ offspring. For all experiments on the actively pollinated fig species F. citrifolia, 249 

F. nymphaeifolia and F. obtusifolia, offspring of P- foundresses were significantly smaller than 250 

offspring of P+ foundresses, weighing 50-80% of P+ offspring (Fig. 1, Table S2). In the actively 251 
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pollinated F. popenoei P- offspring were slightly lighter but not significantly so (Fig 1, Table 252 

S2). The relative dry weight of female offspring from P- figs compared to P+ figs, SR, varied 253 

significantly across species (Anova F2,3 = 10.15, p = 0.046; different letters in Fig 1 represent 254 

significantly different subsets (planned contrasts, p < 0.05)). In the passively pollinated F. 255 

maxima, P- offspring were slightly lighter (90% the weight of P+ offspring; Fig. 1, Table S2), 256 

suggesting fitness reductions for P- wasps not detected by previous estimates based only on 257 

abortions and reduction of offspring numbers (Jandér and Herre 2010). 258 

 259 

2. Calculating fitness consequences of reduced offspring size 260 

We then compared the size of field-collected emerging and foundress wasps associated with four 261 

fig species. In all species, the head length of foundresses was consistently larger than that of their 262 

offspring, demonstrating that larger wasps are more likely to become foundresses (one-sample t-263 

tests to a ratio of one: F. citrifolia t110 = 4.36, p = 2.9E-5; F. nymphaeifolia t80 = 5.30, p = 1E-6, 264 

F. obtusifolia t1173 = 8.90, p <1.0E-6, F. popenoei t178 = 2.96, p = 0.003; Fig. 2).  265 

Using Bayes’ Theorem and the distribution of head lengths of foundresses and emerging 266 

wasps for each species (Fig. S3) we calculated the probability of becoming a foundress given a 267 

wasp’s head length. Larger wasp individuals were more likely to be foundresses in all wasp 268 

species (Fig. 3). The experimentally determined size reduction of P- offspring significantly 269 

reduced their probability of becoming foundresses: F. citrifolia: FR (the mean probability of 270 

being a foundress for offspring emerging from unpollinated relative those from pollinated figs) = 271 

0.750, p = 0.002; F. nymphaeifolia tree BN67: FR = 0.129, p = 2E-5; F. nymphaeifolia tree BS1: 272 

FR = 0.268, p = 1E-5; F. obtusifolia tree BN64: FR = 0.636, p < 1E-5; F. obtusifolia tree MIL: FR 273 

= 0.668, p < 1E-5; F. popenoei tree BV11: FR = 0.980, p  = 0.0021; F. popenoei tree JG1: FR = 274 
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0.898, p = 0.013 (Figure 4a). Therefore, the reduction in offspring size caused by P- foundresses 275 

not pollinating a fig reduced the fitness of their offspring to an average of 20% (F. 276 

nymphaeifolia) to 94% (F. popenoei) of that of pollinating foundresses’ offspring (Figure 4a). 277 

As with previously determined host sanction components in these fig species, the strength 278 

of the fitness reduction caused by size reduction (measured as FR) varied across species (Anova, 279 

F2,5 = 61.42, p = 0.004; sequential Bonferroni corrected Tukey’s HSD; Fig 4a). If this source of 280 

fitness reduction is combined with previously documented sanction components causing fitness 281 

reduction for P- foundresses (fig abortions and reductions of offspring numbers combined into 282 

the relative fitness WR; (Jandér and Herre 2010)), the relative fitness of a P- foundress compared 283 

to a P+ foundress is reduced even further (WSR; Fig 4b). Size-included relative fitness (WSR) 284 

varied across species in the same order as the fitness measure in the previous study that did not 285 

include size reduction (WR)(Jandér and Herre 2010)(Fig 4b). Size-included relative fitness (WSR) 286 

differed significantly across species (Robust Welch Anova, df = 3, 1.67, test statistic = 114.10, p 287 

= 0.017; Fig. 4b), but pairwise Dunnett’s T3 failed to find significantly different subsets after 288 

sequential Bonferroni corrections. 289 

 290 

3. Experiment B: precision of size reduction 291 

The experiments with two foundresses, P-P-, P-P+, or P+P+, in each fig, addressed whether the 292 

size reduction acted on the fig level or flower level. In both experimental trees of F. 293 

nymphaeifolia, P-P- offspring were smaller than P+P+ offspring, although only significantly so 294 

in the tree with the larger sample size (Tree BS#1, t-test unequal variances, t23.2 = -6.29, p = 295 

2.0E-6; Tree BCI#1, t-test, t5 = -1.93, p = 0.11; Fig 5). However, within the P-P+ figs, P- 296 

offspring were not smaller than P+ offspring (Tree BS#1, paired t-test, t19 = -0.73, p = 0.48; Tree 297 
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BCI#1, paired t-test, t3 = 0.72, p = 0.53; Fig. 5), a result inconsistent with flower level sanctions. 298 

P- offspring were larger in the P-P+ figs than in the P-P- figs, but this was only significant in the 299 

tree with the larger sample size (t-tests, tree BS#1: t36 = -6.91, p < 1E-6; tree BCI#1: t5 = -1.79, p 300 

= 0.13; Fig. 5). This suggests that P- offspring can benefit from the pollination by the P+ 301 

foundress with which they share fig. These findings are consistent with the fig-level sanctions 302 

detected previously in this species when focusing on offspring number (Jandér et al. 2012). P+ 303 

offspring did not differ in size between P-P+ and P+P+ figs on the tree with the smaller sample 304 

size (tree BCI#1, t-test t5 = 0.38, p = 0.72; Fig. 5b), but were slightly larger in P-P+ figs than in 305 

P+P+ figs on the tree with larger sample size (tree BS#1, t-test t34 = 2.13, p = 0.04; Fig 5a). 306 

Therefore, for wasp offspring size, one pollinator per fig is sufficient to mitigate any sanctions. 307 

 308 

Discussion 309 

We document a third component of host sanctions, reduction in offspring quality (here measured 310 

as size), and show that it can be substantial in the fig tree – fig wasp mutualism. We establish 311 

that in unpollinated single-foundress figs that do not abort, not only are offspring fewer but also 312 

smaller, and smaller wasps are less likely to reproduce: 1) Pollen free (P-) foundresses have 313 

offspring that are only 50 – 90% the size of offspring of pollinating foundresses. 2) Smaller 314 

wasps are less likely to reach and enter a flowering fig to become foundresses themselves; the 315 

experimentally determined size reduction of offspring is estimated to cause an up to 80% 316 

reduction in fitness for a P- foundress. 3) The size reduction of P- offspring acts on the level of 317 

the entire fig fruit, mirroring the effect on P- offspring numbers (Jandér et al. 2012), and further 318 

supporting the hypothesis that host sanctions in these fig species are based on fig-level selective 319 

resource allocation (Jandér et al. 2012; Jandér & Herre unpublished manuscript). This study 320 
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shows that both quantity and quality of offspring of uncooperative symbionts can be affected by 321 

host sanctions.  322 

We found that foundresses that do not pollinate have smaller offspring. Almost all 323 

previous experimental studies of fig sanctions count offspring of P- wasps, but did not measure 324 

their size (Jousselin and Kjellberg 2001; Tarachai et al. 2008; Jandér and Herre 2010; Jandér et 325 

al. 2012; Wang et al. 2014; Wang et al. 2015). The only previous study where the size of P- 326 

offspring was compared to P+ offspring is Jousselin et al.’s (2003) study of F. microcarpa, 327 

where no significant size difference was found (tibia length P+: 0.134 mm, P-: 0.132 mm, F1,112 = 328 

0.34, p = 0.56) despite a 50% reduction in offspring numbers (Jousselin et al. 2003b). In 329 

contrast, here we found a 5% - 51% reduction in P- offspring dry weight corresponding to a 2% - 330 

25% reduction in head length in P- offspring, in five different fig species. For the four fig species 331 

where we have field data on size distributions of foundresses and emerging wasps, the size 332 

reduction alone translates to a fitness reduction of up to 80% for foundresses that do not pollinate 333 

compared to those that do.  334 

We found that larger fig wasp individuals are more likely to become foundresses. This 335 

corroborates an earlier finding where foundresses from 22 figs of F. obtusifolia on average were 336 

larger than their offspring (Herre 1989). In these species female fig wasps must disperse to a 337 

different tree in order to become a foundress and reproduce; only 0.3% - 1.2% of emerging 338 

wasps become foundresses (this study; Herre 1989). Our finding suggests that larger individuals 339 

are more successful at dispersing. Although fig wasps are typically thought of as aerial plankton 340 

where size should not necessarily influence distance travelled (Gislén 1948), larger body size 341 

might both protect against desiccation, which is known to shorten wasp lifespan (Dunn et al. 342 

2008), and be beneficial during the last part of dispersal when the wasp drops out of the air 343 
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stream and actively flies upwind to locate a flowering tree (Ware and Compton 1994a; Ware and 344 

Compton 1994b), because larger insects can fly farther (Tscharntke and Brandl 2004). In 345 

addition, larger wasps might be more likely to escape ant predation as they emerge from their 346 

natal fig (Schatz and Hossaert-McKey 2003; Jandér 2015), and are likely at an advantage in 347 

female-female aggressive fights prior to entering a receptive fig (Moore and Greef 2003; Zhao et 348 

al. 2014; Dunn et al. 2015). Although a large body size seems to improve chances of successful 349 

dispersal, if taken to the extreme it could be a hindrance because fig wasps have to squeeze 350 

through a narrow opening (the ostiole) to reach the flowers inside the fig where they lay their 351 

eggs. In fact, in Chinese F. hispida the pollinator wasps that arrived at receptive trees were larger 352 

than those wasps that successfully made it into the figs and became foundresses (Liu et al. 2011). 353 

In F. hispida over 50% of aspiring foundresses became trapped in the ostioles; the trapped wasps 354 

were on average larger than both the wasps that arrived at trees and those that successfully 355 

entered the figs (Liu et al. 2011; Liu et al. 2013). In our study species in Panama the proportion 356 

of wasps that become trapped in the ostioles is much lower; we expect that because the 357 

monoecious strangler figs studied here grow in much lower densities than the dioecious F. 358 

hispida (Nason et al. 1998) the limiting step for becoming a foundress in the species studied here 359 

is indeed wasp dispersal.  360 

There are likely also other fitness benefits of having a large body size that take effect 361 

once the wasp has entered the fig, and therefore are not investigated here. A previous study of F. 362 

obtusifolia showed that within single foundress figs, larger foundresses produced more offspring 363 

(Herre 1989). This could be due to some combination of larger females: 1) living longer and thus 364 

laying more eggs, 2) more easily ovipositing in a larger number of flowers, 3) depositing a larger 365 

amount of fluid that aids in galling flowers (Martinson et al. 2013), or simply 4) carrying more 366 
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eggs. On average larger wasp species carry more eggs than smaller wasp species (Herre 1989), 367 

and this is likely also true within species (Compton et al. 1991; Honek 1993). Additionally, 368 

larger females are often more successful in female-female fights within the fig, which can have 369 

dramatic fitness consequences (Moore and Greef 2003; Dunn et al. 2015). Therefore the fitness 370 

benefits of having large offspring are likely to be even larger than that estimated here.  371 

We suggest that the mechanism for the size reduction of P- offspring in this study is 372 

based on differential allocation of host resources to pollinated figs. Indeed, such differential 373 

resource allocation could explain all three components of host sanctions in figs: abortion of 374 

unpollinated figs, and reduced number and size of wasp offspring (Jandér & Herre unpublished 375 

manuscript). Such differential resource allocation would result in fewer fig-derived resources 376 

available to wasps developing in unpollinated figs, some combination of fewer total wasps 377 

supported in galls and/or less resources per gall, and thus likely less nutritious plant material for 378 

developing wasp larvae to eat. A less nutritious diet during development is known to result in 379 

smaller adult insects (Davidowitz et al. 2004). Our results from experiment B indicate that in the 380 

species studied, F. nymphaeifolia, increased resources to pollinated figs are allocated on the level 381 

of the entire fig rather than to individual pollinated or unpollinated flowers. This finding is not 382 

consistent with the suggestion by (Jansen-González et al. 2012) that Pegoscapus pollinators 383 

require fertilized endosperm (a product of pollination) for proper development. Under such a diet 384 

requirement we would expect to see a flower-level effect on size, with P- offspring in P-P+ figs 385 

being smaller than P+ offspring, but that was not the case. Although it is theoretically possible 386 

that some P- flowers in the P-P+ figs were pollinated by laterally growing pollen tubes (Jousselin 387 

and Kjellberg 2001) or imprecise pollination, we do not think this explains our finding. Unless 388 

100% of flowers are pollinated, some P- offspring would develop in unpollinated flowers in the 389 
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P-P+ figs. If the effect is on the flower level the wasps developing in unpollinated flowers would 390 

be smaller than P+ offspring and therefore lower the mean for P- offspring, but we do not see 391 

even a tendency of that. Therefore, as for offspring numbers (Jandér et al. 2012), in F. 392 

nymphaeifolia the reduction of offspring size seems to act predominantly on the fig level rather 393 

than the flower level, and having one pollinator in the fig seems sufficient to prevent it. Wasps 394 

that do not carry pollen can therefore avoid also this component of host sanctions by sharing a 395 

fig with other, pollinating, foundresses.  396 

If wasps that develop in unpollinated figs have access to less nutritious food during 397 

development, we might expect that not only pollen-free individuals of normally pollinating 398 

species, but also species that do not pollinate would be affected. There is some indication that 399 

“cheater species” of fig wasps (species that originate from pollinator lineages but no longer 400 

actively pollinate), may have reduced fitness compared to the pollinating species of the same 401 

host. On the African host species Ficus sycomorus the cheater wasp species Ceratosolen galili is 402 

smaller than the pollinator Ceratosolen arabicus (Compton et al. 1991). If sanctions act on the 403 

fig level also in F. sycomorous we would expect C. galili offspring that share a fig with 404 

pollinators (and seeds) to be larger than those that only share with other C. galili and therefore 405 

develop in an unpollinated fig. The other known cheater species, Eupristina sp. of Ficus 406 

altissima, is not smaller but contains fewer eggs than the pollinator species Eupristina altissima 407 

(Peng et al. 2008; Zhao et al. 2014). In contrast, the parasitic wasp species (unrelated to 408 

pollinators) that oviposit from the outside (and never pollinate) often have a different galling 409 

mechanism and can sometimes induce very large galls (West et al. 1996; Elias 2012; Conchou et 410 

al. 2014). Some of these parasitic wasps seem to be able to pull sufficient resources into the fig, 411 

and also prevent abortion, irrespective of the fig’s pollination status.  412 
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Because only a small proportion of emerging pollinator wasps succeed in becoming 413 

foundresses and thus reproduce, any behavior that increases the offspring’s chances of becoming 414 

foundresses will have an enormous effect on their mother’s fitness. Here we have shown that by 415 

pollinating, foundresses can increase their female offspring’s size and thereby their chances of 416 

becoming foundresses by up to 100%. Another way that foundresses might increase the size of 417 

their offspring is to lay their eggs in the flowers closest to the fig lumen (Anstett 2001). Where it 418 

has been studied, wasp galls developed from inner flowers are on average 20% larger than those 419 

developing from outer flowers, hence wasp offspring developing in these inner flowers are likely 420 

to be larger than wasps developing in outer ovules (Anstett 2001;  see Martinson et al. 2013). 421 

The mechanism of this is not known, but might have to do with inner flowers being chemically 422 

more suited to wasp development than outer flowers (West and Herre 1994; Martinson et al. 423 

2015). In addition, wasps developing in inner flowers are more likely to be mated, and more 424 

likely to successfully emerge from the fig (Anstett 2001; Dunn et al. 2008). A by-product of 425 

foundresses preferentially laying eggs in inner flower is that this may prevent over-exploitation 426 

of the outer fig flowers that normally develop into seeds (Yu et al. 2003). Therefore, by striving 427 

to have as large offspring as possible, foundresses are encouraged both to pollinate, and to 428 

selectively lay their eggs in the inner flowers, both of which promote stability of this mutualism.  429 

This third component of host sanctions – offspring quality – is likely to be present also in 430 

other mutualistic systems. Host sanctions are thought to be based on selective resource allocation 431 

by the host to more cooperative symbionts (or modules associated with such symbionts) in as 432 

diverse mutualisms as legumes and rhizobia, plants and mycorrhizal fungi, and plants and their 433 

nursery pollinators (Yucca – yucca moth; fig tree – fig wasp). In such intimate mutualisms, 434 

reduced resources to developing symbiont offspring are likely to affect not only the number of 435 
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offspring but also their quality. Offspring quality might be manifested in different ways, such as 436 

body size, the number of eggs female offspring carry, or the amount of stored resources such as 437 

fat. For example, rhizobia can store energy in the lipid PHB (Poly-3-hydroxybuturate), and this 438 

helps fuel survival and reproduction (Ratcliff et al. 2008). Rhizobia in pea-plant nodules that are 439 

experimentally forced to not fix nitrogen contain less PHB than rhizobia in nodules that are 440 

allowed to fix nitrogen (Oono et al. 2011). Therefore, not only the number of rhizobia but also 441 

their quality is affected by pea host sanctions (Oono et al. 2011). Size or quality reduction in the 442 

offspring of uncooperative symbionts are likely to be present also in other mutualisms that have 443 

host sanctions based on selective resource allocation.  444 
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Figure captions 1 

 2 

Figure 1. Wasp offspring that developed in unpollinated figs were significantly 3 

lighter than wasps from pollinated figs in all species except F. popenoei. The relative 4 

dry weight of female pollinator offspring from P- figs compared to P+ figs, SR, varied 5 

significantly across species; letters represent significantly different subsets. Error bars 6 

represent 1 s.e.m for species where experiments are present from more than one tree; 7 

source data in Appendix Table A2. Abbreviations in this and the following figures: 8 

max = F. maxima; pop = F. popenoei; obt = F. obtusifolia; nym = F. nymphaeifolia; 9 

cit = F. citrifolia. 10 

 11 

Figure 2. The head length of the foundress was on average larger than that of her 12 

offspring (ratio = (head length of the foundress)/(head length of the emerging 13 

offspring)) in pollinator wasps associated with all four studied fig species: F. 14 

popenoei; F. obtusifolia; F. nymphaeifolia; F. citrifolia. Error bars represent 1 sem; 15 

details on sample sizes in Appendix Table A3. This suggests that there is a survival 16 

advantage for larger wasp offspring. 17 

 18 

Figure 3. The probability of being a foundress increases with head length. The four 19 

panels show data for pollinator wasps associated with four different fig species: a) F. 20 

popenoei, b) F. obtusifolia, c) F. nymphaeifolia, d) F. citrifolia. Each small vertical 21 

line in red (emerging wasps) or blue (foundresses) represents a data point in the field-22 

collected dataset. The dotted lines represent 95% confidence intervals. When the 23 

distribution of head lengths of field-collected emerging wasps (mean indicated by the 24 

circle) is reduced to that of P- offspring (mean indicated by the triangles; each triangle 25 
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denotes the estimate from an independent experiment), the probability of being a 26 

foundress is reduced in all species. Two experiments produced a mean for P- 27 

offspring that fell outside the lower range of the graphs (F. nymphaeifolia: 0.355mm; 28 

F. citrifolia: 0.231mm).  29 

 30 

Figure 4. a) Wasp offspring from unpollinated figs on average had lower estimated 31 

probability of becoming foundresses than offspring from pollinated figs. The 32 

estimated proportion of P- offspring compared to P+ offspring that become 33 

foundresses, FR, varied significantly across species. b) The relative fitness of a single 34 

P- wasp compared to a P+ wasp is further reduced when the fitness effect of size 35 

reduction is taken into account (WSR). Values of WR, which only include risk of 36 

abortion and reduction of offspring numbers, are from (Jandér and Herre 2010). 37 

Sample sizes are for a) two experimental trees for each species except citrifolia (one 38 

tree), for b) two experimental trees for each species except citrifolia (4) and 39 

nymphaeifolia WR (3). Error bars represent 1 s.e.m.  40 

 41 

Figure 5. Wasp offspring size measurements across three pollination treatments on 42 

two trees of F. nymphaeifolia. Wasp offspring from figs in which neither foundress 43 

carried pollen (P-P-; completely unpollinated figs) were smaller than wasp offspring 44 

from figs in which both foundresses carried pollen (P+P+; completely pollinated figs). 45 

Within figs where one foundress carried pollen and one did not (P-P+; partly 46 

pollinated figs), the offspring of P- foundresses were not smaller than P+ offspring, a 47 

result inconsistent with flower-level sanctions. P- offspring were larger in P-P+ figs, 48 

where they can free-ride on the pollination of the P+ foundress, than in P-P- figs. The 49 
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mean femur length from wasps emerging from each fig was used in the analyses; 50 

number of figs are indicated inside the bars. Error bars represent 1 s.e.m.  51 

 52 
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