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Abstract

Mutualisms are consumer—resource interactions, in which goods and services are exchanged. Biological market theory states
that exchanges should be regulated by both partners. However, most studies on mutualisms are one-sided, focusing on the
control exercised by host organisms on their symbionts. In the brood-site pollination mutualism between fig trees and their
symbiont wasp pollinators, galled flowers are development sites for pollinator larvae and are exchanged for pollination ser-
vices. We determined if pollinator galls influenced resource allocation to fig inflorescences called syconia and considered
feedbacks from the host tree. We experimentally produced syconia containing only seeds (S), only pollinator galls (G) or
seeds and galls (SG) with varying number of introduced female pollinator wasps, i.e., foundress wasps. Biomass allocation
to syconia was affected by foundress numbers and treatment groups; SG treatments received highest biomass allocation at
low foundress numbers, and both G and SG treatments at high foundress numbers. Seeds are important determinants of
allocation at low foundress numbers; galls are likely more influential at high foundress numbers. Most allocation in the G
and SG treatment was to the syconium wall, likely as protection from parasitoids and temperature/humidity fluctuations. Dry
mass of individual seeds and wasps (except at low foundress numbers) was unchanged between treatment groups, indicat-
ing seeds and wasps regulate resource flow into them, with lower flow into galls containing the smaller males compared to
females commensurate with sexual dimorphism. We demonstrate the importance of considering the direct role of symbionts
in accessing resources and controlling exchanges within mutualisms.
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Introduction in exchange for services (Bronstein 2015). Host control of

exchanges mainly occurs by partner choice or host sanctions.

The interaction between mutualistic partners includes
exchange of services and rewards. Often, one partner, the
host, receives services from the other, often a symbiont, and
rewards the symbiont in exchange (Boucher et al. 1982). Do
both partners control exchanges within this trade? Tradition-
ally the control of exchanges has been attributed to one part-
ner, the host (Leigh 2010). The host is usually bigger in size
and has access to resources that it can give away as rewards
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According to biological market theory, exchanges in mutu-
alisms are comparable to human markets (No€ and Ham-
merstein 1994). In partner choice, hosts may choose their
mutualistic partner based on the quality of service offered
(Simms and Taylor 2002; Bshary and No€ 2003). In some
mutualisms, after interactions are established, hosts can pun-
ish non-cooperative partners by denying allocation and/or
selectively allocating resources to cooperative ones via host
sanctions (Pellmyr and Huth 1994; Denison 2000; Kiers
et al. 2003; Jandér and Herre 2010; Frederickson 2013).
Both partner choice and host sanctions work on the same
principle—when symbionts provide services to the hosts,
feedback on the quality and quantity of services is received
by the hosts. Hosts act on this feedback by allocating
resources as rewards to cooperative symbionts. Most mutu-
alistic systems have been investigated from the host perspec-
tive and consider symbionts as passive participants. They do
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not include any direct control accorded by the symbionts.
However, in the mutualism between legumes and rhizobia,
negotiations between the partners can set up the terms for
exchange and bring in joint control over these exchanges
(Akcay and Roughgarden 2007; Ak¢ay and Simms 2011).
In some brood-site pollination mutualisms, as in fig—fig
wasp interactions, pollinators form galls within host flow-
ers contained within an enclosed structure called a syco-
nium where pollinator larvae develop. Galls are strong
resource sinks and are known to manipulate the host plants
to acquire nutrition (Larson and Whitham 1991; Dorchin
et al. 2006; Favery et al. 2020). These galler partners
can therefore potentially have direct access to resources
through host manipulation apart from rewards commen-
surate with services provided. In the fig system, symbiont
cooperation is ensured through sanctions imposed by the
tree on non-cooperative pollinator wasps. If pollinators
either overexploit the fig by excessive oviposition, and/
or subthreshold pollination, sanctions are imposed in one
or more of three ways: abortion of whole syconium or
reduced number and/or reduced size of the wasp offspring
(Herre et al. 2008; Jandér and Herre 2010, 2016; Wang
et al. 2014). Host rewards act via enhanced resource allo-
cation to syconia containing more seeds, and thereby to
the offspring of presumably more cooperative pollina-
tors (Jandér and Herre 2016). Many studies on host sanc-
tions have thus determined the impact of seed numbers
on the fate of pollinator wasps developing in a syconium.
Although the number of pollinator galls within a syconium

Fig.1 Schema showing pos-
sible decisions in resource
allocation to fig syconia in the
fig—fig wasp interaction

can also influence resource allocation to the syconium,
this has been rarely examined. In dioecious fig species in
which wasps develop only within syconia on male trees,
syconia that contained no pollinator galls aborted, indi-
cating that wasp oviposition is required to retain syconia
in some contexts (Tarachai et al. 2008). Female pollina-
tor wasps that develop within the syconium collect pollen
from their natal fig before dispersing and therefore are part
of the male function of the tree (Weiblen 2002). Pollen
dispersal, therefore, can be considered a pre-paid service
offered by the pollinators to the tree. In this case, if the
tree imposes sanctions on syconia based solely on seed
numbers, it would lose out on potential fitness benefits via
pollen dispersal by female wasps developing within the
syconia. Therefore, it is important to study the effect of
pollinator galls on resource allocation to a syconium and
on the occupants of the syconium themselves.

In addition, sanctions are known to be context-depend-
ent, with the number of pollinator wasps entering a syco-
nium being an important context influencing sanctions
(Wang et al. 2014). The number of foundresses could
determine seed and pollinator gall number that in turn
could affect the sanctions imposed by the tree (Fig. 1).
The fig system gives us an opportunity to manipulate the
type (seeds or galls) and number of occupants within a
syconium (Jandér and Herre 2010; Krishnan et al. 2014),
which allows us to study context-dependent outcomes of
interactions between the fig tree and its pollinator wasps.
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In our study, we addressed the question of mutual control
over mutualism outcomes in the fig—fig wasp interaction by
considering three possible hypotheses:

Hypothesis 1: Only seeds influence resource allocation to
the syconium, i.e., increasing seed number increases alloca-
tion to the syconium.

Hypothesis 2: Only pollinator galls influence resource
allocation to the syconium; i.e., increasing gall number
increases allocation to the syconium.

Hypothesis 3: Both seeds and galls influence allocation.

To test these hypotheses, we conducted two experiments
by introducing either manipulated female pollinator wasps
that could either only pollinate (produce only seeds) or only
oviposit (produce only galls) or unmanipulated wasps (pro-
duce both seeds and galls) into syconia. These wasps were
introduced to produce syconia with varying numbers of one
type of occupant, i.e., seeds or galls (Experiment 1) or in
combinations of seeds and galls (Experiment 2) to address
the following specific questions:

(1) What is the effect of occupant type (seeds and/or pol-
linator galls) on syconium abortion? (2) What is the effect
of occupant type on resource allocation to the fig syconium?
(3) Does the number of foundresses influence the overall
effect of occupant types on resource allocation? (4) How is
the biomass of an individual occupant affected by the pres-
ence of other occupants in a syconium at different foundress
numbers?

Predictions of outcomes for the effect of type of occu-
pants on resource allocation to a syconium and its individual

Fig.2 Proportion of aborted
syconia of F. racemosa. a

(@) Only seeds influence allocation

occupants for Experiments 1 and 2 are in Figs. 2, 3,4, 5, and
6 under the three hypotheses. Since number of foundresses
determines seed and gall numbers (Wang et al 2014) which
can further impact resource allocation, predictions for low
and high foundress densities are presented separately. These
predictions are based on the assumptions that, with increas-
ing number of foundresses, the number of both seeds and
pollinator galls increase with more seeds being replaced with
pollinator galls, assuming that the number of foundresses is
not so high that all syconia are aborted. For all experiments,
we considered the syconium to be the unit of resource allo-
cation (Jandér et al. 2012). We assume that the host fig tree
serves as the source and the syconium as the sink (Fig. 1).

Materials and methods
Study site and study species

The study was conducted on monoecious Ficus racemosa
Linn. (section: Sycomorus) trees located in the campus of the
Indian Institute of Science, Bengaluru (12°58'N, 77°35'E),
Karnataka, South India, that bear syconia on tree trunks
and branches. Ficus racemosa is pollinated by the species-
specific wasp Ceratosolen fusciceps Mayr.

A typical monoecious Ficus tree produces many syco-
nia containing 100s—1000s of female flowers lining a cavity
and enclosed by a many-layered wall. Male flowers surround
the opening of the cavity (i.e., ostiole) which is lined with
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Fig. 3 Predictions for number of seeds (a) and number of galls (b)
based on the treatment groups. Results of number of seeds of F. rac-
emosa (c) and galls of pollinator C. fusciceps (d) in syconia of differ-
ent treatment groups shown in Box plots. In ¢ and d, horizontal thick
lines are median values; lower and upper lines indicate first and third

bracts. A syconium undergoes development in five phases
(A-E) (Galil and Eisikowitch 1968): (i) Phase A: pre-recep-
tive phase, (ii) Phase B: pollen-receptive phase, pollinator
wasps enter through the ostiole and pollinate female flowers
while also laying eggs in other female flowers, (iii) Phase C:
interfloral phase: pollinators and seeds develop, (iv) Phase
D: development of wasp progeny is complete, male flow-
ers undergo anthesis, wingless pollinator males eclose, bite
openings into female galls, mate and release pollen-carry-
ing females from the syconium by excavating an exit hole
through the syconial wall, (v) Phase E: seed dispersal.

Pollination experiments
Manipulation of wasps for pollination

Bunches bearing syconia from four different trees for Exper-
iment 1 and three trees for Experiment 2 (3—6 bunches from
each tree) were securely covered with a fine mesh bag during
A phase to avoid oviposition by fig wasps outside the exper-
imental conditions. Syconia at the beginning of D phase
(when only male pollinator wasps have emerged) were col-
lected in the evening before experimental pollination. Some
syconia were cut open and male flowers removed. These
are pollen-free or P~ syconia (Jandér and Herre 2010). The
rest were left intact (P* syconia). All syconia were indi-
vidually placed in vials covered with gauze to allow female
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quartile, respectively; whiskers indicate minimum and maximum val-
ues. Letters above error bars indicate significance at P <0.05 (LMM
with post-hoc Tukey tests); bars with the same letters are not signifi-
cantly different. Sample sizes for each treatment group are indicated

wasp emergence. In the morning, foundress females were
collected in batches from P~ and P syconia into separate
vials. From some vials containing wasps from P* syconia,
ovipositors of the wasps were excised using small scissors
(Krishnan et al. 2014). Ovipositor excision was effected
by placing 5-10 wasps in a small vial and holding the vial
against light. While the wasps faced the closed end of the
vial, their ovipositors were quickly excised. Wasps were
handled with caution during excision and any damaged or
inactive wasps were not used for the experiments. These
procedures generated wasps for three treatments (Table 1):
Only Seeds (S) (from P* syconia with ovipositor-excised
wasps, i.e., seed-producing S wasps), only Galls (G) (from
P~ syconia with unmanipulated wasps unable to collect pol-
len and only able to produce galls, i.e., galling G wasps), and
Seeds + Galls (SG) (from P* syconia, with unmanipulated
wasps).

Experimental wasp introductions

To study the effect of syconium occupants on resource allo-
cation, we conducted two experiments.

Experiment 1

To determine the effect of occupant type (seeds vs wasps)
and their densities on allocation parameters, different
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Fig.4 a Predictions for relative dry mass of syconia under the three
hypotheses (see legend of Fig. 2). b Dry mass of whole syconia, and
¢ dry mass of syconial wall. Horizontal thick lines are median values;
lower and upper lines indicate first and third quartile, respectively;

numbers of foundresses from each of the above-mentioned
treatments (S, G, and SG) were introduced into each syco-
nium at B phase. In particular, each syconium treatment
had three densities of foundresses (used interchangeably
with number of foundresses) with 1 (low), 5 (medium),
and 9 (high) foundress wasps introduced into each syco-
nium (Table 1). Wasps were introduced by placing them
near the ostiole of syconium with a soft brush and were
observed till they entered the syconium. Syconia were
allowed to develop till D phase.

We assumed, based on previous studies, that the num-
ber of foundresses correlates positively with seed and gall
numbers in each syconium (Anstett et al. 1996; Kathuria
et al. 1999; Krishnan et al. 2014; Wang et al. 2014). In the
SG treatments, increasing foundress numbers increased
both seed and gall numbers (see Results), which would
make it difficult to determine the effect of one occupant
type (e.g., seeds) on the individual mass of the other

whiskers indicate minimum and maximum values. Letters above error
bars indicate significance at P<0.05 (LMM with post-hoc Tukey
tests); bars with the same letters are not significantly different. Sam-
ple sizes for each treatment group are indicated

occupant type (e.g., wasps). To overcome this, we con-
ducted a second experiment.

Experiment 2

Here, we attempted to keep numbers of one occupant con-
stant while varying the other. A single S wasp was intro-
duced into each syconium with increasing numbers of G
wasps (Set 1) and vice versa (Set 2) at B phase (pollen-
receptive phase) (Table 1). This experiment was conducted
to confirm the effect of increasing density of only one occu-
pant type (seeds or galls) on the individual mass of the other
occupant.

Measurement of allocation parameters

Manipulated syconia were observed every morning near the
end of C phase and collected before wasp emergence (late
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Table 1 Treatments and manipulations of female pollinator wasps to compare resource allocation in the presence of different densities of pol-

linator foundress types

Serial num-  Syconia set Treatment Focal occu-  Other occu-  Other occu- Number of ~ Proportion
ber pant pant pant density foundresses  of aborted
syconia
1 Set 1 SGO Seeds Pollinator Nil 1(1S+0G) 0.82
2 SG1 Seeds Pollinator Low 2(IS+1G) 0.69
3 SG5 Seeds Pollinator Medium 6 (IS+5G) 0.25
4 SG9 Seeds Pollinator High 10 (1S+9G) 0.15
5 Set 2 GSO Pollinator Seeds Nil 1 (1G+0S) 0.69
6 GS1 Pollinator Seeds Low 2(1G+1S) 0.25
7 GS5 Pollinator Seeds Medium 6 (1G+5S) 0.08
8 GS9 Pollinator Seeds High 10 (1G+9S) 0.14

S foundress is only capable of pollination; G foundress is only capable of laying eggs

Cl/early D phase). We measured syconium size, dry mass,
water content, syconial wall mass and mass of individual
occupants as parameters for resource allocation. We chose
parameters that are likely to have direct effects on the fit-
ness of mutualists, e.g., fig wasp size, seed size. We assume
biomass of each occupant type (seed or wasp) to be indica-
tive of their fitness since wasp size correlates with disper-
sal ability in pollinator wasps (Venkateswaran et al. 2017)
and thereby the ability to breed in another syconium; seed
size in general correlates with germination ability (Lamich-
hane et al. 2018). In addition, we chose parameters such as
syconium wall thickness since a thicker wall would protect
developing pollinators against parasitoids that oviposit from
the exterior and could also act as an environmental buffer
for a greater number of wasps developing within. Syconia
were weighed, their lengths and widths measured using ver-
nier calipers, and volumes estimated considering an ellip-
soid shape. Syconia were dissected into eight equal parts
through the ostiole—peduncle axis. Four alternate pieces
were chosen, from which galls and seeds were separated.
Galls with no exit holes (indicating failed wasp develop-
ment) were counted as bladders. All components were dried
at 75 °C for 48 h and their wet and dry mass were recorded
using a Quintix 125D-10IN weighing balance accurate up
to 0.01 mg. The number of seeds and wasps were counted.
Dry mass and seed/gall numbers were extrapolated for the
whole syconium.

Statistical analysis

All analyses were conducted using R-software version 4.1.3
(R Core Team, Vienna, Austria). To estimate the effect of
type of occupants on resource allocation parameters and
to examine if these effects changed under different foun-
dress densities, generalized linear mixed models (LMMs)
were run using the /me4 package (Bates 2016). Allocation
parameters, i.e., volume, dry mass, moisture content of

whole syconium and dry mass of the syconial wall, were
the response variables. Different treatment groups of type
and density of occupants were categorical predictor vari-
ables and tree ID was the random variable. Including bunch
ID in the models did not change interpretations and since
bunches used for experiments were at similar heights and
each bunch included all the treatments, bunch ID was not
considered in the models. Since errors were non-normal and
skewed except for percent water content, the gamma family
of distributions with log link was used. The binomial dis-
tribution was used for syconia abortions and arcsine square
root-transformed values of proportions with Gaussian distri-
bution were used to compare water contents. The glmmTMB
package was used with the negative binomial distribution
for comparing seed and gall numbers. To compare models
with different fixed effects, the maximum likelihood (ML)
method and the Akaike Information Criterion (AIC) were
used (Online Resource—Table Al). Pairwise comparisons
between allocation in treatments of different occupant types
under each density category were made with post-hoc Tukey
tests conducted using the emmeans package. Since log link
was used in models for dry mass of syconium and syconial
wall, comparisons were back-transformed and expressed as
odds ratios.

Results

Abortion of syconia with different types
of occupants and density of foundresses

In Experiment 1, only G syconia had significantly higher
rates of abortion compared to SG syconia at high foundress
density treatment (Fig. 2). However, there was a general
trend of a non-significant decrease in rates of syconia abor-
tions at higher densities (Fig. 2). In Experiment 2, abor-
tion proportions were higher compared to Experiment 1 in

@ Springer



222

Oecologia (2024) 205:215-227

general (Table 1). However, the trend remained the same.
Proportion of aborted syconia decreased with increasing
total number of foundresses comparable to results from
Experiment 1 (Table 1). Treatments with only one seed-
producing S wasp or gall-producing G wasp had very high
rates of abortion (Table 1).

Number of seeds or galls in syconia of different type
and density of occupants

Experiment 1

Seed and gall numbers were consistent within treatment
groups. There were significantly fewer seeds in the G syco-
nia than in S or SG syconia. There were no galls in syconia
of the S treatment (Fig. 3). Both type and density of occu-
pants had a significant impact on seed and gall numbers
(Online Resource—Table Al). Seed number was only mar-
ginally higher in syconia of the S treatment compared to
SG syconia (Fig. 3). However, in both cases, the numbers
saturated after the medium number of foundress females
and did not increase for the high-density treatment. In the
G treatment, gall number increased with foundress number,
especially in a comparison of low to high densities (Fig. 3).
The proportion of male offspring increased with increas-
ing density of foundresses (Online Resource—Figure A1)
which also resulted in an increase in the total number of
female offspring (Online Resource—Figure A2). Gall pres-
ence reduced seed numbers, but seed presence only slightly
increased gall number. Total number of bladders was sig-
nificantly higher for the G treatment groups compared to
the SG treatment (Online Resource—Figure A3), but there
was no significant difference in proportion of bladders when
analyzed within each density treatment (Online Resource—
Figure A4).

Experiment 2

In Set 1, where the focal occupant was seeds, gall num-
ber increased with increasing number of G wasps, while
there was no significant difference in seed numbers (Online
Resource, Figure A5: a). In Set 2, where the focal occupant
was pollinators, gall numbers remained almost constant
while seed number increased with increasing number of S
wasps as expected (Online Resource, Figure A5: b).

Effect of occupant type and density of foundresses
on resource allocation

Resource allocation to syconia under different parameters
followed a general trend of increased allocation to syco-
nia containing both seeds and galls, followed by syconia
containing only galls. GLMM results indicate that tree ID
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had a significant effect on all allocation parameters, except
percent water content (Online Resource—Table A1l). Inter-
action between occupant type and foundress density had a
significant effect on allocation parameters compared to mod-
els with only occupant type as predictor variable (Online
Resource—Table Al). Under low foundress density, whole
syconium dry mass was significantly greater in the SG treat-
ment compared to the G treatment (Fig. 4). For medium
foundress density, syconium dry mass was significantly
higher for the SG treatment compared to the G treatment
(Fig. 4). Under high foundress density, syconia containing
galls, either alone (G) or with seeds (SG), had significantly
higher dry mass compared to those containing only seeds
(S), indicating that gall presence significantly increased bio-
mass allocation to the syconium (Fig. 4). All other allocation
parameters, except for percent water content, more or less
followed a similar pattern (Fig. 5, Online Resource—Figure
A6) with minor differences (Online Resource—Table A2,
Table A3). Overall, the results show that the allocation pat-
terns closely match Hypothesis 3 of influence of both seeds
and galls on resource allocation. Similar mass of whole
syconia in S and SG treatments at low density is likely due
to overlap of seed number in these treatments and few galls.

Percent water content was significantly higher in G and
SG treatments compared to S treatment only at low density
(Fig. 5; Online Resource—Table A2, Table A3). However,
at medium and high-density treatments, no significant differ-
ences were observed (Fig. 5, Online Resource—Table A2,
Table A3). The results suggest the influence of both seeds
and galls in acquiring moisture at medium and high-density.
However, higher percent moisture in treatments containing
galls at low density suggests the greater influence of galls
for water acquisition.

Effect of occupant type and foundress density
on mass of individual occupants

Experiment 1

Individual seed mass was unaffected by syconial treatment
(Fig. 6¢). However, LMMs indicated that tree ID had a
significant effect on mass of individual seeds and female
pollinators (Online Resource—Table A1l). There was no
significant difference between the dry mass of individ-
ual seeds from the S and SG treatments at any foundress
density (Online Resource—Table A2) (Fig. 6¢). There
was no trade-off between numbers and mass of single
seeds when compared between different density treat-
ments (Online Resource—Table A1) (Fig. 6¢). The dry
mass of single female pollinators was significantly dif-
ferent between wasps in G and SG treatments only at low
foundress density (Online Resource—Table A2) (Fig. 6d).
When individual female pollinator mass was compared
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between different density groups, no significant differences
were observed (Online Resource—Table A1) (Fig. 6d).
Although the mass of single male pollinators was sig-
nificantly lower than that of female pollinators (Online
Resource—Figure A7), their mass across treatment groups
was similar (Online Resource—Figure A8). Except for
wasp mass under low foundress density, mass of individual
occupants was unaffected by type and foundress density.

Experiment 2

Since the dynamics of seed and gall proportions changed
with foundress numbers in SG treatments of Experiment
1 (Fig. 3), we examined the results of Experiment 2 to
confirm the effect of one occupant on the mass of the other
occupant. In Experiment 2, no significant difference was
found in mass of single seeds under any density of pol-
linator wasps or vice versa (Fig. 7) (Mass of single seed:
F=1.01, P>0.05; Mass of single female wasp: F=1.08,
P>0.05; Mass of single male wasp: F=0.39, P> 0.05).
Mass of individual seeds or wasps and the ratio of seeds
and galls were not correlated (Fig. 8), except for mass
of male pollinators when extreme values (Seed:Gall
ratio > 20) were removed (Online Resource, Figure A9).

Seeds and galls influence
allocation

(a) Only seeds influence
allocation

Only galls influence
allocation

OOCe@®| |- @ oo @ @

Mass of single seed (mg)
—w

n=2 n=3 n=6 n=9

Nil Low Medium High
Pollinator gall density

Fig. 7 Predictions (a and b) and results (¢ and d) of mass of individ-
ual seeds (a, c¢) or pollinator wasps (b, d) (see legend of Fig. 2) in
the presence of different densities of the other occupant from Experi-
ment 2. In ¢ and d, horizontal thick lines are median values; lower

Discussion

Our results show that overall, the allocation of resources
to the syconia is flexible and controlled by both seeds and
galls depending on the density and type of occupants. Most
results agree with Hypothesis 3 according to which both
seeds and pollinator galls influence allocation to a syconium.
Occupants influence allocation by providing the host tree
with feedback on which the tree can act by differential allo-
cation of resources (Jandér and Herre 2016) (Fig. 1). An
extreme response of the host tree involves zero allocation
resulting in syconia abortion. Although syconia abortions
indicate exclusive control of syconia retention by the tree,
our results of smaller abortion rates when syconia contain
both seeds and galls (SG) or only galls (G) at high foundress
density show that the decision to abort or retain syconia is
based on number of seeds as well as pollinator galls, indicat-
ing effect of seeds and galls. A general trend of high syconia
abortions at low foundress densities indicates that not just
occupant type but their densities also decide the strength
of the feedback and thus the allocation. At low density, no
difference between biomass allocation to S syconia and SG
syconia indicates that seeds have a higher effect at low foun-
dress density. Previous studies on other Ficus species have
shown that host trees allocate resources to syconia based on
seed number (Jandér and Herre 2010; Wang et al. 2014).

(b) Only seeds influence Only galls influence  Seeds and galls influence

allocation allocation allocation
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and upper lines indicate first and third quartile, respectively; whisk-
ers indicate minimum and maximum values. Letters above error bars
indicate significance at P<0.05 (LMM with post-hoc Tukey tests).
Sample sizes for each treatment group are indicated
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This is true at low foundress density, where galls are very
few in number and much of the feedback to the tree from
such syconia derives from seeds resulting in SG treatment
syconia being perceived the same as G treatment syconia.
However, at high foundress density, there was no significant
difference between allocation to G syconia and SG syconia,
along with an asymptotic number of seeds at medium and
high foundress densities. This indicates that galls have more
influence at higher foundress densities. Percentage water
content of a syconium was higher in the presence of galls
at low foundress density indicating galls can also influence
intake of water into the syconium. That an S or G syconium
containing a single foundress results in syconium abortion
suggests direct feedback to the tree from low resource sinks
of a few seeds or few galls to influence resources allocated
to a syconium.

Two factors can explain the involvement of pollinator
galls in allocation decisions to a syconium at higher foun-
dress densities.

1. Pollinator galls are part of the male function of the tree:
The host tree gets direct fitness benefits from supporting
developing pollinator females. However, the benefit will
depend on the number of trees in the pollen-receptive
phase in the mating neighborhood, and the number of
wasps that can successfully reach receptive syconia on
other fig trees. The higher the number of female wasps
leaving a fig syconium, the greater the probability that
at least a few of them will reach a pollen-receptive syco-
nium and contribute to the male function of the tree. As
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foundress number increases, gall number within syconia
also increases resulting in a male-biased offspring sex
ratio, to reduce inbreeding and local mate competition
(Herre 1985; West and Herre 1998; Greeff and Kjellberg
2022). Although there was lower biomass allocation to
male wasps compared to females in our study (Online
Resource—Figure A7), increased foundress number
resulted in a male-biased sex ratio among wasp offspring
(Online Resource—Figure A1). The higher allocation to
the syconium translates to a thicker wall that can in turn
act to protect developing pollinator wasps from environ-
mental fluctuations and parasitoid wasps (Tzeng et al.
2014; Fan et al. 2019).

Pollinator galls are strong resource sinks: Insect galls
in general are strong resource sinks (Miller and Raman
2019; Borges 2021; Desnitskiy et al. 2023). For exam-
ple, cecidomyiid galls on the leaves of Machilus thun-
bergii had higher C/N ratios compared to surrounding
leaf areas (Huang et al. 2014). A non-gall inducing her-
bivore Hellinsia glenni increased in size when it was
introduced into a gall produced by tephritid fly Eurosta
solidaginis on the plant Solidago gigantea, indicating
that galls accumulate more resources compared to sur-
rounding tissues (Diamond et al. 2008). The property
of galls as resource sinks might be a primary cause for
the influence of pollinator galls in resource allocation.
However, our results also show that the effect of occu-
pants on allocation was context-dependent; galls were
influential only at higher foundress densities, indicating
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that galls acting as sinks do not always instigate a sig-
nificant response.

Given that galls are strong resource sinks and a part of the
male function of the host tree, it is important to understand
how the host tree ensures cooperation, or in this context,
pollination. Host sanctions have mostly been evoked in Ficus
to explain the cooperation of pollinator wasps in producing
seeds in fig syconia. At low foundress density in Experiment
1, the mass of individual wasps was positively affected by
the presence of seeds, which acts as an incentive for pol-
linators to pollinate or else face sanctions. Increased mass
of individual pollinator offspring in the presence of seeds
at low foundress density indicated that it is beneficial for
the pollinator wasps to seek syconia with fewer foundress
wasps and this ensures pollination as well, thus reinforcing
cooperation between the partners. However, pollinator wasps
might not always be successful in finding under-utilized
syconia. When we experimentally simulated the scenario of
low syconia availability by introducing higher densities of
foundresses, host sanctions in terms of allocation to syco-
nia or to individual galls were not observed. Other than the
low-density treatment in Experiment 1, the mass of indi-
vidual seeds and pollinator did not change significantly in
the presence of seeds in Experiments 1 and 2. These results
suggest (1) that host sanction in terms of lowered wasp mass
is not observed at higher foundress densities and (2) that
both seeds and pollinator galls (at higher foundress density)
have autonomy when it comes to accessing resources as indi-
vidual occupants. A reason for such autonomy might be that
there is a limiting size, below which seeds and pollinator
wasps are not viable. A lowered allocation in such a scenario
may result in bladders indicating failed wasp development.
We recorded higher bladder numbers at high foundress den-
sities, especially in the G treatments, indicating that other
forms of sanctions are involved at higher foundress densities.
A decreased number of emerging pollinator offspring in the
absence of seeds has also been recorded before (Jandér and
Herre 2010). In our study, the number of galls was also mar-
ginally higher in the presence of seeds indicating a positive
relationship between these two occupant types.

Another form of sanction, i.e., syconial abortions in
the absence of seeds, was also not pronounced at higher
foundress densities in our study. Decreased rates of abor-
tions with increasing number of foundresses have previ-
ously been recorded in F. racemosa (Wang et al. 2014)
in China as we also found in our study. In a gynodioe-
cious species Ficus hispida, although male trees showed
decreased rates of fig abortions with increasing foundress
numbers, in female trees the effect was less pronounced
especially under pollen-free foundress treatments (Zhang
et al. 2019). This indicates that sanctions differ between

sexes, with male trees showing decreased sanctions against
wasps since pollinator wasps develop only in syconia of
male trees. Since F. racemosa is a secondarily monoecious
species, evolved from dioecious ancestors (Weiblen 2000),
sanctions in F. racemosa seem comparable to male trees of
dioecious species. Other than host sanctions, or under con-
ditions where host sanctions are not operating, cooperation
between partners can be attributed to other factors. The
unbeatable seed hypothesis that suggests that some flow-
ers can only produce seeds (West and Herre 1994), insuf-
ficient egg numbers in foundresses (Nefdt and Compton
1996), and interference competition between foundresses
for oviposition sites at higher densities (Wang et al. 2009)
including even mortal combat (Dunn et al. 2015), are some
other factors that might contribute to the coexistence of
seeds and galls within the syconium.

Overall, our results show that the fig tree does not have
sole control over resource allocation in fig—fig wasp sys-
tem. Differential control of resource allocation to a syco-
nium depending on its constituents reinforces the idea of
context-dependency in mutualisms. It also highlights the
importance of considering symbionts and their physiol-
ogy in understanding the mechanism of resource exchange
between the mutualistic partners. Biological market the-
ory implies that individuals of one partner type present
varied quality of services and the other partner actively
chooses trading partners. Our results highlight not only
that each partner plays its role, but also that both partners
are actively involved in setting the terms for the interac-
tion that ensures maximum returns to each partner within
a given context.
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