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Fig abscission as a defense
mechanism of Ficus trees against
parasitism by non-pollinating fig
wasps

Shang-Yang Lin2, Bruno Di Giusto® & Anthony Bain*5"*

How does the fig tree Ficus benguetensis protect its investment in the production of figs and pollinating
fig wasps against parasitism from non-pollinating fig wasps? This study documents a previously
overlooked defense mechanism: fig abscission—the natural shedding of the fig fruit as a defense
mechanism. Our bagging experiments showed that both the absence of pollination and high parasitism
levels lead to the abortion of F. benguetensis figs, with positive correlations between parasitism

levels, increased abscission rates, and decreased pollinator production. Moreover, we found that

high parasitism corresponds to shortened fig development periods until abscission, while medium
parasitism levels result in fewer pollinators. Our findings suggest that abscission may function as a
resource conservation strategy, as most of the tree’s investment in the figs occurs post-pollination. This
study uncovers for the first time the use of fig abscission as a unique defense against non-pollinating
fig wasp parasites, broadening our understanding of plant defense mechanisms within mutualistic
interactions.
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Understanding the mechanisms by which plants protect themselves against herbivores remains a key component
of research in ecology and agronomy. Plants exhibit many defense strategies to deter herbivores from consuming
their tissues®?. Mechanical defenses, such as hairs, thorns, and spines4’5, are the most conspicuous barriers
against herbivores, but most plant defenses involve chemical compounds that act as deterrents or toxins®. These
defenses can be constitutive (i.e., permanently present) or induced (i.e., produced as a response to herbivore
attacks). Additionally, plant defenses may be direct (e.g., the secretion of toxic compounds that repel herbivorous
insects) or indirect (e.g., the plant releases substances to attract the herbivores’ natural enemies, such as ants®”).
The interplay between these defenses determines the overall resilience of plants against herbivory'. However,
despite the diversity and complexity of plant defenses, herbivory continues to inflict damage on plants. Many
herbivores, especially plant specialists, remain unaffected by plant toxins as they evolve innovative ways to
circumvent plant protective measures®.

One such method is galling. Galls are plant tissues coerced into gall formation in response to insect larvae
or other organisms”>!°. These structures provide a safe environment for developing insects, shielding them from
predators and environmental stresses!!. They also provide a nutrient-rich food source for the developing insect,
enabling rapid growth!!. Finally, gall resources are often exclusive to insects, reducing competition for food and
space!l. This unique way of hijacking resources may leave the plant with little choice but to sacrifice one of its
organs. Furthermore, variations in the presence and abundance of natural enemies’ mean that neither direct nor
indirect defense strategies are always effective. As a result, heavily attacked plants may resort to a more drastic
strategy by sacrificing their own tissues to deter herbivores.

This is done through organ abscission, whereby a plant allows an organ to shed and fall by triggering
cell death in the abscission zone of the organ'2. This shedding is a complex and adaptive process that allows
plants to respond to changing environmental conditions, conserve resources, and optimize their growth and
reproduction strategies'*'%. While leaf abscission is the most common form'?, flower abscission!® and fruit
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abscission!”!® have also been observed. In a recent study of the peach tree, Prunus persica, researchers observed
leaf abscission as a response to gall formation by the peach aphid, Tuberocephalus momonis: Infested leaves were
shed significantly earlier than healthy ones, effectively limiting the success of the parasite!®. Other studies have
shown that abscission significantly reduces the survival rate of galling insects in leaves?®?! and in fruits'”"!5.
These practical observations underline the adaptive significance of organ abscission as a defensive response
against galling herbivores.

While galling is a common strategy used by many insects to coerce plant tissues into creating a secure
environment for their offspring, the obligate pollination mutualism between pollinating fig wasps (Hymenoptera:
Agaonidae) and Ficus trees represents a unique example of this phenomenon. Unlike most galling insects, these
wasps not only induce gall formation but also play a critical role as the exclusive pollen vectors of fig trees.
Female fig wasps, carrying the pollen from their natal figs, enter a receptive fig through a minute opening
called the ostiole. Inside, they distribute the pollen across the stigmas of the individual flowers within the fig
and deposit their eggs within the fig ovules. After hatching, the larvae thrive on the fig ovule and the specially
produced galling tissue, ultimately emerging as adults to carry the pollen to a new fig. In this nursery pollination
mutualism, pollination services are reciprocated with safe oviposition sites and nourishing environments for
larval development?2.

In fig-fig wasp mutualism, fig abscission may seem counterintuitive, as it leads to the loss of both fig ovules
(seeds) and pollinators. However, in some American Ficus species, a unique situation arises where pollinators
occasionally lay eggs without delivering pollen to the Fig?>. In response to this lack of pollination, fig trees
exhibit specific physiological reactions: They reduce resource allocation to unpollinated figs, which consequently
produces fewer and smaller wasp offspring?%. Some species go even further by aborting unpollinated figs entirely,
thereby minimizing the cost of developing seedless Fig?. This response, however, is not universal across all Ficus
species; for instance, in Ficus microcarpa, the presence of cheating wasps (relatives of the pollinating wasp) does
not lead to increased abscission rates?®. The prevalence and variability of these defensive mechanisms among
other fig species remain largely unexplored, and whether fig trees employ similar strategies to defend against
other threats, such as herbivores or parasites, is still in its early stages?®.Adding another layer of intricacy to
their mutualistic relationships, fig trees engage in complex interactions with parasitic wasps. Also called non-
pollinating fig wasps (NPFWs), these parasitic wasps lay eggs from outside the figs using their long ovipositors
and all have a larval phase within the Fig?’”. They can be parasitic to fig ovules, pollinating wasps, and other
NPFW species?’. Found in nearly all Ficus species worldwide?’~?, NPFWs impose significant costs on Ficus
by reducing seed production and pollen transfer as they often kill the larvae of the pollinating wasps®’. This
complex interaction between parasites and mutualistic wasps within the plant raises an evolutionary dilemma
for Ficus trees: How can Ficus reduce the cost of NPFW parasitism without harming their mutualistic partners?

One clue to how fig trees cope with NPFW parasitism lies in the way NPFWs lay their eggs. Unlike fig
pollinators that enter figs to lay eggs, most NPFWs lay their eggs from outside. They stab their ovipositor
through the fig wall, the tissue forming the fig structure. This fig wall might seem mostly ineffective against
specialist parasites like NPFWs>!, but it may expose them to predator attacks by increasing ovipositing time™2.
Studies show that ants often patrol fig trees****, potentially reducing NPFW oviposition rates*>¢. However, the
success of this biotic defense varies’. The absence of ants in some trees® and the failure to attract effective ant
species in deterring herbivores®” can weaken the defense. In such scenarios, fig abscission might serve as a final
defense, eliminating a parasitized fig that, though pollinated, will not lead to the survival of the pollinators. By
aborting such a fig, the tree prevents a unnecessary investment in a fruit that cannot fulfill its role in producing
pollen vectors.

Interestingly, figs have been observed falling from trees during their early development, particularly
after pollination, in some Ficus species®®, including Ficus benguetensis®*. This fig tree is gynodioecious but
functionally dioecious, meaning male and female functional organs are found on separate plants, and the fig
wasp Ceratosolen wui*! ensures the pollen transfer from male to female trees. Several species of NPFWs are
associated with Ceratosolen wui larvae developing in the male Fig?’, though whether they kill the pollinator
larvae and parasitize the fig ovules directly or parasitize the developing pollinator larvae within these ovules
remains to be determined. In both cases, the parasitized PFW larvae die. Uniquely, Ficus benguetensis is one of
the only fig species known to secrete extrafloral nectar on its Fig*?, potentially optimizing ant patrolling during
vulnerable stages of fig development*®. However, this indirect biotic defense seems insufficient to deter NPFW's
that commonly appear at the surface of its figs.

We propose that F benguetensis may be employing fig abscission, an existing mechanism typically used
for removing unpollinated figs, in a novel way as a defensive response triggered by NPFW parasitism. This
potential repurposing of abscission could represent an intriguing example of how plants may adapt existing traits
to address new ecological challenges. We then sought to investigate two main questions related to fig defense
against NPFWs: 1) Is organ abscission in Ficus benguetensis a defense against parasites?2) If so, how frequently
is it employed, and under what conditions? To answer these questions, we conducted bagging experiments to
compare fig abscission in response to varying levels of parasitism on Ficus benguetensis figs in Taipei, Taiwan.
Our research brings new insights into the adaptative strategies that allow plants to defend their resources and
mutualistic partners against parasitism.

Methods

Study species

Ficus benguetensis Merril 1905 (Subgenus Sycomorus, Section Sycocarpus) is found in East Pacific Asia: Ryukyu
Islands (Japan), Taiwan, and the Philippines*%. Reaching up to 12 m, trees mainly grow in humid environments.
This Ficus species is gynodioecious, exhibiting both hermaphroditic individuals (having both male and female
reproductive organs) and female-only individuals. The figs are located on the trunk or apical branches*’. Figs
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Fig. 1. The wasp fauna associated with Ficus benguetensis (only female wasps are displayed): (a) the
pollinating wasp Ceratosolen wui, (b) the parasitizing wasp Philotrypesis taida, and (c) three parasitizing wasps
Philotrypesis sp. gathered on a fig recently pollinated by C. wui.

Phase Description Duration
Premature Phase (Phase A) | Initiation and early development of the fig before female flower receptivity Four weeks
Receptive Phase (Phase B) Female flowers are receptive and the fig is attractive to fig wasps ? few hours to a
Pollinators enter male receptive figs, oviposit in the ovules inducing tissue growth to form the gall ew days
The fig grows
Inter-floral Phase (Phase C) | The pollinator larvae feed on the plant tissues in the fig’s development Six to eight weeks

The NPFW Philotrypesis taida are observed on the figs shortly after phase B

Emergence Phase (Phase D) | After mating, females collect pollen and exit the fig

Apterous wasp males emerge first and mate with females inside their natal galls After wasp
emergence, either

the fig drops or
[only for male figs] rots away (Lin
If the pollinating wasps have been parasitized, they die, and non-pollinating wasps emerge in their stead pers. obs.)
Ripening Phase (Phase E) N . . A few days to
[only for female figs] Ripening of the fig. The fig becomes attractive to frugivores two weeks

Table 1. Summary of the developmental phases in the phenological cycle of male figs of E Benguetensis. The
described duration for each phase is derived from Lin.

on hermaphrodite trees (hereafter called male figs) contain stamens and ovaries with short-styled pistils, which
produce pollen and pollinating fig wasps. These figs play a critical role in maintaining the pollinator population.

On the other hand, female figs are characterized by ovaries with long-styled pistils that exclusively produce
seed. The extended length of these female styles functions as a mechanical barrier, preventing pollinating wasps
from laying their eggs.

In Taiwan, the E benguetensis pollinating wasp is Ceratosolen wui*®; Fig. 1a). Additionally, at least four non-
pollinating fig wasp (NPFW) species are associated with E benguetensis and C. wui: the recently described
Philotrypesis taida (Fig. 1b) and Sycorycteridea taipeiensis®®, and two other Sycoryctinae wasp species?.
Generally, Philotrypesis spp. and most Sycoryctinae wasps are parasitoids, whose larvae feed on other wasp
larvae®4’. Sycoryctine wasps do not enter the figs; they rather penetrate the fig wall using their long ovipositors
to lay eggs in ovules already oviposited by pollinating wasps. Once their larvae hatch, they either consume the
host larvae directly (parasitoid) or feed on the gall endosperm and starve the host larvae (kleptoparasite)*®.
However, information on the studied species is yet to be published, and their feeding regime is still uncertain.

The experiments done on plants and insects (which are not endangered) followed the relevant guidelines of
the IUCN.

Phenological cycle of Ficus benguetensis
The phenological cycle of the male Ficus benguetensis figs is marked by specific physiological transitions and
ecological events across five distinct developmental phases (Table 1).

Wasp-introduction experiment
The experiment was conducted from June to September 2013 in Fu-Yang Eco-Park, Taipei city (121°33°25.74%,
25°1’0.97”) where only two NPFW species, Philotrypesis taida (Fig. 1b) and Sycorycteridea taipeiensis, were
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observed. Philotrypesis wasps were much more common, so this species was selected for the wasp-introduction
experiment.

Five E benguetensis trees were chosen for this experiment, which involved bagging figs with a 12-cm? mesh
bag to prevent unwanted wasps from laying eggs. Then, a controlled number of fig wasps was introduced in
each bag containing a receptive fig. Wasps needed for the experiment were collected on the figs of neighboring
trees using a pooter and then released into a mesh bag surrounding a fig. The experiment included five different
treatments:

One pollinator (positive control, N=15).

One pollinator and one Philotrypesis wasp (low parasitism rate, N=13).

One pollinator and three Philotrypesis wasps (medium parasitism rate, N=12).
One pollinator and five Philotrypesis wasps (high parasitism rate, N=5).

One Philotrypesis wasp (negative control, N=10).

S

Pollinating wasps were placed on the fig ostiole and observed until entering. Then, NPFW's were placed directly
on the surface of the fig and secured in the mesh bags. Treatment 5 served as a negative control in two ways:
first, to test whether Philotrypesis wasps alone could sustain fig development, and second, to validate our bagging
method by confirming that no pollinating wasps could enter the bagged figs unintentionally.

To minimize tree-specific effects and ensure the robustness of our findings, a cross-over design was employed
in our experiment, allowing each of the five Ficus benguetensis trees to experience every treatment. Wasp
introduction dates were recorded, and the fig trees were surveyed bi-weekly to determine insect emergence or
fig abortion dates. After wasp emergence, all wasp offspring were collected, identified, and counted.

Fig growth survey

In this study, 77 figs were randomly harvested from five male F. benguetensis trees located in Fu-Yang Ecology
Park, focusing on figs from the trunks to ensure consistency, with seven classified as pre-receptive and 70 as
post-receptive, enabling a detailed examination of resource allocation before and after the pollination phase.
Each fig was measured, dried, and weighed to establish a relationship between its diameter and dry weight. We
hypothesized that the fig tree would invest minimal resources in fig growth before pollination while increasing
investment after pollination to support gall and wasp development. We employed various regression models
(linear, exponential, quadratic, simple cubic, and full cubic) to fit the scatterplot and selected the best-fitting
model to characterize this relationship. This methodology enabled us to evaluate resource allocation by the fig
tree across different developmental stages and estimate potential resource savings from aborting parasitized figs.

Statistical analysis

Statistical analyses of the wasp-introduction experiment were conducted using Fisher exact tests, Kruskal-
Wallis H tests, and Mann-Whitney U tests, performed with the software Systat 12 (Systat Software, Inc., Point
Richmond, California, www.systat.com).

To evaluate the differences in growth between the pre- and post-receptive phases, we utilized bootstrapping
methods. A total of 1,000 bootstrapping samples were generated by resampling the original dataset with
replacement. Linear regression models were then fitted to each resampled dataset, and the slopes and intercepts
were recorded. This approach allowed us to estimate 95% confidence intervals for the slopes and intercepts of
the linear regression lines for each phase.

Results

The impact of various levels of pollination and parasitism on wasp production and fig development in F
benguetensis was observed through five experimental treatments, each varying in the number of pollinators and
parasitic Philotrypesis taida wasps involved.

Abscission, wasp production, and parasitism
Of the 55 bags initially set up on the trees, 48 (87.3%) were retrieved and seven were lost. Table 2 illustrates the
effects of the treatments on wasp emergence and fig development.

Most of the figs in treatments 1 and 2 reached the wasp-releasing stage (Phase D), while only about half did so
in treatment 3, and none in treatments 4 and 5 (Table 2; Fig. 2). High parasitism rates and absence of pollination
were associated with the abscission of all the figs under these treatments.

The duration of the development between the wasp introduction (pollination) to phase D (wasp-releasing
phase) did not vary significantly between treatments 1, 2, and 3 (Kruskal-Wallis test, p=0.787, Table 2). However,
the period from wasp introduction to abscission was significantly shorter for treatment 4 (high parasitism)
compared with treatments 3 (medium parasitism) and 5 (no pollination) (Kruskal-Wallis test, p=0.001, post hoc
test: treatments 3 vs. 4: p=0.006; treatments 3 vs. 5: p=0.96; treatment 4 vs. 5: p=0.0027).

Wasp production, encompassing both pollinators and NPFWs, varied significantly among treatments.
Specifically, treatment 3 (medium parasitism) showed a significantly lower number of wasps than treatments
1 and 2 (Kruskal-Wallis test, p=0.008). A similar pattern was observed when only considering the pollinator
C. wui, with no significant difference in the number of emerged pollinating wasps between treatments 1 and 2,
but a marked decrease in treatment 3 (Kruskal-Wallis test, p=0.005; posthoc tests: treatment 1 vs. 2: p=0.099;
treatment 1 vs. 3: p=0.0009; treatment 2 vs. 3: p=0.027). Finally, we found that the number of emerged NPFWs
was significantly higher in treatment 2 (low parasitism) compared to treatment 3 (medium parasitism) (Mann-
Whitney, p=0.0286). As low parasitism treatment also saw approximately 75% of emerged wasps as pollinating
wasps, compared to 60% in treatment 3 (medium parasitism), we conclude that a higher level of parasitism
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Abscission

¥

1 2 3 4 5

No parasitism | Low parasitism | Medium parasitism | High parasitism | No pollination
Treatment (n=9) (n=13) (n=12) (n=5) (n=9)
Sf%shfsfhmg 8 128 78 0P ob
Abscised figs 1 1 5 5 9
Fig development
Days to D-phase 47.5+6.26* 42.1+2.89% 57.3+12.63° NA NA
Days to abscission | 31 30 28.6+3.83° 17.6+1.69° 28.4+1.36°
Wasp production
Total wasp number | 143.5+25.24* | 141.17+21.76* | 70.3+20.38" NA NA
Pollinator: C. wui 143.5+25.24* | 103.8+18.82% 47.6+17.44° NA NA
NPFW: P. taida 0 37.3+6.62° 22.7+421° NA NA
NPFW proportion | 0 24.9% 40% NA NA

Table 2. Wasp emergence and fig developmental success under different treatments. Treatment 1—one
Ceratosolen wui pollinator, no philotrypesis wasp (positive control); treatment 2—one pollinator and one
philotrypesis wasp (low parasitism rate); treatment 3—one pollinator and three philotrypesis wasps (medium
parasitism rate); treatment 4—one pollinator and five philotrypesis wasps (high parasitism rate); treatment 5—
no pollinator, one philotrypesis wasp (negative control). Mean + standard error is provided when applicable. *°
Different letters indicate statistically significant differences (P<0.05); Fisher exact tests were used to compare
the number of abscised figs reaching the D phase; all other tests are Kruskal-Wallis and Mann-Whitney tests.
NA: If none of the figs reached the D phase, NA is attributed to this case.

Low parasitism ratc  Medium parasitism rate High parasitism rate

Positive control (N=13) (N=12) (N=5) Negative control
One pollinator One pollinator Onec pollinator (N=9)
One pollinator One parasite Three parasites Five parasites One parasite

B B ng H
- £ 4 L x
) ¢ \®) D)

Abscission Abscission

Abscission Abscission
30 days 28.6 daYS 17.6 days 28.4 days
N=1 N=5 N=5 N=9
Reachil}g Reaching Reaching Reaching
maturation maturation maturation maturation
il | N=0 N=0
N=12 =7

L ) -~ ¥
S ilr; %p

Fig. 2. Diagram summarizing the various treatments of the bagging experiment.

reduced both the pollinating and non-pollinating wasp numbers. These findings underscore the complexity of
wasp production dynamics under varying ecological pressures.

Statistical analyses indicated no significant tree effects on fig abscission or retention (Fisher’s exact test two-
sided p=0.91), total wasp emergence (Kruskal-Wallis test p-values: 0.41, 0.66, and 0.05 for treatments 1, 2, and
3, respectively), or retention time (Kruskal-Wallis test p-values: 0.24, 0.72, 0.07, 0.67, and 0.19 for treatments 1
to 5, respectively), demonstrating consistency across trees within each treatment.

Fig size and investment

After comparing several regression models (linear, exponential, quadratic, simple cubic, and full cubic), we
found that quadratic (R? = 0.5638) and full cubic models (R? = 0.5639) provided the best fits. Following the
principle of parsimony, we selected the quadratic model. Further, log-log analysis yielded a slope of 2.86 [95%
CI: 2.54, 3.18], falling between what would be expected for a pure surface area relationship (slope=2) and a pure
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volume relationship (slope=3). This suggests a more complex growth pattern than either simple model would
predict, possibly reflecting changes in tissue density during fig.

The selected quadratic model indicates that fig diameter reliably predicts dry weight and reveals varying
resource allocation patterns across fig development stages (Fig. 3)., The 95% confidence intervals for the slopes
and intercepts for the phase A figs (Slope: [0.0069, 0.0140]; Intercept: [- 0.0736, - 0.0199]) and for the phase
C figs (Slope: [0.0185,0.0306]; Intercept: [~ 0.2621, — 0.1058]) did not overlap, indicating significantly different

O Before receptivity 0
@ After receptivity

2 4 o6 8 10 12 14 16 18 20 22
Diameter (mm)

Fig. 3. Relationship between the diameter (in millimeters) and the dry weight (in grams) of 77 figs. The data
are fitted with the quadratic model Y=0.0009 x 2 —0.0023x + 0.0037, which exhibits a strong goodness-of-fit
with a coefficient of determination (r%) of 0.98 and a highly significant p-value of.

2.7 x 10— 54. The white circles O represent figs in the premature phase (before receptivity) and the black
circles @ represent figs in the interfloral phase (after receptivity). To further illustrate the accelerating rate in
fig growth during the later stages of development, we provide two linear regression lines: a dashed line for figs
before receptivity (y=0.01x - 0.03, r=0.96, p <0.001) and a solid line for figs after receptivity (y=0.03x - 0.19,
r=0.79, p<0.001).
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growth patterns between phases. While these findings demonstrate a substantial resource investment after
pollination, our sampling approach cannot determine its precise timing during fig development.

In summary, our data point to complex patterns in how fig trees manage resources during fig development,
demonstrating a clear shift in investment strategy pre- and post-pollination. The bootstrapping results support
this conclusion through statistically significant differences in the slopes and intercepts of the regression lines for
the two phases. These findings corroborate our earlier observations that fig trees effectively conserve resources
by rapidly aborting heavily parasitized figs.

Discussion

This study elucidates key dynamics in the mutualism between the pollinating fig wasp Ceratosolen wui and
the fig tree Ficus benguetensis when facing a parasite, the non-pollinating fig wasp, Philotrypesis taida. Using
bagging experiments to compare fig abscission in response to varying levels of parasitism, our study first showed
that both a high level of parasitism and the absence of pollination resulted in the abscission of the figs of F
benguetensis. Second, the results demonstrate that increased levels of parasitism induced an increased abscission
rate and a reduced production of pollinating and non-pollinating wasps. Third, we document that high levels
of parasitism were associated with shorter periods of fig development until abscission. Fourth, the findings
also reveal that medium levels of parasitism were connected to lower numbers of pollinators. Finally, the study
supports the idea that abscission might serve as a mechanism for conserving Ficus resources, as most of the tree
material investment in the figs occurs after pollination.

In our study of Ficus benguetensis, we found that unpollinated figs could persist for up to four weeks post-
receptivity before abscission, a trait consistent with the adaptive strategy of Ficus species to extend receptivity
under unpollinated conditions*®°. This observation indicates the tree’s capacity to maintain figs for a potential
extended window for pollination, though not necessarily extending the receptive phase itself. Such extended
persistence may represent a bet-hedging strategy (i.e., a strategy of reducing risk by diversifying reproductive
strategies, ensuring survival and reproductive success to cope with environmental uncertainties) during periods
of low pollinator availability (i.e., the winter season for some Ficus species®®). Conversely, our data indicates that
E benguetensis rapidly abscises figs under heavy parasitism within an average of 17 days, suggesting an active
physiological defense mechanism that limits resource investment in figs with compromised offspring. This rapid
abscission in response to parasitism highlights the ability of fig trees to prioritize resource investment in figs with
a higher likelihood of successful pollinating wasp production.

Further, we observed a large resource investment in F benguetensis figs following successful pollination
or possibly oviposition by C. wui, a pattern similar to the one observed in the male figs of another dioecious
species, E fulva®. This post-pollination weight increase indicates a strategic metabolic investment to support
the development of the pollinating wasp offspring. We also found an increased variability in weight among
larger figs. The complex growth pattern between fig diameter and dry weight suggested by the log-log slope of
2.86 possibly involves changes in tissue density during development. This variation likely reflects the different
reproductive outcomes among figs, as each fig produces different numbers of pollinator offspring and supports
varying levels of NPFW parasitism. If the dry weight of the fig is a reliable measure of reproductive investment,
this suggests that F benguetensis can adjust its resource allocation, possibly as a countermeasure to the impact
of parasitism by NPFWs. Such a result will be consistent with the Selective Resource Allocation model in
monoecious fig trees proposed by Jander & Herre?!, which posits that Ficus trees allocate more resources to
better-pollinated figs. Considering our focus on the parasitism of NPFWs on pollinating fig wasps, which is
exclusive to male figs, future studies should investigate if female figs possess comparable abscission and resource
allocation mechanisms to protect against seed parasitism, thereby preserving their reproductive output.

In our study of the dioecious Ficus benguetensis, we observed a significant reduction in pollinating and non-
pollinating wasp productions with increased levels of parasitism by NPFWs, a pattern that diverges from findings
in other fig species. Research on monoecious figs like Ficus andicola, E. sur, and F. vallis-choudae by Cardona et
al.*® and Kerdelhué & Rasplus®” showed that parasitoid NPFWSs primarily impacted the male function (pollen
dispersal) by reducing the pollinator populations through parasitizing or competing for oviposition sites. Galler
NPFWs, in contrast, had variable impacts on both male and female function. However, in F. benguetensis, a
dioecious species where parasitoids do not influence female figs (pollinating wasp larvae being unable to develop
in female figs), we observed a unique scenario. Heavy parasitism led to a drastic reduction in pollinating and
non-pollinating wasp productions and complete abscission of figs, indicating a distinct defensive strategy
focused on male function. This also contrasts with the findings of Weiblen et al.>! in E trachypison, a dioecious
fig tree where a dynamic equilibrium was observed. Parasitism by NPFWs never exceeded 10% per fig and
was inversely related to pollinator density, suggesting a stabilizing effect on the mutualistic relationship. In E
benguetensis, the decline in both pollinator and NPFW productions with increased parasitism and the shedding
of the most heavily parasitized figs suggests that intense parasitism often resulted in the premature death of both
the host and the parasites, a phenomenon common in parasitoid wasps®2. This pattern of fig abscission, differing
markedly from the balanced interactions reported by Weiblen et al.>!, could significantly alter the dynamics
between pollinating and non-pollinating wasp populations, impacting the balance between mutualism and
parasitism in this system.

This, however, raises the question of how Ficus trees determine which figs to abscise (Fig. 4). We propose two
hypotheses:

Detection of NPFW Larvae by fig trees: Philotrypesis taida is a likely parasitoid species targeting Ceratosolen
wui larvae. In fig wasp research, feeding habits are often inferred based on the timing of wasp arrival at Figs®>.
Early arriving wasps (before pollinators) are typically gallers, while late-arriving wasps (after pollination)
are usually parasitoids. Philotrypesis species, including P. taida, consistently arrive after pollination, strongly
suggesting a parasitoid lifestyle. This is further supported by our experimental results. In Treatment 5, where
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Fig. 4. Summary of the abscission defense mechanism in Ficus benguetensis.

only P. taida was introduced without pollinators, all figs were abscised. This indicates that P. faida cannot induce
gall formation or sustain fig development on its own, consistent with a parasitoid lifestyle. The fact that figs only
develop when both pollinators and P. taida are present (Treatments 2-4) further supports the idea that P. taida

relies on pollinator larvae for its own development.

Parasitoid fig wasps typically lay eggs on pollinating wasp larvae, and their larvae feed on the hosts as they
develop®®. The fact that P. taida lay eggs shortly after C. wui oviposition and the figs are aborted several weeks
later suggest a strategy where the parasitoid allows its host to grow and develop after parasitism, feeding on it
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over time (i.e., koinobiont parasitoid). However, without direct observation of larval development, we cannot
conclusively determine whether P. taida is a kleptoparasite or a parasitoid.

Very little is known about the fig tree defense mechanisms against such parasitoids. Indeed, the current
scientific understanding of these host-parasite dynamics is limited, with very few well-documented cases of
host defenses against parasitoids®. While there is more extensive knowledge about gall insects, especially oak
wasps®®, understanding their parasitoids remains significantly underexplored®’. In such context, we hypothesize
that the fig tree might detect changes within the fig environment. While the number of oviposition scars could
potentially serve as a signal for NPFW presence, this is unlikely to be the main factor in our experiment as we
used natural, moderate levels of NPFW introduction that typically allow successful fig development in field
conditions. Instead, we propose that parasitoid larvae may emit secretions or that parasitized pollinator larvae
may produce altered secretions. If these secretions reach a certain threshold, the fig tree may react by abscising
the affected fig, a response that could be a critical aspect of its defense strategy.

Detection of pollinating Wasp Gall signals by fig trees: Here, we propose that fig trees respond to
signals from pollinating wasp galls, leading to fig abscission if these signals are interrupted. Our study, which
assumed all pollinating wasps carried pollen, showed a 100% abscission rate associated with high parasitism
levels, as opposed to approximately 40% with medium parasitism levels. This high abscission rate, despite the
presence of pollinators, suggests that factors beyond pollination influence abscission. It thus offers new insights
compared to the previous understanding that primarily associated fig abscission with defense against cheating
pollinators?458:39,

Two main points support the reasoning for this hypothesis: first, factors other than pollination likely trigger
fig development in dioecious fig trees; second, galls are known to form an interface between the host plant and
the galling insect.

For the former trait, research on Panamanian Ficus species, which are monoecious, showed that Panamanian
trees allocate fewer resources to or abscise figs cheated by pollinators?*®. Indeed, as the cheating pollinators
carry little or no pollen, unpollinated or poorly pollinated figs will have no or a subpar production of seeds.
However, even in monoecious species, the absence of pollination might not be the sole explanation for fig
abscission. Research by Wang et al.>® on Ficus racemosa, a monoecious species from the same subgenus as F.
benguetensis, revealed that the rate of fig abortion decreased with an increase in the number of pollinating wasps
found in the figs. This study concluded that the occurrence of fig abortion depends on the number of pollinators
and the presence of pollen. This suggests that for the subgenus Sycomorus, factors other than pollination may
be necessary for the continued development of figs. We should expect a different scenario to unfold with E
benguetensis, a dioecious species that develops seedless male figs. In this species, male figs exclusively contain
galls. Thus, factors enhancing pollinator production and male fig reproductive fitness, such as pollinating wasp
oviposition and gall formations are more likely to trigger fig development.

Once the egg hatches, the pollinating wasp larva coerces the fig tissue into forming a gall. The gall modifies the
plant physiology around itself, redirecting plant resources toward the gall and insect growth®¢1-%¢, This implies
that the galls signal the fig for resource allocation. This phenomenon exists in E citrifolia in Brazil where galling
NPFWs can prevent the abortion of 41% of the Fig®”. We propose that a reduction in the intensity of the signal
sent below a certain threshold, or its cessation, could trigger the fig abscission. The variability in the length of fig
development and abscission rates observed in our study could be attributed to differences in the number of galls
produced by pollinating wasps and the extent of oviposition by NPFWs affecting the number of wasps produced
per Fig®. For instance, Zhang et al. (2020) demonstrated that parasitoid presence can lead to increased mortality
of pollinator larvae beyond direct replacement. They found that for each parasitoid produced, approximately 1.9
pollinator larvae were killed, which could further impact the signaling dynamics within the Fig®. This complex
interaction between pollinators, parasitoids, and the fig itself may contribute to the variability we observed in fig
development and abscission rates. Further research is essential to understand the specific signals and thresholds
that lead to fig abscission in dioecious fig species. As the mechanisms behind developing these “seedless fruits”
remain undetermined’®’}, further investigation could warrant critical insights into the mechanisms allowing the
passage between monoecy and dioecy.

The ecological and evolutionary implications of fig abscission as a defense strategy in the fig-fig wasp
mutualism are complex. First, fig abscission as an anti-herbivore mechanism is critical to the coevolutionary
relationship between fig trees and fig wasps. Indeed, the fig tree ability to abscise figs in response to parasitism
can influence the evolution of wasp behaviors and strategies, potentially leading to an evolutionary arms race
between the tree, its pollinators, and parasitic wasps. Second, by selectively aborting figs with high levels of
parasitism, the tree can indirectly control the population of non-pollinating wasps, which may help maintain
the balance between mutualistic and parasitic interactions, thus contributing to the stability of the fig-fig wasp
mutualism. Third, fig abscission affects the population dynamics of both pollinating and non-pollinating fig
wasps. By delaying the growth of figs under medium parasitism and quickly abscising figs that are heavily
parasitized, the fig tree can more efficiently allocate its resources to figs with a higher likelihood of successful
pollinator development. This selective investment ensures that the tree resources are not wasted on figs unlikely
to contribute to its reproductive success. Finally, the defensive role of fig abscission could be considered an
exaptation - a trait that has been co-opted for a new function different from its original purpose. While fig
abscission likely evolved initially for other functions such as resource conservation during environmental stress
or removal of unfertilized reproductive structures, it has been adapted here as an effective defense mechanism
against parasitic wasps. This exemplifies how existing physiological mechanisms can be repurposed through
evolution to serve new functions.

While our study offers valuable insights, it has limitations. Although constrained by the challenges of fig-
wasp bagging experiments, our sample size achieved statistical significance. Our crossover experimental design
controlled for tree-specific effects and temporal variations, ensuring that any external factors would likely
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affect all treatments equally. The clear treatment-specific effects we observed suggest that our experimental
manipulations, rather than external factors, were the primary drivers of the observed differences. Future
work could further validate and expand our findings through larger-scale studies across varied seasons and
habitats. Subsequent research could explore the physiological mechanisms underlying fig abscission, including
chemical signaling between figs and wasps, and investigate broader ecological consequences within the fig-wasp
community. Additionally, examining the relationship between fig size, parasitism, and reproductive fitness in
male figs, as well as studying the growth and defense strategies of female figs in E benguetensis, would provide a
more comprehensive understanding of this species reproductive ecology.

Conclusion

This study extends the current understanding of mutualism, parasitism, and coevolutionary dynamics,
particularly in the interactions between Ficus benguetensis, Ceratosolen wui, and Philotrypesis taida. For the
first time, it is reported that a Ficus species can strongly decrease the number of NPFWs using fig abscission
as a defensive mechanism to minimize resource loss. The research highlights the complexity of mutualistic
relationships when influenced by parasitic pressures. Fig abscission as a defense strategy has significant
implications for the ecology and evolution of fig trees and their associated wasps. It influences the dynamics
of mutualistic and parasitic interactions, resource allocation, and population control, likely playing a vital role
in the stability and functioning of this mutualism. Our study offers a more nuanced view of these complex
ecological interactions and suggests that traditional models of mutualism may require revision to better consider
the roles of third-party species.
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All data generated or analyzed during this study are included in this published article.

Received: 13 December 2023; Accepted: 8 January 2025
Published online: 14 January 2025

References
1. Johnson, M. T. Evolutionary ecology of plant defences against herbivores. Funct. Ecol. 25, 305-311 (2011).
2. Agrawal, A. A. Macroevolution of plant defense strategies. Trends Ecol. Evol. 22,103-109. https://doi.org/10.1016/j.tree.2006.10.012
(2006).
3. Mithofer, A. & Boland, W. Plant defense against herbivores: chemical aspects. Annu. Rev. Plant Biol. 63, 431-450. https://doi.org/
10.1146/annurev-arplant-042110-103854 (2012).
4. Woodman, R. L. & Fernandes, G. W. Differential mechanical defense: herbivory, evapotranspiration, and leaf-hairs. Oikos 60,
11-19 (1991).
5. Hanley, M. E., Lamont, B. B, Fairbanks, M. M. & Rafferty, C. M. Plant structural traits and their role in anti-herbivore defence.
Perspect. Plant. Ecol. Evol. Syst. 8, 157-178. https://doi.org/10.1016/j.ppees.2007.01.001 (2007).
6. Heil, M. Extrafloral nectar at the plant-insect interface: a spotlight on chemical ecology, phenotypic plasticity, and food webs. Ann.
Rev. Entomol. 60, 213-232 (2015).
7. Moura, R. E et al. In Plant-Animal Interactions (eds. Kleber, Del-Claro & Torezan-Silingardi, H. M.) (Springer, 2021).
8. Zhu-Salzman, K., B, J. L. & Liu, T. X. Molecular strategies of plant defense and insect counter-defense. Insect Sci. 12, 3—15. https:/
/doi.org/10.1111/j.1744-7917.2005.00002.x (2005).
9. Borges, R. M. Co-niche construction between hosts and symbionts: ideas and evidence. J. Genet. 96, 483-489. https://doi.org/10.1
007/512041-017-0792-9 (2017).
10. Borges, R. M. The galling truth: limited knowledge of gall-associated volatiles in multitrophic interactions. Front. Plant Sci. 9, 1139.
https://doi.org/10.3389/fpls.2018.01139 (2018).
11. Oates, C. N., Denby, K. J., Myburg, A. A,, Slippers, B. & Naidoo, S. Insect gallers and their plant hosts: from omics data to systems
biology. Int. J. Mol. Sci. 17, 1891 (2016).
12. Meir, S. et al. Re-evaluation of the ethylene-dependent and -independent pathways in the regulation of floral and organ abscission.
J. Exp. Bot. 70, 1461-1467. https://doi.org/10.1093/jxb/erz038 (2019).
13. Addicott, F. T. & Abscission (University of California, 1982).
14. Estornell, L. H., Agusti, ]., Merelo, P, Talon, M. & Tadeo, F. R. Elucidating mechanisms underlying organ abscission. Plant Sci. 199,
48-60 (2013).
15. Patharkar, O. R. & Walker, J. C. Connections between abscission, dehiscence, pathogen defense, drought tolerance, and senescence.
Plant Sci. 284, 25-29. https://doi.org/10.1016/j.plantsci.2019.03.016 (2019).
16. Marr, D. L. & Pellmyr, O. Effect of pollinator-inflicted ovule damage on floral abscission in the yucca-yucca moth mutualism: the
role of mechanical and chemical factors. Oecologia 136, 236-243 (2003).
17. Fernandes, G. W. & Whitham, T. G. Selective fruit abscission by Juniperus monosperma as an induced defense against predators.
Am. Midl. Nat. 121, 389-392 (1989).
18. Benda, N. D., Brownie, C., Schal, C. & Gould, E. Fruit Abscission by Physalis species as defense against frugivory. Entomol. Exp.
Appl. 130, 21-27. https://doi.org/10.1111/j.1570-7458.2008.00792.x (2009).
19. Hua, ], Liu, J., Zhou, W,, Ma, C. & Luo, S. A new perspective on plant defense against foliar gall-forming aphids through activation
of the fruit abscission pathway. Plant Physiol. Biochem. 196, 1046-1054. https://doi.org/10.1016/j.plaphy.2023.03.007 (2023).
20. Preszler, R. W. & Price, P. W. The influence of Salix leaf abscission on leaf-miner survival and life history. Ecol. Entomol. 18,
150-154 (1993).
21. Williams, A. G. & Whitham, T. G. Premature leaf abscission: an induced plant defense against gall aphids. Ecology 67, 1619-1627.
https://doi.org/10.2307/1939093 (1986).
22. Kjellberg, E, Jousselin, E., Hossaert-McKey, M. & Rasplus, J. Y. In Biology, Ecology and Evolution of gall-inducing Arthropods (eds.
Raman, A., Schaefer, W. & Withers, T. M.) 539-572 (Science Publishers Inc., 2005).
23. Jandér, K. C. & Herre, E. A. Host sanctions and pollinator cheating in the fig tree —fig wasp mutualism. Proc. R. Soc. B 277,
1481-1488. https://doi.org/10.1098/rspb.2009.2157 (2010).
24. Jandér, K. C. & Herre, E. A. Host sanctions in Panamanian Ficus are likely based on selective resource allocation. Am. J. Bot. 103,
1-10. https://doi.org/10.3732/ajb.1600082 (2016).

Scientific Reports |

(2025) 15:1936 | https://doi.org/10.1038/s41598-025-86135-3 nature portfolio


https://doi.org/10.1016/j.tree.2006.10.012
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.1016/j.ppees.2007.01.001
https://doi.org/10.1111/j.1744-7917.2005.00002.x
https://doi.org/10.1111/j.1744-7917.2005.00002.x
https://doi.org/10.1007/s12041-017-0792-9
https://doi.org/10.1007/s12041-017-0792-9
https://doi.org/10.3389/fpls.2018.01139
https://doi.org/10.1093/jxb/erz038
https://doi.org/10.1016/j.plantsci.2019.03.016
https://doi.org/10.1111/j.1570-7458.2008.00792.x
https://doi.org/10.1016/j.plaphy.2023.03.007
https://doi.org/10.2307/1939093
https://doi.org/10.1098/rspb.2009.2157
https://doi.org/10.3732/ajb.1600082
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

Zhang, T. et al. The evolution of parasitism from mutualism in wasps pollinating the fig, Ficus microcarpa, in Yunnan Province,
China. Proc. Natl. Acad. Sci. U.S.A. 118(32), €2021148118. https://doi.org/10.1073/pnas.2021148118 (2021).

Miao, B. G, Yang, D. R,, Liu, C., Peng, Y. Q. & Compton, S. G. The impact of a gall midge on the reproductive success of Ficus
benjamina, a potentially invasive fig tree. Biol. Control 59, 228-233 (2011).

Kerdelhué, C. & Rasplus, J. Y. Non-pollinating afrotropical fig wasps affect the fig-pollinator mutualism in Ficus within the
subgenus Sycomorus. Oikos 75, 3-14 (1996).

Segar, S. T, Pereira, R. A. S., Compton, S. G. & Cook, J. Convergent structure of multitrophic communities over three continents.
Ecol. Lett. 16, 1436-1445 (2013).

Bain, A., Tzeng, H. Y., Wu, W.]. & Chou, L. S. Ficus (Moraceae) and fig whymenopteraoptera: Chalcidoidea) in Taiwan. Bot. Stud.
56, 11. https://doi.org/10.1186/540529-015-0090-x (2015).

Cardona, W., Kattan, G. H. & de Chacén, P. Non-pollinating fig wasps decrease pollinator and seed production in Ficus Andicola.
(Moraceae) Biotropica. 45, 203-208. https://doi.org/10.1111/j.1744-7429.2012.00901.x (2013).

Tzeng, H. Y. et al. The effect of fig wall thickness in Ficus erecta var. beecheyana on parasitism. Acta Oecol. 57, 38-43. https://doi.o
rg/10.1016/j.acta0.2013.06.007 (2014).

Compton, S. G., van Noort, S., McLeish, M., Deeble, M. & Stone, V. Sneaky African fig wasps that oviposit through holes drilled by
other species. Afr. Nat. Hist. 5, 9-15 (2009).

Schatz, B. & Hossaert-McKey, M. Interactions of the ant Crematogaster scutellaris with the fig/fig wasp mutualism. Ecol. Entomol.
28, 359-368 (2003).

Bain, A., Harrison, R. D. & Schatz, B. How to be an ant on figs. Acta Oecol. 57, 97-108. https://doi.org/10.1016/j.acta0.2013.05.006
(2014).

Bronstein, J. L. Predators of fig wasps. Biotropica 20, 215-219 (1988).

. Wang, B., Geng, X. Z., Ma, L. B, Cook, J. M. & Wang R.-W. A trophic cascade induced by predatory ants in a fig-fig wasp

mutualism. J. Anim. Ecol. 83, 1149-1157 (2014).

Pacelhe, E T, Costa, E V,, Neves, E S., Bronstein, J. L. & Mello, M. A. Nectar quality affects ant aggressiveness and biotic defense
provided to plants. Biotropica 51, 196-204 (2019).

Bain, A. et al. Plasticity and diversity of the phenology of dioecious Ficus species in Taiwan. Acta Oecol. 57, 124-134. https://doi.o
rg/10.1016/j.acta0.2013.10.004 (2014).

Chiang, Y. P, Tzeng, H. Y., Chou, L. S. & Bain, A. Adaptation in a changing climate: the phenology of two closely related sympatric
Ficus species in Taiwan. Taiwania 66, 561-568. https://doi.org/10.6165/tai.2021.66.561 (2021).

Lin, S. Y. Species interactions in ant-fig-wasp community on Ficus benguetensis Ph.D. thesis, National Taiwan University (2016).
Chen, C. H. & Chou, L. Y. The blastophagini of Taiwan (Hymenoptera: Agaonidae: Agaoninae). J. Taiwan. Museum. 50, 113-154
(1997).

Lin, S. Y., Chou, L. S. & Bain, A. Sugar secretion and ant protection in Ficus benguetensis: toward a general trend of fig-ant
interactions. Acta Oecol. 90, 168-172. https://doi.org/10.1016/j.actao.2017.06.006 (2018).

Lin, S. Y,, Chou, L. S., Di Giusto, B. & Bain, A. Sexual specialization in phenology in dioecious Ficus benguetensis and its
consequences for the mutualism. Bot. Stud. 56, 32 (2015).

Berg, C. C. Corrective notes on the malesian members of the genus Ficus (Moraceae). Blumea—biodiversity. Evol. Biogeogr. Plants
56, 161-164. https://doi.org/10.3767/000651911X592128 (2011).

Wong, D. M., Bain, A., Chou, L. S. & Shiao, S. F. Description of two new species of fig wasps (Chalcidoidea: Pteromalidae:
Sycoryctinae) associated with Ficus benguetensis. Taiwania 63, 8596. https://doi.org/10.6165/tai.2018.63.155 (2018).

Compton, S. G., Rasplus, J. Y. & Ware, A. B. In In Parasitoid Community Ecology (eds Hawkins, B. & Sheehan, W.) (Oxford
University Press, 1994).

Tzeng, H. Y. et al. Confirmation of the parasitoid feeding habit in Sycoscapter, and their impact on pollinator abundance in Ficus
formosana. Symbiosis 45, 129-134 (2008).

Kuttamathiathu, J. The biology of philotrypesis caricae (L.), parasite of Blastophaga psenes (L.) (Chalcidoidea: parasitic
Hymenoptera). Proc. Int. Congr Zool. 15, 662-664 (1959).

Anstett, M. C., Kjellberg, F. & Bronstein, J. L. Waiting for wasps: consequences for the pollination dynamics of Ficus pertusa L. J.
Biogeogr. 23, 459-466 (1996).

Harrison, R. D., Yamamura, N. & Inoue, T. Phenology of a common roadside fig in Sarawak. Ecol. Res. 15, 47-61. https://doi.org/
10.1046/j.1440-1703.2000.00319.x (2000).

Weiblen, G. D., Yu, D. W. & West, S. A. Pollination and parasitism in functionally dioecious figs. Proc. R. Soc. B 268, 651-659.
https://doi.org/10.1098/rspb.2000.1389 (2001).

Ghara, M. & Borges, R. M. Comparative life-history traits in a fig wasp community: implications for community structure. Ecol.
Entomol. 35(2), 139-148. https://doi.org/10.1111/j.1365-2311.2010.01176.x (2010).

Proffit, M., Bessiere, J. M., Schatz, B. & Hossaert-McKey, M. Can fine-scale post-pollination variation of fig volatile compounds
explain some steps of the temporal succession of fig wasps associated with Ficus racemosa? Acta Oecol. 90, 81-90. https://doi.org/
10.1016/j.acta0.2017.08.009 (2018).

Ode, P. J., Vyas, D. K. & Harvey, J. A. Extrinsic inter-and intraspecific competition in parasitoid wasps. Ann. Rev. Entomol. 67,
305-328 (2022).

Vorburger, C. & Perlman, S. J. The role of defensive symbionts in host-parasite coevolution. Biol. Rev. 93, 1747-1764. https://doi.o
rg/10.1111/brv.12417 (2018).

Karifiho Betancourt, E. et al. In Evolutionary Ecology of Plant-Herbivore Interactions (eds. Nufiez-Farfan, ]. & Valverde, P. L.)
315-341 (Springer, 2020).

Zhang, Y. M. et al. Delimiting the cryptic diversity and host preferences of Sycophila parasitoid wasps associated with oak galls
using phylogenomic data. Mol. Ecol. 31, 4417-4433. https://doi.org/10.1111/mec.16582 (2022).

Tarachai, Y., Compton, S. G. & Trisonthi, C. The benefits of pollination for a fig wasp. Symbiosis 45, 29-32 (2008).

. Jandér, K. C. Fitness costs for fig wasps that fail to pollinate their host Ficus perforata. Symbiosis 84, 171-178 (2021).

Wang, R. W, Dunn, D. W. & Sun, B. E. Discriminative host sanctions in a fig-wasp mutualism. Ecology 95, 1384-1393. https://doi
.0rg/10.1890/13-0749.1 (2014).

Fay, P. A., Hartnett, D. C. & Knapp, A. K. Plant tolerance of gall-insect attack and gall-insect performance. Ecology 77, 521-534
(1996).

Castro, A. C,, Oliveira, D. C., Moreira, A. S. F. P, Lemos-Filho, J. P. & Isaias, R. M. Source-sink relationship and photosynthesis in
the horn-shaped gall and its host plant Copaifera langsdorffii Desf (Fabaceae). South. Afr. . Bot. 83, 121-126. https://doi.org/10.10
16/}.5ab.2012.08.007 (2012).

Dsouza, M. R. & Ravishankar, B. E. Nutritional sink formation in galls of Ficus glomerata Roxb. (Moraceae) by the insect pauropsylla
depressa (Psyllidae, Hemiptera). Trop. Ecol. 55, 129-136 (2014).

Huang, M. Y. et al. Leaf-derived cecidomyiid galls are sinks in Machilus Thunbergii (Lauraceae) leaves. Physiol. Plant. 152, 475-485.
https://doi.org/10.1111/ppl.12186 (2014).

Tooker, J. F. & Helms, A. M. Phytohormone dynamics associated with gall insects, and their potential role in the evolution of the
gall-inducing habit. J. Chem. Ecol. 40, 742-753. https://doi.org/10.1007/s10886-014-0457-6 (2014).

Sedlarevi¢ Zori¢, A. et al. Resource allocation in response to herbivory and gall formation in Linaria vulgaris. Plant Physiol.
Biochem. 135, 224-232. https://doi.org/10.1016/j.plaphy.2018.11.032 (2019).

Scientific Reports |

(2025) 15:1936

| https://doi.org/10.1038/s41598-025-86135-3 nature portfolio


https://doi.org/10.1073/pnas.2021148118
https://doi.org/10.1186/s40529-015-0090-x
https://doi.org/10.1111/j.1744-7429.2012.00901.x
https://doi.org/10.1016/j.actao.2013.06.007
https://doi.org/10.1016/j.actao.2013.06.007
https://doi.org/10.1016/j.actao.2013.05.006
https://doi.org/10.1016/j.actao.2013.10.004
https://doi.org/10.1016/j.actao.2013.10.004
https://doi.org/10.6165/tai.2021.66.561
https://doi.org/10.1016/j.actao.2017.06.006
https://doi.org/10.3767/000651911X592128
https://doi.org/10.6165/tai.2018.63.155
https://doi.org/10.1046/j.1440-1703.2000.00319.x
https://doi.org/10.1046/j.1440-1703.2000.00319.x
https://doi.org/10.1098/rspb.2000.1389
https://doi.org/10.1111/j.1365-2311.2010.01176.x
https://doi.org/10.1016/j.actao.2017.08.009
https://doi.org/10.1016/j.actao.2017.08.009
https://doi.org/10.1111/brv.12417
https://doi.org/10.1111/brv.12417
https://doi.org/10.1111/mec.16582
https://doi.org/10.1890/13-0749.1
https://doi.org/10.1890/13-0749.1
https://doi.org/10.1016/j.sajb.2012.08.007
https://doi.org/10.1016/j.sajb.2012.08.007
https://doi.org/10.1111/ppl.12186
https://doi.org/10.1007/s10886-014-0457-6
https://doi.org/10.1016/j.plaphy.2018.11.032
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

67. Elias, L. G., Teixeira, S. P, Kjellberg, F & Pereira, R. A. Diversification in the use of resources by Idarnes species: bypassing
functional constraints in the fig-fig wasp interaction. Biol. J. Linn. Soc. 106, 114-122 (2012).

68. Bronstein, J. L. The nonpollinating wasp fauna of Ficus pertusa: exploitation of a mutualism? Oikos 61, 175-186 (1991).

69. Zhang, X. W,, Chen, C., Wang, R. W. & Kjellberg, F. The cost of parasitism: high larval developmental mortality following attacks
by a parasitoid fig wasp on a fig pollinating wasp. Acta Oecol. 105, 103570 (2020).

70. Berg, C. C. & Corner, E. J. H. in In Flora Malesiana Vol. 17 Series I - Seed Plants. (eds Nooteboom, H. P.) (National Herbarium
Nederland, 2005).

71. Marcotuli, I. et al. Fruit development in Ficus carica L.: morphological and genetic approaches to fig buds for an evolution from
monoecy toward dioecy. Front. Plant Sci. 11, 1208. https://doi.org/10.3389/fpls.2020.01208 (2020).

Acknowledgements
We thank Da-Mien Wong for helping with the fieldwork in Fu-Yang Park, and Ming Liu for assisting with the
statistical analysis.

Author contributions

All authors contributed to the study’s conception and design. Material preparation, data collection, and analysis
were performed by SYL. The first draft of the manuscript was written by SYL, and all authors commented on
previous versions of the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Declaration of generative Al and Al-assisted technologies in the writing process
During the preparation of this work, the authors used ChatGPT and Grammarly to improve the readability
and proofreading of the manuscript. After using these tools, the authors reviewed and edited the content as
required and took full responsibility for the content of the publication

Additional information
Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:1936 | https://doi.org/10.1038/s41598-025-86135-3 nature portfolio


https://doi.org/10.3389/fpls.2020.01208
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Fig abscission as a defense mechanism of ﻿Ficus﻿ trees against parasitism by non-pollinating fig wasps
	﻿Methods
	﻿Study species
	﻿Phenological cycle of ﻿Ficus benguetensis﻿
	﻿Wasp-introduction experiment
	﻿Fig growth survey
	﻿Statistical analysis

	﻿Results
	﻿Abscission, wasp production, and parasitism
	﻿Fig size and investment

	﻿Discussion
	﻿Conclusion
	﻿References


