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Abstract
Dispersal that unites spatially subdivided populations into a metapopulation with
source–sink dynamics is crucial for species persistence in fragmented landscapes.
Understanding such dynamics for pollinators is particularly urgent owing to the ongoing global pollination crisis. Here, we investigated the population structure and
source–sink dynamics of a pollinating wasp (Wiebesia sp. 3) of Ficus pumila in the
Zhoushan Archipelago of China. We found significant asymmetry in the pairwise migrant numbers for 22 of 28 cases on the historical timescale, but only two on the
contemporary timescale. Despite a small population size, the sole island not colonized
by a superior competitor wasp (Wiebesia sp. 1) consistently behaved as a net exporter
of migrants, supplying large sinks. Comparable levels of genetic diversity, with few
private alleles and low genetic differentiation (total Fst: 0.03; pairwise Fst: 0.0005–
0.0791), were revealed among all the islands. There was a significant isolation-by-
distance pattern caused mainly by migration between the competition-free island and
other islands, otherwise the pattern was negligible. The clustering analysis failed to
detect multiple gene pools for the whole region. Thus, the sinks were most probably
organized into a patchy population. Moreover, the estimates of effective population
sizes were comparable between the two timescales. Thus the source–sink dynamics
embedded within a well-connected population network may allow Wiebesia sp. 3 to
persist at a competitive disadvantage. This study provides evidence that metapopulations in the real world may be complicated and changeable over time, highlighting the
necessity to study such metapopulations in detail.
KEYWORDS

asymmetrical gene flow, effective population size, patchy population, pollinating fig wasp,
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populations into a metapopulation. Along with increasing the dispersal among local populations, the metapopulation can be clas-

Spatial subdivision characterizes most natural populations as a

sified into isolated populations, the classical metapopulation, or a

consequence of heterogeneous-quality habitats (Tscharntke et al.,

patchy population (Dallas et al., 2020). However, migration is usually

2012) and/or habitat fragmentation (Potapov et al., 2017; Wang

asymmetrical. Populations in high-quality habitats are more than

et al., 2011). Migration across unsuitable matrices can unite local

self-supporting and provide net emigration, while populations in
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poor-quality habitats are only maintained by net immigration (Furrer

are particularly urgent for highly specialized pollinators, because

& Pasinelli, 2016; Pulliam, 1988). Identifying source populations

they are more prone to extinction during environmental changes

within a large population network helps target the areas of high

than generalists and their loss is more likely to drive the extirpation

priority for conserving vulnerable species (Loreau et al., 2013) and

of host plants (Tylianakis, 2013).

controling invasive species (Dauphinais et al., 2018). Sink areas are

With more than 800 species providing abundant figs for a diverse

nonetheless important for sustaining the whole network by func-

range of vertebrate frugivores, fig trees (Ficus, Moraceae) are key-

tioning as breeding sites and dispersal stepping-stones (Murphy,

stone species in tropical and subtropical regions (Chen et al., 2010;

2001), and by increasing spatial asynchrony (Fox et al., 2017).

Shanahan et al., 2001). Most Ficus species are pollinated by only the

However, studies providing empirical evidence on source–sink pop-

females of a single or very few agaonid wasp species, and agaonid

ulations are surprisingly rare (reviewed by Furrer & Pasinelli, 2016).

larvae, in turn, acquire nutrients from the galled flowers of their

There are several difficulties that hinder source–sink assess-

host figs, forming obligate mutualisms with high specificity (Cook

ments. Identifying source and sink populations is often thought to

& Rasplus, 2003; Cruaud et al., 2012; Wang et al., 2021). Although

require detailed demographic data, including both directional mi-

fig wasps, including agaonid wasps and parasitoids, are weak active

gration rates among populations and population-specific estimates

flyers, they can disperse over long distances using the wind (Ahmed

of reproductive and survival rates (Furrer & Pasinelli, 2016; Runge

et al., 2009; Harrison, 2003). In general, fig wasps of canopy figs

et al., 2006). However, information on immigration and emigration is

disperse farther than those of understory figs (Harrison & Rasplus,

generally lacking in field studies (Nystrand et al., 2010). Some stud-

2006). Thus, the former shows very limited genetic differentiation

ies circumvent this problem by assuming migration has negligible

over expansive geographic areas (Bain et al., 2016; Kobmoo et al.,

effects on population demography (Boughton, 1999), but this contra-

2010; Molbo et al., 2004; Sutton et al., 2016), whereas the latter

dicts the tenet of source–sink theory (Pulliam, 1988). Furthermore,

may form spatially structured populations (Rodriguez et al., 2017;

traditional capture–recapture approaches commonly used to esti-

Tian et al., 2015; Yu et al., 2019). However, if monsoons occur

mate vital rates are unable to discriminate between mortality and

during female-emergence periods, they may enable long-distance

emigration, leading to the underestimation of local survival rates

and strongly directional dispersal of fig wasps, shaping source–sink

(Paquet et al., 2020). Additionally, those demographic estimates only

population structure. Such a population structure and its ecological

describe the contemporary source–sink patterns, while source/sink

implications have not been investigated yet.

status and strength may vary over time with changing environments
(Grof-Tisza et al., 2019; Loreau et al., 2013).

Ficus pumila Linn. is one of the most northerly distributed fig trees,
with a natural distribution extending from the Ryukyu Islands to China

Taking these factors into consideration, genetic techniques may

and Vietnam. Wiebesia pumilae Hill (Hymenoptera: Agaonidae) was

allow for the easier identification of dispersal among spatially subdi-

previously thought to be its sole pollinator, but recent molecular data

vided populations (Baguette et al., 2013). Specifically, migration can

revealed three cryptic pollinators in China, referred to as Wiebesia spp.

be estimated both on historical timescales using the distribution of

1, 2, and 3 (Chen et al., 2012). Wiebesia spp. 1 and 2 diverged due to

allele frequencies among populations (Slatkin, 1985), and on con-

the uplift of the Wuyi Mountains and both underwent significant post-

temporary timescales by assigning genetic components based on in-

glacial spatial expansion, shaping their widespread, yet predominantly

dividual multilocus genotypes (Wilson & Rannala, 2003). Combining

allopatric, distributions (Chen et al., 2012). By contrast, Wiebesia sp.

estimates of current and historical migration then offers perspec-

3 declined in abundance during that period and presently has a very

tives on the long-term stability of population dynamics (Jiang et al.,

limited distribution, primarily on the offshore islands of the Zhoushan

2021; Palstra et al., 2007). Although it is difficult to infer local demo-

Archipelago where it shares some habitats with Wiebesia sp. 1 (Chen

graphic rates from genetic data, the importance of local demography

et al., 2014). Recent evidence shows that Wiebesia sp. 1 has a nearly

in source–sink dynamics may be overstated, because net migrants

nonoverlapping earlier emergence phenology than Wiebesia sp. 3 (Liu

among populations and local demographic rates necessarily mirror

et al., 2014). The foundress first entering a male fig usually lays most

each other if averaged over a long time period (Loreau et al., 2013).

or all of the eggs in high-value flowers, thereby reducing the ovipo-

Additionally, the distribution of genetic variation within and among

sition rates of subsequent foundresses (Dunn, 2020). All else being

local populations and the inferred dispersal patterns provide ways

equal, the phenological difference confers Wiebesia sp. 1 a competi-

to differentiate the three models of spatial population structure:

tive advantage over Wiebesia sp. 3. For the latter species, depressed

patchy, meta-, and isolated populations (Mayer et al., 2009). As a

reproductive rates are expected in habitats where have also been

consequence, an increasing number of genetic studies have clarified

colonized by Wiebesia sp. 1 (hereafter, “contact habitat”), relative to

the source–sink states of various vertebrate taxa (Andreasen et al.,

those habitats solely occupied by Wiebesia sp. 3 (hereafter, “noncon-

2012; Banks et al., 2015; Manier & Arnold, 2005; Minnie et al., 2018;

tact habitat”). According to the source–sink theory (Pulliam, 1988), we

O'Keefe et al., 2009). Nevertheless, insect pollinators have received

hypothesized that: (a) contact habitats receive net flows of immigrants

less attention, especially regarding how genetic connectivity among

of Wiebesia sp. 3 coming from noncontact habitats, and (b) the source–

populations and source–sink dynamics promote their persistence

sink dynamics stabilize population sizes of Wiebesia sp. 3 that would

(Franzen & Nilsson, 2013; Iles et al., 2018) under the ongoing global

otherwise decline over a long period due to the asymmetrical compe-

‘pollination crisis’ (Burkle et al., 2013; Potts et al., 2010). Such studies

tition with Wiebesia sp. 1.
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To test these hypotheses, we used microsatellites to investigate

122°20'E

¯

the spatial genetic structure of Wiebesia sp. 3 in the archipelago,
and we inferred migration patterns and effective population sizes

4697
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established in this region (Liu et al., 2014). Specifically, we asked

JT

XX

PT

PC
AS

DM

the following questions: (a) Is dispersal among islands symmetrical?

30°00'N

generations), when the two wasp species had probably already been

30°00'N

(Ne) on both contemporary and historical timescales. The historical
timescale here corresponds to approximately 600 years ago (~4Ne

DB

ZJ

ing as the source) or receiving net immigrants (i.e., serving as the
and contemporary timescales? (c) Are the effective population sizes
similar between the two timescales?

29°40'N

sink)? (b) Are the migration patterns consistent between historical

TH

FD
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2.1 | Sample collection
The study was conducted in the Zhoushan Archipelago, which is the
largest offshore archipelago in China. During 2015, we investigated
the 11 islands where Wiebesia sp. 3 was previously found (Chen
et al., 2012, 2014), as well as five additional islands; however, no fig
trees were found on one island (Daxie). Female F. pumila individuals

Japan
China

0

10

122°00'E

2

Korea

LH

29°40'N

Alternatively, is there any island showing net emigration (i.e., serv-

20 kilometers

122°20'E

122°40'E

F I G U R E 1 Sample locations of the pollinating wasps of Ficus
pumila in the Zhoushan Archipelago of China, and pairwise source–
sink relationships of Wiebesia sp. 3. Dashed and solid arrows
indicate the directionality of contemporary and long-term gene
flow, respectively, with thickness scaled by the net number of
migrants per generation (except for the contemporary migration
from DJ to PT, which is too large to show). The relative proportions
of Wiebesia sp. 1 (blue) and sp. 3 (red) within each site are also
presented [Colour figure can be viewed at wileyonlinelibrary.com]

produce figs once a year. The figs are receptive in late April to early
May and mature in the autumn in the studied area. The male indi-

The two cryptic wasp species co-
occurring on the archipel-

viduals produce figs twice a year, and the two crops of male figs are

ago, Wiebesia spp. 1 and 3, are morphologically indistinguishable.

receptive in late April to early May and July to August, respectively.

However, substantial differences in allele size ranges were found

Wiebesia spp. usually produce two generations annually, which

between the two species at WP294 (129–157 bp in Wiebesia sp. 1

emerge from mature male F. pumila figs and quickly enter receptive

vs. 113 bp in Wiebesia sp. 3), and can be used to determine species

figs in spring (April–May) and summer (July–August), respectively

identity (Liu et al., 2014). We also confirmed this approach by se-

(Liu et al., 2013, 2014). There are many more mature male figs in the

quencing the mtDNA COI genes of 90 wasps and comparing those

spring than in the summer; therefore, we collected mature male figs,

sequences with the haplotypes from Chen et al. (2012). The analysis

from which wasps were about to emerge, between April and May on

revealed a 100% identification of the wasp species on the basis of

the 15 islands (Figure 1) to reduce the adverse impacts of sampling

the WP294 locus. Therefore, we used the WP294 locus to identify

on both wasps and plants. A total of 724 figs were collected and kept

the species of the remaining wasps. Finally, 321 samples of Wiebesia

in fine-mesh bags to allow adult fig wasps to emerge. The wasps

sp. 3 were obtained from 241 figs on eight islands (Table 1), and the

were then stored in absolute ethanol at 4°C. No nonpollinating fig

only pure population (DJ) was free from competition with Wiebesia

wasps were found in the studied region.

sp. 1 (Figure 1). Only those samples of Wiebesia sp. 3 were used in
the subsequent analyses, and their WP294 locus was not further in-

2.2 | DNA extraction and microsatellite genotyping
To reduce the possibility of sampling siblings, we used only 1–3 fe-

cluded because of monomorphism in this species.

2.3 | Estimation of genetic diversity

male wasps per fig (867 wasps from 724 figs) for the experiments.
Total genomic DNA was extracted from the fig wasps using the

The software

method of Liu et al. (2013) and genotyped using nine microsatel-

was used to screen for stuttering, large allele dropout, and possible

micro-checker

v.2.2.3 (van Oosterhout et al., 2004)

lite loci (WP076, WP197, WP231, WP294, WP304, WP399, WP403,

null alleles. An Fst-outlier analysis implemented in

WP447 and WP522). PCR was conducted following the protocol of

& Nichols, 1996) was performed to identify loci that were poten-

fdist2

(Beaumont

Liu et al. (2009). The PCR products were separated and scanned on

tially under selection. Deviations from Hardy–Weinberg equilibrium

an ABI 3730 DNA Analyser (Applied Biosystems). Allele sizes were

and linkage disequilibrium between loci were determined using

scored using genemapper v.4.0 with post hoc manual examinations.

genepop

v.4.2.1 (Rousset, 2008), with threshold significance levels

4698
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TA B L E 1 Sample size and genetic diversity estimates as well as results of the bottleneck tests for each site
HE

FIS

Wilcoxon
testa

Mode-shift
test

0.586 (0.101)

0.678 (0.097)

0.137

0.47

L-shaped

0.469 (0.128)

0.627 (0.111)

0.256

0.68

L-shaped

Site

n

A

RA

RPA

HO

DB

36

5.63 (1.30)

5.43 (1.29)

0.00 (0.00)

DJ

35

5.13 (2.17)

5.02 (2.06)

0.03 (0.06)

DM

34

5.25 (1.58)

5.18 (1.54)

0.16 (0.32)

0.634 (0.196)

0.649 (0.126)

0.023

0.63

L-shaped

FD

34

6.25 (1.91)

6.09 (1.84)

0.22 (0.39)

0.616 (0.121)

0.714 (0.053)

0.139

0.63

L-shaped

LH

30

7.63 (1.51)

7.57 (1.50)

1.09 (1.07)

0.634 (0.124)

0.706 (0.095)

0.103

0.98

L-shaped

PT

33

6.00 (1.69)

5.87 (1.70)

0.36 (0.43)

0.518 (0.145)

0.672 (0.108)

0.232

0.81

L-shaped

TH

85

6.88 (1.81)

5.83 (1.64)

0.20 (0.36)

0.637 (0.076)

0.695 (0.072)

0.085

0.81

L-shaped

ZJ

34

6.38 (1.60)

6.20 (1.51)

0.03 (0.04)

0.625 (0.103)

0.710 (0.084)

0.122

0.37

L-shaped

Note: Values in parentheses are the standard deviations of the estimates across loci.
Abbreviations: A, number of alleles per locus; FIS, inbreeding coefficient; He, expected heterozygosity; Ho, observed heterozygosity; n, sample size; R A ,
allelic richness per locus rarefied to the minimum sample size; RPA , private allelic richness.
a

p-value of one-t ailed Wilcoxon signed-rank test for heterozygosity excess under the two-phase mutation model (TPM).

for multiple comparisons adjusted using the sequential Bonferroni
method (Rice, 1989).

identify the most likely number of genetic clusters. The program

The genetic diversity on each island was measured using the
mean number of alleles per locus (A) and allelic richness (R A) rarefied
to the minimum sample size implemented in

fstat

(Kalinowski, 2005), as well as by observed (HO) and expected (He)
arlequin

clumpp

(Jakobsson & Rosenberg, 2007) was employed to average the

results over 10 replicates.

v.2.9.3 (Goudet,

2001), and by private allelic richness (RPA) estimated in hp-rare v.1.0
heterozygosities calculated in

order rate of change of the likelihood, ΔK (Evanno et al., 2005), to

2.5 | Analysis of source–sink dynamics

v.3.5 (Excoffier & Lischer,

2010). Inbreeding coefficients (FIS) were also estimated for each is-

We assessed short-and long-term source–sink dynamics through

land in fstat.

contemporary and historical migration patterns, respectively.
Bidirectional migration rates between all pairs of islands were estimated allowing asymmetry. Gene flow via other islands was not

2.4 | Analysis of population structure

considered, though it might influence source/sink status by the
stepping-stone type metapopulation, particularly over long time-

Genetic differentiation was measured for all and paired islands using

scales. To provide a detailed picture of source–
sink dynamics,

multilocus Fst values in accordance with Weir and Cockerham (1984)

we first identified sources and sinks in a pairwise manner. Any is-

and implemented in fstat, with significance tested by permuting gen-

land that had significantly more immigrants than emigrants would

otypes among samples 1000 times. Because of the possibility of DJ

be defined as a sink. Thus, the same island could be classified as

serving as the source for others (hypothesis 1), we determined the

both a source and a sink, depending on which other islands it was

isolation-by-distance (IBD) patterns for three cases: among all eight

compared with. Finally, we evaluated the overall source–sink sta-

islands, among the seven islands without DJ, and between DJ and

tus for each island by its net flow of migrants with respect to all

the seven islands. The IBD patterns were examined using Mantel

other islands, to understand the islands' roles in the source–sink

tests in the first two cases, and a linear regression in the third case,

dynamics.

between Fst/(1−Fst) and the natural logarithm of the geographical distance, as suggested by Rousset (1997). Mantel tests were performed
with 9999 permutations using the r package “vegan” (Oksanen et al.,

2.5.1 | Contemporary timescale

2019).
Potential population structure was investigated using the
Bayesian genetic clustering approach in

Contemporary migration rates were estimated using a Bayesian ap-

v.2.3.3 (Pritchard

proach implemented in bayesass v.3.0.4 (Wilson & Rannala, 2003). To

et al., 2000). Ten independent analyses were run for each potential

achieve optimal parameter mixing, we initially adjusted the mixing

number of clusters (K) ranging from 1 to 10, with each run having 106

parameters (∆A , ∆F, and ∆M ) so that their acceptance rates reached

Markov chain Monte Carlo (MCMC) iterations following a burnin pe-

between 20% and 60%. With the finalized parameters, MCMC

structure

5

riod of 10 steps. The admixture model allowing for correlated allele

was run for 5 × 107 iterations including a burnin period of 5 × 106,

frequencies was used (Falush et al., 2003). In accordance with Wang

and parameters were sampled every 500 iterations. Owing to the

(2017), we used both the logarithm of the posterior probability of

common nonconvergence problems of MCMC chains (Meirmans,

the data for each K, lnP(D|K) (Pritchard et al., 2000), and the second

2014), we performed 10 repeat runs of the analyses with different

|
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random seeds and selected the best-fit run as indicated by the low-

for Ne and using Mantel tests with 9999 permutations for m and

est Bayesian deviance for further analyses.

Nem.

bayesass

is unable to directly estimate emigration, which never-

theless can be determined from immigration rates while correcting for unequal population sizes (Wilson & Rannala, 2003). The
contemporary effective population sizes were estimated using the
single-sample method on the basis of linkage disequilibrium and
implemented in

neestimator

3

|
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3.1 | Within-island genetic variation

v.2.1 (Do et al., 2014), which excluded

rare alleles at Pcrit = 0.02 to achieve a good balance between pre-

Most loci were successfully amplified, with rates ranging from 97.2%

cision and accuracy for the estimation (Waples & Do, 2010). With

(WP522) to 100% (WP231 and WP294), and an overall rate of 98.8%.

estimates of population size and immigration rate, we determined

The locus WP294 showed monomorphism in Wiebesia sp. 3, and

the migrant numbers for all pairs of islands in both directions. To

thus was used only to determine species identity and excluded from

assess significance of asymmetry for pairwise migrant numbers, we

further analyses. All the other loci were polymorphic with 6–13 al-

estimated the 95% confidence intervals (CIs) using the standard de-

leles, and an average of 10.25 ± 2.25 standard deviation alleles per

viation of the marginal posterior distribution for immigration rate.

locus. Excess homozygosity was found using micro-checker at all the
loci, but it was not consistent across islands for any locus (occurring
in 1–3 populations). This may have resulted from inbreeding rather

2.5.2 | Historical timescale

than null alleles, because few foundresses lay eggs in a single fig,
and their offspring have a high possibility to mate with siblings, as

We performed maximum-likelihood (ML) analyses in accordance with

supported by the detection of inbreeding in each island (Table 1).

the coalescent theory in

No stuttering or large allele dropout was detected.

migrate

v.3.6.11 (Beerli, 2006) to estimate
4

long-term gene flow. Ten short chains of 5 × 10 , with a sampling

interval of 100 steps, and three long chains of 5 × 106 genealogies,

fdist2

did not

indicate any Fst-outliers, suggesting selective neutrality for the loci.
Significant linkage disequilibrium was found in only one of 224 pair-

recorded every 1000 steps were run for each analysis. To explore

wise tests among islands (between WP403 and WP522 in DB). We

genealogical space more efficiently, we employed Markov coupled

detected significant deviations from Hardy–Weinberg equilibrium in

MCMC (i.e., MC3) using an adaptive heating scheme at temperatures

five out of 64 tests, occurring at five loci and in three islands.

of 1.0, 1.2, 1.5 and 3.0. The Brownian motion approximation of the

The indices of genetic diversity for each island are provided in

stepwise mutation model was implemented using a constant muta-

Table 1. Either the average number of alleles per locus (A) or allelic

tion rate across loci. Runs were repeated until posterior probabilities

richness (R A) did not differ significantly across islands, except that

stabilized, where Fst-based estimates of θ and M were used as the

they were higher in LH than in DB, DJ, and DM (p < .05). The ob-

starting values in the first run and subsequent runs, respectively,

served heterozygosity (HO) was significantly lower in DJ relative to

using the ML estimates from each previous run as the starting pa-

FD, LH, and TH, while minor differences were found between all

rameters. ML estimates along with 95% CIs from the final run were

the other pairwise island comparisons. There was no significant dif-

reported and used.
migrate

provides estimates for the scaled parameters θ = 4Neμ

ference in expected heterozygosity (HE) across islands. The private
allelic richness (RPA) was generally low, except in LH.

(μ, mutation rate per generation) and M = m/μ (m, immigration rate
per generation). We calculated the effective number of migrants
per generation (Nem) from i to j using θ j × Mi→j/4. Similar to the con-

3.2 | Population structure

temporary estimation, we obtained a 95% CI for Nem only when
considering the uncertainty in the estimation of migration rate. To

Weak genetic differentiation was observed among islands, as re-

facilitate comparisons with contemporary estimates, we converted

vealed by low global Fst (0.03 ± 0.007) and pairwise Fst, ranging from

θ and M into the unscaled parameters Ne and m, respectively, by

0.0005 (DB vs. LH) to 0.0791 (DJ vs. FD), despite most values being

approaching the estimation of μ using the method of Turner et al.

statistically significant (p < .05). Pairwise FST values between DJ and

(2002). Specifically, we treated each island as a replicate estimate

other islands were significantly higher than those between islands,

of the relative mutation rates across loci. For each island, we set

excluding DJ (Figure 2a). There was a significant IBD pattern among

μ = 1 × 10

−3

for the locus with the highest θ, and then scaled other

all the islands (r = .496, p = .005), but it became negligible when DJ

loci in accordance with μi/μmax = θi/θmax, to provide the upper limit of

was excluded from the Mantel test (r = .278, p = .118; Figure 2b).

μ. Similarly, the lower-bound estimate of μ was obtained by setting

This suggested that DJ was genetically different from the other is-

μ = 1 × 10−5 for the locus with the lowest θ, and we scaled other loci

lands and had relatively limited genetic exchange with them. This

using μi/μmin = θi/θmin. The average of the scaled mutation rates over

was also supported by a significant positive correlation between ge-

all the loci was used for the conversion. Estimates were compared

netic differentiation and geographic distance for DJ-involved pair-

between the two timescales using a pairwise Mann–Whitney test

wise comparisons (r = .806, p = .029; Figure 2b).
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F I G U R E 2 Genetic differentiation
between pairwise populations. (a) The
Fst estimates were significantly higher
between DJ and other seven populations
(the orange boxplot) than among the
populations excluding DJ (the blue
boxplot). (b) Relationships between Fst/
(1−Fst) and log-transformed geographic
distance. Significant isolation-by-
distance patterns were found among all
populations as well as between DJ and
other seven populations (orange circles),
but not among the populations excluding
DJ (blue circles) [Colour figure can be
viewed at wileyonlinelibrary.com]
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F I G U R E 3 Assignment of individuals
to multiple candidate genetic clusters of
K = 2–4 by the structure analyses. Each
vertical line represents one individual.
Populations are arranged from west to
east [Colour figure can be viewed at
wileyonlinelibrary.com]
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The genetic clustering analysis performed in structure showed an

PT

DJ

random seeds showed consistent results with that run (maximum

almost random change in lnP(D|K) with increasing K, and the ∆K sta-

difference = 0.09), basically eliminating the possibility of MCMC

tistic was small (around 1–8) for each K ≥ 2 (Figure S1), suggesting that

being trapped in a local mode. Immigration rates between all pairs

there was only one genetic cluster. For different values of K, each in-

of islands ranged from 0.4% (PT into TH) to 21.3% (DB into DM),

dividual showed an admixture of all the K clusters, and all the islands

with an average of 3.5%, and were mostly symmetrical with over-

were assigned to each cluster to similar extents (Figure 3), which also

lapping 95% CIs (Table 2). We detected significant asymmetrical

indicated that all the individuals belonged to a single gene pool.

migration rates from DB to DM, from DJ to PT, and from TH to FD,
LH and ZJ, with nonsignificant migration occurring in the reverse

3.3 | Source–sink dynamics

directions. For emigration, we corrected for unequal population
sizes using the point estimates of N e from neestimator, which ranged
from 12.9 (DM) to 1340.8 (PT) with an average of 324.7 (Table 2).

3.3.1 | Contemporary patterns

Two island pairs showed significant asymmetry in the number of
migrants per generation (Figure 1): DB had slightly more emigrants

The

run with the lowest Bayesian deviance indicated a

to DM (2.8, 95% CI = 1.6–3 .9) than immigrants from DM (0.3, 95%

substantial proportion of immigrants (8.4%–32.5% with an av-

CI = 0–0 .8), while DJ had a surprisingly large number of emigrants

erage of 24.5%) in each island. All the other runs with different

to PT (229.4, 95% CI = 95.9–362.9) in contrast to few immigrants

bayesass

60.4

12.9

169.4

112.1

1340.8

859.0

17.9

DJ

DM

FD

LH

PT

TH

ZJ

0.057 (0, 0.121)

0.038 (0, 0.109)

0.025 (0, 0.064)

0.100 (0.001, 0.199)

0.019 (0, 0.053)

0.009 (0, 0.028)

0.006 (0, 0.018)

0.021 (0, 0.055)

0.171 (0.072,
0.271)
0.020 (0, 0.053)

0.014 (0, 0.040)

0.020 (0, 0.052)

0.688 (0.658, 0.718)

0.029 (0, 0.062)

0.010 (0, 0.030)

DM

0.039 (0, 0.098)

0.018 (0, 0.052)

0.015 (0, 0.045)

0.213 (0.124, 0.302)

0.041 (0, 0.112)

0.901 (0.845,
0.958)

0.014 (0, 0.039)

DJ

0.012 (0, 0.034)

0.769 (0.708, 0.830)

DB

0.057 (0.008,
0.105)

0.008 (0, 0.023)

0.017 (0, 0.044)

0.013 (0, 0.038)

0.731 (0.667,
0.794)

0.018 (0, 0.049)

0.010 (0, 0.031)

0.013 (0, 0.037)

FD

0.010 (0, 0.030)

0.005 (0, 0.015)

0.010 (0, 0.029)

0.681 (0.653, 0.710)

0.017 (0, 0.045)

0.012 (0, 0.034)

0.010 (0, 0.029)

0.011 (0, 0.031)

LH

0.008 (0, 0.023)

0.004 (0, 0.011)

0.675 (0.659,
0.691)

0.013 (0, 0.035)

0.008 (0, 0.023)

0.008 (0, 0.024)

0.008 (0, 0.023)

0.008 (0, 0.022)

PT

0.014 (0, 0.038)

0.126 (0.017,
0.235)

0.004 (0, 0.012)
0.676 (0.656,
0.695)

0.916 (0.834,
0.998)
0.164 (0.085,
0.243)

0.009 (0, 0.025)

0.009 (0, 0.030)

0.156 (0.06,
0.253)

0.073 (0, 0.168)

0.009 (0, 0.026)

0.008 (0, 0.024)

0.008 (0, 0.024)

ZJ

0.038 (0, 0.115)

0.022 (0, 0.062)

0.167 (0.098,
0.237)

TH

–13.0 (–53.7, 10.8)

–74.8 (–310.4, 191.1)

429.1 (76.7, 879.8)

13.8 (–61.1, 76.6)

12.5 (–78.5, 95.9)

–36.5 (–105.9, 7.7)

–248.7 (–429.3,
−80.0)

–82.5 (–226.9, 8.9)

Net number of
immigrants

Note: The immigration rate from a population to itself refers to the proportion of nonmigrants within that population. Significant asymmetry of migration rate with nonoverlapping 95% CI is denoted by
bold (marking the larger value), and significant asymmetry of migrant number (that is, with unequal population sizes accounted for) with nonoverlapping 95% CI is indicated by grey areas (on the major
direction of gene flow).

25.4

Ne

DB

Site

Immigration rates from

TA B L E 2 Contemporary estimates of effective population size (Ne), pairwise immigration rates, and overall net numbers of immigrants
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–4.6 (–6.9, –2 .4)

–4.5 (–7.0, –1.9)

7.94 (7.02, 8.95)

6.04 (5.51, 6.61)

11.03 (10.05, 12.07)
–
9.48 (8.57, 10.45)

5.52 (5.01, 6.06)

5.31 (4.64, 6.04)

4.27 (3.82, 4.75)

6.11 (5.39, 6.89)

7.42 (6.83, 8.05)
5.23 (4.73, 5.76)

10.23 (9.28, 11.24)
171.6 (159.2, 185.3)

739.6 (670.1, 819.1)
ZJ

TH

5.27 (4.77, 5.80)

9.67 (8.75, 10.65)

16.07 (14.74, 17.48)
7.79 (6.87, 8.78)
PT

118.5 (109.2,
128.8)

9.68 (8.65, 10.78)

12.63 (11.45,
13.88)

6.51 (5.68, 7.42)

–
9.49 (8.59, 10.45)
8.02 (7.19, 8.90)
7.23 (6.45, 8.08)
20.70 (19.36,
22.11)
141.1 (130.6,
152.7)
LH

8.58 (7.81, 9.41)
–
5.04 (4.45, 6.33)
5.59 (4.97, 6.26)
7.69 (6.96, 8.47)
273.0 (252.1,
296.4)
FD

8.65 (7.76, 9.61)

6.30 (5.62, 7.03)
6.13 (5.46, 6.86)

10.01 (9.05, 11.03)
3.61 (3.05, 4.24)

–
4.12 (3.58, 4.72)

–
5.50 (4.80, 6.27)

11.15 (10.23,
12.12)
287.6 (262.9, 315.4)

166.8 (137.0, 181.1)
DJ

536.9 (492.5,
586.7)
DB

DM

6.39 (5.80, 7.02)
–

4.43 (3.94, 4.96)

7.32 (6.68, 7.99)

14.00 (13.12, 14.92)

−4

7.51 (6.71, 8.38)

4.03 (3.60, 4.50)

7.64 (6.73, 8.62)
–

12.66 (11.62,
13.77)
9.94 (9.02, 10.92)

6.19 (5.53, 6.90)
3.58 (3.09, 4.12)

Note: Ne and m were estimated from scaled parameters θ and M by Ne = θ/4μ and m = M × μ, respectively, using μ = 3.77 × 10 obtained by averaging across scaled estimates of μ for each microsatellite.
Significant asymmetry of migration rate with nonoverlapping 95% CI is denoted by marking the larger value in bold, and significant asymmetry of migrant number with nonoverlapping 95% CI is indicated by grey
areas on the major direction of gene flow.

–10.0 (–12.8, –7.3)
7.83 (7.01, 8.70)

13.7 (9.7, 17.9)

–1.2 (–3.9, 1.7)
7.44 (6.72, 8.21)

–

–3.5 (–5.9, –1.1)

–0.3 (–3.4, 2.7)

8.32 (7.45, 9.26)

9.80 (8.94, 10.71)

4.89 (4.23, 5.61)

8.14 (7.36, 8.97)
5.45 (4.82, 6.13)

13.41 (12.3, 14.59)

4.91 (4.4, 5.47)
4.17 (3.70, 4.68)

TH
PT
LH
FD
DM
DJ
DB
Ne
Site

Immigration rates (m, ×10 −3) from

TA B L E 3 Historical estimates of unscaled effective population size (Ne), pairwise immigration rate (m), and overall net numbers of immigrants

ZJ

7.48 (6.84, 8.16)

10.2 (6.5, 14.1)
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immigrants
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from PT (0.5, 95% CI = 0–1.4). The overall analysis indicated that
DJ was a net source and PT was a net sink, while the six other
islands did not show any significant net emigration or immigration
levels (Table 2).

3.3.2 | Historical patterns
Coalescent estimates of effective population size (Ne) ranged from
118.5 (PT) to 739.6 (ZJ) with an average of 304.4 (Table 3), and these
values were comparable with the contemporary estimates (Mann–
Whitney U = 14, p = .641). Between all pairs of islands, long-term
migration rates (m) ranged from 0.4% (PT into FD) to 2.1% (DB
into LH) with an average of 0.8% (Table 3), and the number of migrants (Nem) varied from 0.6 (DM into DJ) to 7.5 (LH into DB) with
an average of 2.1. The Mantel tests comparing m or Nem between
long-term and contemporary timescales did not reveal any significant correlations (m: r = .149, p = .252; Nem: r = −.453, p = .925).
Asymmetrical m and asymmetrical Nem were found in 17 and 22,
respectively, of 28 pairwise comparisons between islands (Table 3).
However, the predominant directions of migration were reversed for
the two types of asymmetry within the same island pair. For example, a significantly higher m was found from ZJ to any other island
than in the reverse direction, but when accounting for the relatively
large population size of ZJ, the comparison of Nem revealed that ZJ
received more migrants than it provided (significant for six out of
seven pairwise tests, Table 3). The pairwise source–sink relationships are shown in Figure 1, where the same island being both a
source and a sink was frequently observed. The overall analysis identified ZJ and DB as net sinks, and classified LH, PT, TH, and DJ as net
sources (Table 3).

4

|

DISCUSSION

Two or more pollinating wasps have been increasingly found in the
same fig species (Yang et al., 2015), violating the one-to-one rule
of fig–wasp mutualisms (Wiebes, 1979). Local coexistence in general seems difficult for cryptic fig wasp species (Darwell & Cook,
2017). In F. pumila, two pollinating wasp species, Wiebesia spp. 1
and 3, are found in sympatry on some islands of the Zhoushan
Archipelago, whereas Wiebesia sp. 1 has a competitive advantage over Wiebesia sp. 3 (Liu et al., 2014). Our results suggest
that the Wiebesia sp. 3 populations are maintained by source–sink
dynamics. The competition-free island functions as a refuge for
Wiebesia sp. 3, and that population serves as a substantial source
fuelling other islands. Those sinks are well connected with each
other by high dispersal rates of the wasps, which further reduces
local extinction risks. This study provides an empirical test for
source–
sink dynamics in pollinators, and may offer a regional
view—complementary to those possible local mechanisms (e.g.,
Montero-P au & Serra, 2011; Zhang et al., 2004)—for understanding cryptic species coexistence.

|
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4.1 | Asymmetric gene flow and source–
sink dynamics
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2004; O'Sullivan et al., 2019), and it has also been empirically documented in other animal systems (Dubart et al., 2019; Jones et al.,
2014; Lindegren et al., 2014). However, if migration causes large

The migration analyses revealed significant asymmetry of gene flow

costs to the reproduction of sources, source populations may not

between pairs of islands. Although the migration patterns changed

sustain themselves, leading to the regional exclusion of the spe-

over time (discussed later), the island DJ, which is not colonized

cies (Amarasekare, 2003). The latter case is almost impossible in fig

by Wiebesia sp. 1, was consistently identified as a source across

wasps, because only a small portion of mated females enter figs and

historical and contemporary timescales. The major migration direc-

lay their eggs (Dunn, 2020). Therefore, it can be expected that the

tion from DJ to the other islands may be correlated with the occur-

source–sink dynamics promote the persistence of Wiebesia sp. 3,

rences of monsoons in this region. The emergence and dispersal

which is also supported by the stability of the population size across

of the wasps occurred predominantly from April to May and from

timescales. Alternatively, competition between very similar species

July to August (Liu et al., 2014), when the prevailing winds blow

may not be sufficiently intense to cause species exclusion, but it al-

from ocean (east) to continent (west) in East China. Because fig

ters the densities of their local populations instead, which is termed

wasps disperse over long distances passively by the wind (Harrison,

“density compensation” (Lara et al., 2020; MacArthur et al., 1972).

2003; Harrison & Rasplus, 2006), the monsoon patterns suggest

However, because the competitive advantage of Wiebesia sp. 1 over

that Wiebesia spp. can readily migrate from the easternmost island

Wiebesia sp. 3 has direct relevance to reproduction (Liu et al., 2014),

(DJ) to the others, whereas migration in the opposite direction is

it may be difficult for the two species to live together for many gen-

much more difficult. This may explain why the DJ population con-

erations through density compensation.

sistently acts as a source for Wiebesia sp. 3, and why Wiebesia sp.
1 has not colonized DJ.

Our results also showed that the opposite conclusion would
be drawn for the direction of gene flow and source–sink status

In contrast to the asymmetrical gene flow trend from large to

if the relative population sizes were not considered (Table 3).

small populations, as revealed by previous studies (Hansen et al.,

Few previous studies have measured migration asymmetry by di-

2007; Manier & Arnold, 2005), large populations predominantly

rectly comparing estimates of migration rate (m) from programs
or

between the two directions of a pop-

behaved as sinks (e.g., PT on the contemporary scale and DB and

such as

ZJ on the historical scale), whereas the consistent source (DJ) had

ulation pair, whereby they further determined sources and sinks

a relatively small population size on both timescales (Tables 2 and

(Andreasen et al., 2012; Chiucchi & Gibbs, 2010; DeSilva & Dodd,

3). Although counterintuitive, this pattern is not contradictory to

2020; Palstra et al., 2007), but see Manier and Arnold (2005) and

the tenet of the source–sink theory, which states that asymmetrical

Sonsthagen et al. (2012). Technically speaking, whether a popu-

dispersal arises owing to differences in habitat qualities (and thus,

lation acts as a source or a sink depends on the difference be-

reproductive rates) rather than population size imbalance (Pulliam,

tween its immigration and emigration rates, whereas m represents

1988). Indeed, local abundance may be decoupled from habitat

the immigration rates of different populations. Overlooking this

quality when habitats are linked by dispersal (Iles et al., 2018; Van

difference may generate misleading inferences for asymmetrical

Horne, 1983). In some cases, sinks are buoyed demographically by

migration and lead to the misidentification of sources in conserva-

immigration, making them larger than the sources (Andreasen et al.,

tion planning, particularly when populations differ greatly in size

2012; Weegman et al., 2016). Thus, without clear information re-

(Wilson & Rannala, 2003).

migrate

bayesass

garding the relevant processes (birth, death, immigration, and emigration), population size may be a poor predictor of source–sink
status (Runge et al., 2006).
Instead, our results suggest that the source–sink dynamics of

4.2 | Patchy population structure and
dispersal ability

Wiebesia sp. 3 are most probably driven by interspecific competition.
There are more F. pumila figs that provide potential breeding sites

The sinks most likely form a patchy population instead of a classi-

for their pollinating wasps in the sink habitats than in the source,

cal metapopulation. The genetic clustering analysis indicated that all

but the presence of Wiebesia sp. 1 in the sinks may dramatically

the islands belonged to a single genetic cluster, and the descriptive

undermine the habitat quality, as perceived by Wiebesia sp. 3 (Liu

statistics showed comparable genetic diversity across sinks with a

et al., 2014), through niche destruction (Kylafis & Loreau, 2011). In

generally low richness of private alleles. Moreover, pairwise ge-

this manner, the presence of superior competitors turns a good hab-

netic differentiation was predominantly low (0.0005–0.0591), with

itat into a bad one, and a potential source into a sink (termed “soft

considerable migration rates among sinks. All these results suggest

sink”, sensu Schmidt et al., 2000). Immigration from refuge popu-

high genetic connectivity among the sinks. Moreover, no isolation-

lations may rescue the inferior competitor from extinction in soft

by-distance pattern was found in the sinks, while IBD should be ex-

sinks, if the migrants are surplus individuals who do not contribute

pected in a classical metapopulation (Mayer et al., 2009). Therefore,

to the local reproduction of sources (Amarasekare & Nisbet, 2001).

despite the de facto difficulty in clearly distinguishing between clas-

This spatial storage effect provides a foundation for the mass-effect

sical metapopulations and patchy populations because they repre-

paradigm of species coexistence in metacommunities (Leibold et al.,

sent a continuum (Mayer et al., 2009; Rasic & Keyghobadi, 2012),
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the spatial structure of Wiebesia sp. 3 is more akin to that of a patchy

TONG et al.
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population. Consistent with this conclusion, weak genetic differentiation was revealed among the host populations in the Zhoushan

The discovery of cryptic fig-pollinating wasp species in sympatry

Archipelago (Chen et al., 2008).

raises the question of how ecologically similar cryptic species coex-

The lack of a spatial genetic structure for Wiebesia sp. 3 among

ist. Our study on the pollinating wasps of F. pumila indicates that

the sinks probably reflects its ability to disperse over distances of

the local populations of Wiebesia sp. 3 with reproductive rates de-

tens of kilometers, which contrasts with previous studies that sug-

pressed by a sympatric cryptic wasp are fuelled by immigrants from

gested the localized dispersal of dioecious-fig pollinators (Harrison,

the competition-free refuge population. High dispersal rates of the

2003; Harrison & Rasplus, 2006). Many dioecious figs are understory

wasps join the sinks to form a patchy population, further reducing

shrubs and have high population densities, resulting in long-distance

the local extinction risk. This spatial structure having source–sink

dispersal not be required and active pollinator dispersal beneath

dynamics may contribute to the persistence of the wasp species

the tree canopy being the probable rule (Harrison & Rasplus, 2006).

facing asymmetrical competition. Moreover, some source and sink

However, F. pumila dwells in open areas (mostly rocks and aban-

populations show reverse trends across time. These findings dem-

doned walls) or reaches forest canopies by creeping up large trees,

onstrate that metapopulations in the real world are complicated, and

presumably allowing its pollinators to use the wind for long-distance

they highlight that such metapopulations should be studied using

dispersal, like many monoecious-
fig wasps (Cooper et al., 2020;

detailed approaches.

Kobmoo et al., 2010; Sutton et al., 2016). Low genetic differentiation
and a lack of IBD over distances of more than 1000 km have indeed
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