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Abstract The mutualism between fig plants and fig wasps
has been recognized as one of the most specialized systems
of symbiosis. Figs are pollinated by their highly specific
pollinating fig wasps, and the pollinating fig wasps are
raised within the syconia of figs. Recent studies indicated a
difference between monoecious and dioecious figs in the
dispersal range of pollinating wasps, which has potential
consequences for gene flow. In this study, we detected the
gene-flow pattern of the dioecious climbing fig, Ficus pu-
mila L. var. pumila, at both local and regional scales. At the
local scale, spatial autocorrelation analysis indicated strong
genetic structure at short distances, a pattern of limited gene
flow. This result was also supported by a high inbreeding
coefficient (Fis = 0.287) and significant substructuring
(Fst = 0.060; P < 0.001). Further analysis indicated that
the effective gene dispersal range was 1,211 m, and the
relative contribution of seed dispersal was smaller than that
of pollen dispersal. The inferred effective range of pollen
dispersal ranged from 989 to 1,712 m, while the effective
seed dispersal range was less than 989 m. Lack of long-
distance dispersal agents may explain the limited seed
dispersal. The high density of receptive fig trees was the
most likely explanation for limited pollen dispersal, and the
position of syconia and relatively low wind speed beneath

R. Wang - B. Ai - B.-Q. Gao - S. Yu - Y.-Y. Li -
X.-Y. Chen (I)

Department of Environmental Sciences,

Shanghai Key Laboratory for Ecological Processes
and Restoration, East China Normal University,
Shanghai 200062, China

e-mail: xychen@des.ecnu.edu.cn

R. Wang - B. Ai - B.-Q. Gao - S. Yu - Y.-Y. Li - X.-Y. Chen
Tiantong National Observation Station for Forest Ecosystems,
Shanghai 200062, China

the canopy may contribute to this phenomenon. At the
regional scale, significant negative correlations (kinship
coefficient F;; ranging from —0.038 to —0.071) existed in
all comparisons between the studied population and other
populations, and the assignment test grouped almost all
individuals of the studied population into a distinct cluster.
Asynchronous flowering on the regional scale, which pro-
vides a barrier for the pollinating wasps to fly from the
studied population to the other populations, is probably
responsible for the limited gene flow on the regional scale.
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Introduction

The mutualism between fig plants (Ficus, Moraceae) and
pollinating fig wasps (Hymenoptera, Chalcidoidea, Aga-
onidae) has been recognized as one of the most ancient and
specialized systems of symbiosis (Janzen 1979; Herre et al.
1999; Machado et al. 2001). Figs develop closed, urn-
shaped inflorescences or syconia with tiny uniovulate
flowers. The pollinating fig wasp larvae develop inside the
syconium. To reproduce, the short-lived adult female
wasps disperse, carrying pollen from their natal plant, to a
tree with receptive syconia (Cook and Rasplus 2003;
Harrison 2003). In monoecious figs, the pollinating female
wasps enter the syconium, attempt to oviposit and achieve
pollination during the process. Ovules that receive a wasp
egg form a gall on which the wasp larva feeds, while others
develop into a seed if they are pollinated. In dioecious figs,
wasps can reproduce only in the functionally male syconia.
When entering a female syconium, the wasp pollinates
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during the process of searching for suitable oviposit sites
(Harrison et al. 2000).

A difference in the dispersal range of pollinating wasps
was found between monoecious and dioecious figs. In gen-
eral, pollinators of monoecious figs fly over a larger range
than pollinators of dioecious figs, as determined by the
observation of different recovery rates after local extinction
(Harrison 2000, 2003), and population genetic and paternity
studies (Nason et al. 1998; Yokoyama 2003), although long-
range dispersal was observed in some cases (e.g., Zavodna
et al. 2005a). One possible explanation is related to the
density of host plants. The short-range dispersal of the
pollinators of dioecious figs was generally linked to a high
density of receptive trees, therefore, nullifying the need for
long-distance dispersal (Harrison 2003). Another possible
explanation is linked to the differential behavior of polli-
nating wasps, which is correlated to the position of the host
plant in the canopy. In general, dioecious figs grow beneath
the canopy, while monoecious figs are canopy species
(Harrison 1996). Pollinating wasps are weak fliers depending
on wind speeds. Wind speeds are higher above the canopy
than beneath, which may be associated with dispersal over a
long distance (Kameyama et al. 1999). Whatever the cause,
the difference in dispersal ranges of the pollinators of
monoecious and dioecious figs may lead to differences in
pollen dispersal, and consequently differences in gene flow.

Seed dispersal is an important component of gene flow.
Seeds of fig trees are dispersed by animals, some of which,
such as bats and birds, have the ability to fly long distance
(Lambert and Marshall 1991; Compton et al. 1996; Tan
et al. 1998; Shilton et al. 1999). Rapid colonization in
newly emerged volcanic islands shows that seeds of many
figs are dispersed over long distances (Thornton et al.
1996; Shanahan et al. 2001a). However, no difference in
seed dispersal between monoecious and dioecious figs has
been reported.

Studies in recent decades have shown that the spatial
genetic structure (SGS) provides an important indicator of
gene flow (Hardy and Vekemans 1999; Fenster et al. 2003;
Heuertz et al. 2003; Peakall et al. 2003; Valbuena-Cara-
bana et al. 2007). Although diverse evolutionary drivers
have roles in shaping SGS, gene flow and selection are
recognized as the most important (Sokal et al. 1989; Ep-
person 1990). However, if we use neutral markers, such as
microsatellites, the revealed SGS is affected mainly by
isolation by distance (Escudero et al. 2003). Given such a
premise, SGS has proved useful to infer gene flow in plant
populations (Heuertz et al. 2003; Epperson 2007). Spatial
autocorrelation analysis, a method that treats individuals as
basic units, is efficient and precise in deciphering SGS
(Sokal and Oden 1978; Epperson and Li 1996; Manel et al.
2003; Epperson 2004). Gene flow and the relative contri-
bution of pollen and seed dispersal can be evaluated when
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this method is combined with newly developed statistical
measures (Vekemans and Hardy 2004).

In this study, we used neutral microsatellite markers and
spatial autocorrelation analysis to examine the relative
contribution of pollen dispersal and seed dispersal in Ficus
pumila L., a dioecious evergreen perennial root-climber.
Two varieties, F. pumila var. pumila and F. pumila var.
awkeotsang, have been identified in this species. We focused
mainly on a F. pumila var. pumila population in Zhejiang
Province, China. Mature F. pumila var. pumila individuals
are known to flower in late April to early May (Ma and Wu
1989). More recent observations found that male individuals
also flower in the autumn in Fujian Province, but the female
individuals do not (Chen et al. 2002). Both male and female
F. pumila var. awkeotsang flower in the spring and in the
autumn in Fujian Province, China (Chen et al. 2002, 2008a).

The wasp Wiebesia pumilae (Agaonidae) has been
identified as a fig pollinator. During the flowering period,
the female pollinating wasps emerge from male syconia
and seek receptive fig trees to oviposit or pollinate the
flowers depending on the gender of the figs that they
entered (Ma and Wu 1989; Chen et al. 2002). Female F.
pumila var. pumila bear syconia with long- and pin-styled
uniovulate flowers. The pollinating wasps cannot lay their
eggs in these figs because there is no oviposition platform
on the style, and their ovipositor is shorter than the styles
and thus cannot reach the ovule. Functionally male trees
bear syconia with male flowers and short-styled female
flowers in which the pollinating wasps can lay their eggs.

The fruits of F. pumila var. pumila mature in autumn.
Bats have been reported to consume F. pumila seed in
Hong Kong (Corlett 2006); however, there are no fruit bats
north of the Tropic of Cancer in China (S.-Y. Zhang,
personal communication). According to villagers, rats and
ants may be seed predators. In a previous study, significant
differentiation was found among island and mainland
populations of figs, suggesting that limited gene flow may
exist in this species (Chen et al. 2008b). This limitation
was supported by the failure to find pollinating wasps on
some islands or in areas of a large island.

This study was focused mainly on a mainland popula-
tion of figs, and was designed to answer the following two
questions. (1) Does the significant genetic structure occur
on a fine scale? (2) How large are the dispersal ranges of
pollen and seed?

Methods
Sampling

This study was conducted in Tiantong National Forest
Park and three adjacent villages in eastern Zhejiang
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Fig. 1 Positions of each
sampled individual in Tiantong
(population TT). Individuals
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Province, China (Fig. 1). Zonal vegetation is evergreen
broadleaf forest dominated by Castanopsis fargesii
Franch., Castanopsis carlesii (Hemsl.) Hayata., and
Schima superba Gardn. et Champ. (Song and Wang
1995). This F. pumila var. pumila population (population
TT) is surrounded by mountains and therefore relatively
isolated from other populations. Ficus pumila var. pumila
individuals are scattered in the forest park and the vil-
lages, and can be grouped into three subpopulations: ZJ,
SB, and QY (Fig. 1). After extensive surveys, 129 F.
pumila var. pumila individuals were found and sampled in
the summer of 2005 and the spring of 2006. The position
of each individual was determined with a portable GPS.
Several fresh healthy leaves were taken from each indi-
vidual and dried in a sealable bag with about 50 g of
silica gel. No F. pumila var. awkeotsang individuals were
found in this area.

DNA extraction and microsatellite genotyping

Total genomic DNA was extracted according to a modified
CTAB method (Fan et al. 2004). The extracted DNA were
dissolved in 150 pl of TE buffer and stored at —70°C.
After searching the microsatellite primers of congeners, we
used 10 polymorphic microsatellites, in which five loci

(fs4-11, fm4-18, £s3-31, fm4-15, and fm3-64) were from
Zavodna et al. (2005b) and the rest (Imfcl7, Imfc20,
Imfc25, Imfc32, and Imfc37) were from Griraldo et al.
(2005). Each PCR reaction was performed in a 20-pl
reaction mixture composed of 2 pl of Taqg DNA polymer-
ase buffer [100 mM KCI, 80 mM (NH,4),SO,4, 100 mM
Tris—HCI, NP-40, pH 9.0], 0.75 unit of Taq DNA poly-
merase (Shanghai Sangon Biological Engineering
Technology & Services), 60 ng genomic DNA, 0.2 uM of
each primer, 0.4 mM of each dNTP, and 1.875 mM MgCl,.
PCR reaction process included an initial melting step of
3 min at 94°C; 28 cycles of 15 s at 94°C, 45 s at annealing
temperature of 40.5-65°C (depending on the primer used)
and 30 s at 72°C; and a final extension step of 7 min at
72°C. All reactions were run on a PTC-220 DNA Dyad
thermal cycler (MJ Research, Waltham, MA, USA). The
amplification products were separated by electrophoresis in
6% denaturing polyacrylamide gels and stained with silver
nitrate. pUC19 DNA/Mspl(Hpall) marker 23 (Fermentas)
was used to be the reference of the products’ lengths.

Analysis of genetic diversity and genetic differentiation

At the subpopulation and population levels, the number of
alleles per locus (A), the allele richness per locus (Agr)
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(El Mousadik and Petit 1996), and the inbreeding coeffi-
cients (Fig) were calculated with FSTAT version 2.9.3.2
(Goudet 1995). The observed and unbiased expected het-
erozygosities (Nei 1978) were assessed using TFPGA1.3
(Miller 1997). The Hardy—Weinberg equilibrium was tes-
ted with Fisher’s exact test using the software TFPGA1.3
(Miller 1997). Genetic differentiation among subpopula-
tions was evaluated by Fgr (Weir and Cockerham 1984)
using FSTAT (Goudet 1995).

Spatial autocorrelation analysis

The spatial genetic structure of F. pumila var. pumila in
Tiantong (population TT, Fig. 1) was analyzed using
SPAGeDi version 1.2 (Hardy and Vekemans 2002). Kin-
ship coefficients were chosen, since these have many
advantages, such as not taking the Hardy—Weinberg equi-
librium as a basic assumption (Vekemans and Hardy 2004).
The F. pumila var. pumila population had a low level of
polymorphism with the greatest number of alleles per locus
being four. We used the kinship coefficient as defined by
Loiselle et al. (1995) to analyze the genotype dataset
because this index is the best choice when the level of
polymorphism is low (Vekemans and Hardy 2004). We
divided 8,256 pair-wise comparisons into 10 intervals of
equal distance (630 m for each). A total of 9,999 permu-
tations of locations and genes were made to determine the
95% CI for the index in each distance class.

Spatial genetic structure was analyzed at the regional
scale by including the data for nine populations studied by
Chen et al. (2008b). Six microsatellite loci (fs4-11, fm4-
18, fs3-31, fm4-15, fm3-64, and Imfc25) were used in both
studies, and thus SGS on the regional scale was applied to
these loci. We used the index described by Loiselle et al.
(1995) to extend the detection of SGS to the regional scale.
Each population described by Chen et al. (2008b) was
defined as a particular group. The standard errors were
estimated by jackknifing over loci for each comparison.

Estimation of effective ranges of pollen and seed
dispersal

We used SPAGeDi (Hardy and Vekemans 2002) to esti-
mate the neighborhood size (Nb) and then estimated the
dispersal distance indirectly by inferring ¢ from Nb (Hardy
et al. 2006), where o is the square of half the average axial
parent—offspring distance. In Wright’s isolation-by-dis-
tance model, the pairwise kinship coefficients between
individuals in the two-dimensional space are expected to
vary linearly with the logarithm of geographic distance
within a distance range of ¢ and 200 considering a muta-
tion rate for microsatellites of u= 10" (Hardy and
Vekemans 1999; Heuertz et al. 2003). At this spatial scale,
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the slope (blog) of regressing pairwise kinship coefficient
on In(distance) (o to 200) may be adopted to estimate Nb
using the formula:

1-F

Nb=—
blog

where F is an estimation of Wright’s inbreeding coefficient
(Fenster et al. 2003; Heuertz et al. 2003). Then ¢ can be
obtained easily from the effective population density (D).
In practice, an iterative procedure is applied to determine
Nb and o (Vekemans and Hardy 2004), if o converges, the
range of gene dispersal will be determined. In woody
species, D/4 can be considered as the approximate value of
D. (Hardy et al. 2006), where D is the census population
density. In the present study, since we had searched the
sampling area extensively and sampled almost all indi-
viduals that can be distinguished, the sample size was
considered as an estimate of population size. Then, D was
estimated as 4.384 individuals km™? (sampling
area ~29.43 km?), and D, was 1.096 individuals km 2.
The initial distance range for regression was set to 300—
6,000 m.

According to Vekemans and Hardy (2004), the coeffi-
cients of the cubic regression between kinship coefficients
and the natural logarithm of distances can be used to
estimate the relative contributions of pollen and seed dis-
persal to total gene dispersal (Heuertz et al. 2003).
Concavity (k > 0) and convexity (k < 0) in the regression
curve indicate o < 0, and o5 > 0, respectively (see Ve-
kemans and Hardy 2004 for details), where o, and o, are
the effective seed dispersal and pollen dispersal, respec-
tively. Therefore, on the basis of the information of relative
contribution of pollen and seed dispersal, we can estimate
the range of effective dispersal of pollen or seed using the
relationship:

o = 0'? + %612)

If effective dispersal of pollen is larger than that of seed
dispersal, setting o, = 0, the minimum value of o, is
\/2/730'7 while the maximum value of o, is V20, given
o, = 0, and the maximum value of o, is \/2_/§0, when
Op = 0.

Assignment test

A Bayesian cluster analysis was conducted using the
method implemented in STRUCTURE version 2.2 (Prit-
chard et al. 2000). The admixture of individuals
regardless of the geographic locations of the samples was
used for clustering all individuals from the study popu-
lation and the nine populations studied by Chen et al.
(2008b). We first explored which value of K (number of
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clusters) maximized the likelihood of the data. Simula-
tions were performed by replicating 20 runs for each
value of K from 1 to 10, with the following settings:
admixture model, correlated allele frequencies, burn-in
length of 10,000, and MCMC repetitions of 10,000
(Pritchard et al. 2000). All other parameters were set at
their default values. The approach described by Evanno
et al. (2005) was adopted to estimate the most reasonable
K by using AK as the criterion. Once the most reliable
value of K was defined, all individuals were assigned to
the K populations probabilistically by using a burn-in of
300,000 and 1,000,000 MCMC repetitions.

Results

Each individual Ficus pumila var. pumila had a unique
genotype over the 10 microsatellite loci. No significant
linkage disequilibrium was found in any pair of loci. The
number of alleles per locus ranged from 2 to 4, with a mean
of 3.3. The average Ho and Hg of the population were
0.38 £ 0.15 and 0.53 £ 0.11, respectively. Fisher’s exact
test indicated that all 10 loci deviated significantly from
Hardy—Weinberg equilibrium in population TT except for
fm3-64. Eight of 10 values of Fig were positive, indicating
that heterozygosity deficiency had a critical role in the
deviation.

The mean number of alleles per locus, the mean allelic
richness, and the heterozygosity showed that the subpop-
ulations had similar genetic variation (Table 1). Seventeen
of 30 Fis values deviated significantly from zero and
among them, 13 were caused by heterozygosity deficiency.
Significant difference were observed among the subpopu-
lations of F. pumila var. pumila, with an Fgt value of 0.060
(P < 0.01). Pair-wise Fgt between subpopulations was also
significantly larger than zero (P < 0.01 in all comparisons).

Kinship coefficient analysis showed a strong spatial
structure in the first distance class (within 630 m) with an
F;; value of 0.0614 (Fig. 2). In the second distance class
(630-1,260 m), F; was negative (—0.0094) but not

Table 1 Genetic diversity over 10 microsatellite loci in population
TT and three subpopulations

Subpopulation =~ Number A AR H, H, Fis
of samples

7] 66 320 3.15 051 037 0275

SB 27 320 3.18 051 039 0236

QY 36 3.10 3.07 050 038 0.246

Total 129 330 330 053 038 0.287

A Mean number of alleles, Ag mean allelic richness, Hg unbiased
expected heterozygosity, Hp oberved heterozygosity, Fig inbreeding
coefficient
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Fig. 2 Plot of the curve of kinship coefficient versus the geographic
distance within population TT. The filled circles are significant values
of F;;. The dotted lines are 95% confidence interval of no association
from 9,999 permutations. The kinship coefficient was significantly
related to spatial distance
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Fig. 3 Comparison of the kinship coefficients (F;;) within population
TT and samples in the study by Chen et al. (2008b) based on six
shared microsatellite loci. The error bar for each index value is the
standard error obtained from jackknifing over six loci. The results of
permutation tests are shown: *P < 0.05, **P < 0.01

significantly different from the expected value. Values of
F;; fluctuated in the following eight distance classes. A
significantly positive value was found in the third distance
class while significantly negative values were found in the
eighth and the tenth distance classes (Fig. 2). However, at
the regional scale, values of F;; were significantly negative
and all populations exhibited similar levels of differentia-
tion with population TT (F; ranged from —0.038 to
—0.071) (Fig. 3).

After the iterative procedure, o converged and was
estimated to be 1,211 m, and the deduced neighborhood
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Fig. 4 Genetic structure of populations as defined by STRUCTURE
(Pritchard et al. 2000). Each thin vertical line represents a particular
individual. The membership for each individual is indicated by

size (Nb) was 18.47 individuals. Using a cubic regression
(R2 = 0.7441, P < 0.01), the coefficients of the second and
the third power terms were 0.873 and —0.0385, respec-
tively. The calculated k was 0.426, indicating that the
contribution of seed dispersal was smaller than that of
pollen dispersal. The effective pollen dispersal distance was
estimated to range from 989 to 1,712 m, while the effective
seed dispersal range was estimated to be less than 989 m.

Combined with data from Chen et al. (2008b), there
were 10 F. pumila var. pumila populations that had been
analyzed with six common microsatellite loci. After 20
repeated runs for K numbered 1-10, there was a peak of AK
at K = 3, indicating that the most logical number of
clusters was three. Using the STRUCTURE software,
individuals from the study population (TT) were almost all
assigned to a distinct cluster, which seldom included
individuals of the other nine populations. Individuals of
populations DH and MH were assigned mainly to another
cluster, and the third cluster consisted mainly of individuals
of the other natural populations (see Fig. 4 for details).

Discussion

Using 10 neutral microsatellite loci, autocorrelation anal-
ysis indicated that the F. pumila var. pumila population
exhibited a strong spatial genetic structure at short dis-
tances, a pattern of restricted gene flow (e.g., Sokal et al.
1997; Epperson et al. 1999). The estimated effective pollen
dispersal was 989-1,712 m, much shorter than the distances
estimated for monoecious figs (e.g., Nason et al. 1998;
Harrison 2008), and shorter than those of two dioecious fig
plants reported by Zavodna et al. (2005a). Seed dispersal
was limited compared to pollen dispersal. Fst among
subpopulations also indicated significant genetic structure
at a fine scale. The estimated value of Fgt (0.06) among
subpopulations of population TT with a range of about
29.43 km? is slightly larger than Fgr = 0.05 reported by
Saddoud et al. (2007) for analysis with a dataset of 72 F.
carica ecotypes collected across Tunisia. Restricted gene
flow was supported also by the high degree of inbreeding
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partitioning the corresponding line into several parts with different
colors. Individuals are grouped by the original populations or
subpopulations (in population TT)

within population TT. Theoretically, dioecious species are
obligate outcrossers and a low level of inbreeding is
expected (Hamrick and Godt 1989). In functionally dioe-
cious F. carica, Fis has been reported to range from 0.011
to 0.053 (Saddoud et al. 2007), much smaller than the
value in this study (Fis = 0.287).

Limited seed dispersal in the study population is con-
sistent with the conclusion that climbing figs are poor
colonizers (Shanahan et al. 2001a). Lack of a long-distance
seed disperser might explain the results for the study
population. Animals, including birds and bats with long-
distance dispersal ability, are seed dispersers of fig species
(Shanahan et al. 2001b). Bats have been observed eating
the fruit of F. pumila var. pumila in Hong Kong (Corlett
2006), but no fruit bat has been found in areas north of the
Tropic of Cancer in China (S.-Y. Zhang, personal com-
munication). For fig fruits, inconspicuous colors are less
attractive to birds (Yokoyama 2003). The mature syconia
of F. pumila var. pumila are dark green, with no great
difference from the color of its leaves. Furthermore, F.
pumila var. pumila usually grows in open areas associated
with human activities, such as banks of creeks and aban-
doned walls, and rarely climbs to the forest canopy.
Therefore, there seem to be very few birds that will eat the
syconia of F. pumila var. pumila. Villagers told us that
syconia might be consumed by rodents and ants. In the
field, we observed that most ripe fruits of F. pumila var.
pumila in the Tiantong area fell to the ground and were not
removed or consumed for several days.

At a local scale, the effective range of pollen dispersal
was greater than that of seed dispersal, and this was a
common phenomenon found in other plants over a large
area (Petit et al. 2005). However, the pollen dispersal range
was less than that reported for other fig species (e.g., Nason
et al. 1998; Zavodna et al. 2005a). The limited pollen dis-
persal could be explained by the high density of mature F.
pumila var. pumila individuals. Density might affect insect
forage behavior, and therefore lead to differences in the
mating systems of plants (Barret and Eckert 1990). The
distance (ranging from 8 to 775 m with a mean of 108 m)
between the closest mature F. pumila var. pumila



Popul Ecol (2009) 51:307-315

313

individuals in population TT was much smaller than the
minimum flight distance for pollinating fig wasps from the
natal tree to a receptive individual in monoecious fig species
(>3.6 km, Harrison 2008). However, with a high density of
receptive fig trees, W. pumilae might not have to fly very far
to reach a receptive fig. A high density of receptive host figs
has been used to explain the reduced dispersal range of
pollinating wasps in other dioecious fig species (Harrison
2003). As suggested by Harrison (2003), restricted pollen
dispersal might be linked to low canopy positions of F.
pumila var. pumila. The low wind speed in the understory is
not favorable for the flight of pollinating fig wasps (Ka-
meyama et al. 1999), which use wind-assisted dispersal
(Compton et al. 2000). Furthermore, because the study
population is surrounded by mountains, decreased wind
speeds are expected, leading to reduced pollinating wasp
dispersal.

Autocorrelation analysis at a regional scale indicated
that the F. pumila study population was negatively related
to other populations (Fig. 3). Assignment analysis assigned
almost all individuals of the study population to a distinct
cluster while individuals of the other nine populations were
assigned to two other clusters (Fig. 4). These results indi-
cated restricted gene flow between the study population
and other populations, with substantial gene flow among
the other nine populations, most of which were growing on
oceanic islands. A high level of gene flow among island
populations can be explained by the strong air currents over
the sea, which may promote the flight of pollinating fig
wasps (Zavodna et al. 2005a).

Asynchronous flowering might also explain the restricted
gene flow observed between the study population and other
populations. In the 2007 survey, most W. pumilae had
emerged from ripe male figs in population TT in late April.
However, no mature fig wasps were observed in the island
populations of the Zhoushan archipelago in the same per-
iod. In 2008, although the flight of W. pumilae was delayed
by about 10 days in the study population, the difference
between the studied and island populations was still
observed. Given the short lifespan of adult female polli-
nating fig wasps (usually less than 1 day) (Kjellberg et al.
1988; Harrison 2000, 2003), asynchronous flowering at a
regional scale provides a barrier for the female pollinating
wasps to fly from the study population to the other popu-
lations. The asynchronous flowering might be due to
differential local climate. However, whether the asynchro-
nous flowering is fixed or casual needs further investigation.

Conclusion

From spatial analysis on both local and regional scales, we
inferred restricted gene flow in a F. pumila var. pumila

population. The effective gene dispersal range was
1,211 m, and the relative contribution of seed dispersal was
less than that of pollen dispersal. The inferred effective
range of pollen dispersal was 989-1,712 m, while the
effective seed dispersal range was less than 989 m. A lack
of long-distance dispersers was the probable cause of the
limited seed dispersal. A high density of mature F. pumila
var. pumila individuals was the most probable reason for the
limited pollen dispersal. The position of syconia and rela-
tively low wind speed below the canopy may contribute to
the limited pollen dispersal in the Tiantong area. Asyn-
chronous flowering on the regional scale may provide a
barrier for the pollinating female wasps to fly from the study
population to other populations. Further studies on seed
dispersal, phenology, and local climates may aid better
understanding the gene flow in F. pumila var. pumila.

Acknowledgments We thank two anonymous reviewers for con-
structive suggestions and comments; Da-Wei Gao for field work; Mei-
Hua Liu, Yan Chen, Miao-Miao Shi and Yue-Wei Cai for help in the
experiments; and Jun-Xiang Li, Li Shen, Qing Hu and Cheng Li for
help in digitizing the sampling map. This work was supported by the
National Natural Science Foundation of China (30870361), Open Fund
of MOE Key Laboratory of Biodiversity and Ecology Engineering and
Program for “211” and New Century Excellent Talents in University
(NCET-05-0431) to X.Y. Chen and The Open Fund of Tiantong
National Observation Station for Forest Ecosystems to R. Wang.

References

Barret SCH, Eckert CG (1990) Variation and evolution of mating
systems in seed plants. In: Kawano S (ed) Biological approaches
and evolutionary trends in plants. Academic, London, pp 229-
254

Chen Y, Li HQ, Ma WL (2002) The reproductive character of Ficus
pumila var. pumila, F. pumila var. awkeotsang and their
pollinators (in Chinese with English abstract). Acta Phytoecol
Sinica 26:58-63

Chen Y, Li HQ, Ruan SJ, Ma WL (2008a) Pollination of a cultivated
fig, Ficus pumila var. awkeotsang, in South China. Symbiosis
45:33-36

Chen Y, Shi MM, Ai B, Gu JM, Chen XY (2008b) Genetic variation
in island and mainland population of Ficus pumila (Moraceae) in
eastern Zhejiang of China. Symbiosis 45:37-44

Compton SG, Craig AJFK, Waters IWR (1996) Seed dispersal in an
African fig tree: birds as high quantity, low quality dispersers? J
Biogeogr 23:553-563. doi:10.1111/j.1365-2699.1996.tb00017.x

Compton SG, Ellwood MDF, Davis AJ, Welch K (2000) The flight
heights of chalcid wasps (Hymenoptera, Chalcidoidea) in a
lowland Bornean rain forest: fig wasps are the high fliers.
Biotropica 32:515-522

Cook JM, Rasplus JY (2003) Mutualists with attitude: coevolving fig
wasps and figs. Trends Ecol Evol 18:241-248. doi:10.1016/
S0169-5347(03)00062-4

Corlett RT (2006) Figs (Ficus, Moraceae) in urban Hong Kong, South
China. Biotropica 38:116-121

El Mousadik A, Petit RJ (1996) High level of genetic differentiation
for allelic richness among populations of the argan tree [Argania
spinosa (L.) Skeels] endemic to Morocco. Theor Appl Genet
92:832-839. doi:10.1007/BF00221895

@ Springer


http://dx.doi.org/10.1111/j.1365-2699.1996.tb00017.x
http://dx.doi.org/10.1016/S0169-5347(03)00062-4
http://dx.doi.org/10.1016/S0169-5347(03)00062-4
http://dx.doi.org/10.1007/BF00221895

314

Popul Ecol (2009) 51:307-315

Epperson BK (1990) Spatial autocorrelation of genotypes under
directional selection. Genetics 124:757-771

Epperson BK (2004) Multilocus estimation of genetic structure within
populations. Theor Popul Biol 65:227-237. doi:10.1016/j.tpb.
2003.11.003

Epperson BK (2007) Plant dispersal, neighbourhood size and isolation
by distance. Mol Ecol 16:3854-3865. doi:10.1111/j.1365-294X.
2007.03434.x

Epperson BK, Li TQ (1996) Measurement of genetic structure within
populations using Moran’s spatial autocorrelation statistics. Proc
Natl Acad Sci USA 93:10528-10532. doi:10.1073/pnas.93.
19.10528

Epperson BK, Huang Z, Li TQ (1999) Measures of spatial structure in
samples of genotypes for multiallelic loci. Genet Res 73:251—
261. doi:10.1017/S001667239900378X

Escudero A, Iriondo JM, Torres ME (2003) Spatial analysis of genetic
diversity as a tool for plant conservation. Biol Conserv 113:351—
365. doi:10.1016/S0006-3207(03)00122-8

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of
clusters of individuals using the software STRUCTURE: a
simulation study. Mol Ecol 14:2611-2620. doi:10.1111/j.
1365-294X.2005.02553.x

Fan XX, Shen L, Zhang X, Chen XY, Fu CX (2004) Assessing
genetic diversity of Ginkgo biloba L. (Ginkgoaceae) populations
from China by RAPD markers. Biochem Genet 42:269-278. doi:
10.1023/B:BIGI.0000034431.15308.57

Fenster CB, Vekemans X, Hardy OJ (2003) Quantifying gene flow
from spatial genetic structure data in a metapopulation of
Chamaecrista fasciculate (Leguminosae). Evolution 57:995-
1007

Giraldo E, Viruel MA, Lopez-Corrales M, Hormaza JI (2005)
Characterisation and cross-species transferability of microsatel-
lites in the common fig (Ficus carica L.). J Hortic Sci Biotechnol
80:217-224

Goudet J (1995) FSTAT (version 1.2): a computer program to
calculate F-statistics. J Hered 86:485-486

Hamrick JL, Godt MJW (1989) Allozyme diversity in plant species.
In: Brown AHD, Clegg MT, Kahler AL (eds) Plant population
genetics, breeding and genetic resources. Sinauer, Sunderland,
pp 43-63

Hardy OJ, Vekemans X (1999) Isolation by distance in a continuous
population: reconciliation between spatial autocorrelation anal-
ysis and population genetics models. Heredity 83:145-154. doi:
10.1046/j.1365-2540.1999.00558.x

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer
program to analyse spatial genetic structure at the individual or
population levels. Mol Ecol Notes 2:618-620. doi:10.1046/j.
1471-8286.2002.00305.x

Hardy OJ, Maggia L, Bandou E, Breyne P, Caron H, Chevallier MH,
Doligez A, Dutech C, Kremer A, Latouche-Halle C, Troispoux
V, Veron V, Degen B (2006) Fine-scale genetic structure and
gene dispersal inferences in 10 neotropical tree species. Mol
Ecol 15:559-571. doi:10.1111/j.1365-294X.2005.02785.x

Harrison RD (1996) The ecology of the fig—fig wasp mutualism in a
lowland tropical forest in Sarawak, Malaysia. M.Sc. Thesis,
Kyoto University, Kyoto, Japan

Harrison RD (2000) Repercussions of El Nino: drought causes
extinction and the breakdown of mutualism in Borneo. Proc R
Soc Lond B Biol Sci 267:911-915. doi:10.1098/rspb.2000.
1089

Harrison RD (2003) Fig wasp dispersal and the stability of a keystone
plant resource in Borneo. Proc R Soc Lond B Biol Sci 270:S76—
S79. doi:10.1098/rsbl.2003.0018

Harrison RD (2008) Adaptive significance of phenological variation
among monoecious hemi-epiphytic figs in Borneo. Symbiosis
45:83-90

@ Springer

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

Herre EA, Knowlton N, Mueller UG, Rehner SA (1999) The
evolution of mutualisms: exploring the paths between conflict
and cooperation. Trends Ecol Evol 14:49-53. doi:10.1016/
S0169-5347(98)01529-8

Heuertz M, Vekemans X, Hausman JF, Palada M, Hardy OJ (2003)
Estimating seed versus pollen dispersal from spatial genetic
structure in the common ash. Mol Ecol 12:2483-2495. doi:
10.1046/j.1365-294X.2003.01923.x

Janzen DH (1979) How to be a fig. Annu Rev Ecol Syst 10:13-51.
doi:10.1146/annurev.es.10.110179.000305

Kameyama T, Harrison R, Yamamura N (1999) Persistence of a fig
wasp population and evolution of dioecy in figs: a simulation
study. Res Popul Ecol (Kyoto) 41:243-252

Kjellberg F, Doumesche B, Bronstein JL (1988) Longevity of a fig
wasp (Blastophaga psenes). Proc K Ned Akad Wet C 91:117-
122

Lambert FR, Marshall AG (1991) Keystone characteristics of bird-
dispersed Ficus in a Malaysian lowland rain forest. J Ecol
79:793-809. doi:10.2307/2260668

Loiselle BA, Sork VL, Nason J, Graham C (1995) Spatial genetic
structure of a tropical understory shrub, Psychotria officinalis
(Rubiaceae). Am J Bot 82:1420-1425. doi:10.2307/2445869

Ma WL, Wu X (1989) A preliminary study of symbioses between
Blastophaga pumilae Hill (Hymenoptera) and Ficus pumila L.
(Moraceae) (in Chinese with English abstract). Acta Ecol Sin
9:9-14

Machado CA, Jousselin E, Kjellberg F, Compton SG, Herre EA
(2001) Phylogenetic relationships, historical biogeography and
character evolution of fig-pollinating wasps. Proc R Soc Lond B
Biol Sci 268:685-694. doi:10.1098/rspb.2000.1418

Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Landscape
genetics: combining landscape ecology and population genetics.
Trends Ecol Evol 18:189-197. doi:10.1016/S0169-5347(03)
00008-9

Miller MP (1997) Tools for population genetic analyses (TFPGA)
v1.3: a windows program for the analysis of allozyme and
molecular genetic data. Department of Biological Sciences,
Northern Arizona University, Flagstaff

Nason JD, Herre EA, Hamrick JL (1998) The breeding structure of a
tropical keystone plant resource. Nature 391:685-687. doi:
10.1038/35607

Nei M (1978) Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics 89:583—
590

Peakall R, Ruibal M, Lindenmayer DB (2003) Spatial autocorrelation
analysis offers new insights into gene flow in the Australian bush
rat, Rattus fuscipes. Evolution 57:1182-1195

Petit RJ, Duminil J, Fineschi S, Hampe A, Salvini D, Vendramin GG
(2005) Comparative organization of chloroplast, mitochondrial
and nuclear diversity in plant populations. Mol Ecol 14:689-701.
doi:10.1111/j.1365-294X.2004.02410.x

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genetics 155:945-959

Saddoud O, Chatti K, Salhi-Hannachi A, Mars M, Rhouma A,
Marrakchi M, Trifi M (2007) Genetic diversity of Tunisian figs
(Ficus carica L.) as revealed by nuclear microsatellites. Hered-
itas 144:149-157. doi:10.1111/§.2007.0018-0661.01967.x

Shanahan M, Harrison RD, Yamuna R, Boen W, Thornton IWB
(2001a) Colonization of an island volcano, Long Island, Papua
New Guinea, and an emergent island, Motmot, in its caldera
lake. V. Colonization by figs (Ficus spp.), their dispersers and
pollinators. J Biogeogr 28:1365-1377. doi:10.1046/j.1365-2699.
2001.00638.x


http://dx.doi.org/10.1016/j.tpb.2003.11.003
http://dx.doi.org/10.1016/j.tpb.2003.11.003
http://dx.doi.org/10.1111/j.1365-294X.2007.03434.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03434.x
http://dx.doi.org/10.1073/pnas.93.19.10528
http://dx.doi.org/10.1073/pnas.93.19.10528
http://dx.doi.org/10.1017/S001667239900378X
http://dx.doi.org/10.1016/S0006-3207(03)00122-8
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1023/B:BIGI.0000034431.15308.57
http://dx.doi.org/10.1046/j.1365-2540.1999.00558.x
http://dx.doi.org/10.1046/j.1471-8286.2002.00305.x
http://dx.doi.org/10.1046/j.1471-8286.2002.00305.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02785.x
http://dx.doi.org/10.1098/rspb.2000.1089
http://dx.doi.org/10.1098/rspb.2000.1089
http://dx.doi.org/10.1098/rsbl.2003.0018
http://dx.doi.org/10.1046/j.1440-1703.2000.00319.x
http://dx.doi.org/10.1046/j.1440-1703.2000.00319.x
http://dx.doi.org/10.1016/S0169-5347(98)01529-8
http://dx.doi.org/10.1016/S0169-5347(98)01529-8
http://dx.doi.org/10.1046/j.1365-294X.2003.01923.x
http://dx.doi.org/10.1146/annurev.es.10.110179.000305
http://dx.doi.org/10.2307/2260668
http://dx.doi.org/10.2307/2445869
http://dx.doi.org/10.1098/rspb.2000.1418
http://dx.doi.org/10.1016/S0169-5347(03)00008-9
http://dx.doi.org/10.1016/S0169-5347(03)00008-9
http://dx.doi.org/10.1038/35607
http://dx.doi.org/10.1111/j.1365-294X.2004.02410.x
http://dx.doi.org/10.1111/j.2007.0018-0661.01967.x
http://dx.doi.org/10.1046/j.1365-2699.2001.00638.x
http://dx.doi.org/10.1046/j.1365-2699.2001.00638.x

Popul Ecol (2009) 51:307-315

315

Shanahan M, So S, Compton SG, Corlett R (2001b) Fig-eating by
vertebrate frugivores: a global review. Biol Rev Camb Philos
Soc 76:529-572

Shilton LA, Altringham JD, Compton SG, Whittaker RJ (1999) Old
World fruit bats can be long-distance seed dispersers through
extended retention of viable seeds in the gut. Proc R Soc Lond B
Biol Sci 266:219-223. doi:10.1098/rspb.1999.0625

Sokal RR, Oden NL (1978) Spatial autocorrelation in biology. I.
Methodology. Biol J Linn Soc Lond 10:199-228. doi:10.1111/
j-1095-8312.1978.tb00013.x

Sokal RR, Jacquez GM, Wooten MC (1989) Spatial autocorrelation
analysis of migration and selection. Genetics 121:845-855

Sokal RR, Oden NL, Thomson BA (1997) A simulation study of
microevolutionary inferences by spatial autocorrelation analysis.
Biol J Linn Soc Lond 60:73-93. doi:10.1111/5.1095-8312.
1997.tb01484.x

Song YC, Wang XR (1995) Vegetation and flora of Tiantong National
Forest Park, Zhejiang Province (in Chinese with English
abstract). Shanghai Scientific Documentary Press, Shanghai

Tan KH, Zubaid A, Kunz TH (1998) Food habits of Cynopterus
brachyotis (Muller) (Chiroptera: Pteropodidau) in Peninsular
Malaysia. J  Trop  Ecol  14:299-307.  doi:10.1017/
50266467498000236

Thornton LWB, Compton SG, Wilson CN (1996) The role of animal
in the colonization of the Krakatau Islands by fig tress (Ficus

species). J Biogeogr 23:577-592. doi:10.1111/j.1365-2699.1996.
tb00019.x

Valbuena-Carabana M, Gonzalez-Martinez SC, Hardy OJ, Gil L
(2007) Fine-scale spatial genetic structure in mixed oak stands
with different levels of hybridization. Mol Ecol 16:1207-1219.
doi:10.1111/j.1365-294X.2007.03231.x

Vekemans X, Hardy OJ (2004) New insights from fine-scale spatial
genetic structure analyses in plant populations. Mol Ecol
13:921-935. doi:10.1046/j.1365-294X.2004.02076.x

Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution 38:1358-1370. doi:
10.2307/2408641

Yokoyama J (2003) Cospeciation of figs and fig-wasps: a case study
of endemic species pairs in the Ogasawara Islands. Popul Ecol
45:249-256. doi:10.1007/s10144-003-0166-4

Zavodna M, Arens P, Van Dijk PJ, Partomihardjo T, Vosman B, Van
Damme JMM (2005a) Pollinating fig wasps: genetic conse-
quences of island recolonization. J Evol Biol 18:1234-1243. doi:
10.1111/5.1420-9101.2005.00937.x

Zavodna M, Arens P, Van Dijk PJ, Vosman B (2005b) Development
and characterization of microsatellite markers for two dioecious
Ficus species. Mol Ecol Notes 5:355-357. doi:10.1111/j.
1471-8286.2005.00924.x

@ Springer


http://dx.doi.org/10.1098/rspb.1999.0625
http://dx.doi.org/10.1111/j.1095-8312.1978.tb00013.x
http://dx.doi.org/10.1111/j.1095-8312.1978.tb00013.x
http://dx.doi.org/10.1111/j.1095-8312.1997.tb01484.x
http://dx.doi.org/10.1111/j.1095-8312.1997.tb01484.x
http://dx.doi.org/10.1017/S0266467498000236
http://dx.doi.org/10.1017/S0266467498000236
http://dx.doi.org/10.1111/j.1365-2699.1996.tb00019.x
http://dx.doi.org/10.1111/j.1365-2699.1996.tb00019.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03231.x
http://dx.doi.org/10.1046/j.1365-294X.2004.02076.x
http://dx.doi.org/10.2307/2408641
http://dx.doi.org/10.1007/s10144-003-0166-4
http://dx.doi.org/10.1111/j.1420-9101.2005.00937.x
http://dx.doi.org/10.1111/j.1471-8286.2005.00924.x
http://dx.doi.org/10.1111/j.1471-8286.2005.00924.x

	Spatial genetic structure and restricted gene flow in a functionally dioecious fig, Ficus pumila L. var. pumila (Moraceae)
	Abstract
	Introduction
	Methods
	Sampling
	DNA extraction and microsatellite genotyping
	Analysis of genetic diversity and genetic differentiation
	Spatial autocorrelation analysis
	Estimation of effective ranges of pollen and seed dispersal
	Assignment test

	Results
	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


