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Abstract

Fragmentation reduces population sizes, increases isolation between habitats and can

result in restricted dispersal of pollen and seeds. Given that diploid seed dispersal

contributes more to shaping fine-scale spatial genetic structure (SGS) than haploid

pollen flow, we tested whether fine-scale SGS can be sensitive to fragmentation even if

extensive pollen dispersal is maintained. Castanopsis sclerophylla (Lindley & Paxton)

Schottky (Fagaceae), a wind-pollinated and gravity seed-dispersed tree, was studied in an

area of southeast China where its populations have been fragmented to varying extents

by human activity. Using different age classes of trees in areas subject to varying extents

of fragmentation, we found no significant difference in genetic diversity between

prefragmentation vs. postfragmentation C. sclerophylla subpopulations. Genetic differ-

entiation among postfragmentation subpopulations was also only slightly lower than

among prefragmentation subpopulations. In the most fragmented habitat, selfing rates

were significantly higher than zero in prefragmentation, but not postfragmentation,

cohorts. These results suggest that fragmentation had not decreased gene flow among

these populations and that pollen flow remains extensive. However, significantly greater

fine-scale SGS was found in postfragmentation subpopulations in the most fragmented

habitat, but not in less fragmented habitats. This alteration in SGS reflected more

restricted seed dispersal, induced by changes in the physical environments and the

prevention of secondary seed dispersal by rodents. An increase in SGS can therefore

result from more restricted seed dispersal, even in the face of extensive pollen flow,

making it a sensitive indicator of the negative consequences of population fragmenta-

tion.
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Introduction

Fragmentation decreases habitat sizes and increases

spatial distances between habitats and populations.

These physical changes are generally thought to

decrease effective population sizes and gene flow,

resulting in loss of genetic diversity and an increase in

differentiation because of drift and inbreeding (Young

et al. 1996; Chen 2000b). These expectations have been
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met in some studies, especially those of short-lived spe-

cies (Zhao et al. 2006; Shapcott et al. 2009). However,

most species of tropical trees have revealed patterns

that are inconsistent with these theoretical expectations,

indicating that their assumptions may be invalid or that

the number of generations that had experienced frag-

mentation were too few for responses to be detected

(Hamrick 2004; Lowe et al. 2005).

Dispersal of genes shapes the population genetic out-

comes of fragmentation. Many plants display long-dis-

tance pollen dispersal and have seed vectors that can

overcome geographical isolation. In particular, extensive
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gene flow of wind-pollinated or wind-dispersed trees

can link apparently isolated habitats into a metapopula-

tion. Oak (Quercus) pollen grains can be wind-trans-

ported at distances exceeding hundreds of kilometres

(Stanley & Linskens 1974) and in an isolated Pinus syl-

vestris population, 4.3% of seed-siring pollen migrated

at least 30 km (Robledo-Arnuncio & Gil 2005). Pollen

flow can be even more extensive among trees pollinated

by small insects, which can use the wind to carry them

between trees more than 100 km apart (Ahmed et al.

2009). Consequently, in plants with extensive long-dis-

tance pollen flow, the genetic diversity of small, isolated

populations may be comparable with or even higher

than that of large and continuous populations, although

Jump & Peñuelas (2006) did find that, given enough

time, negative genetic consequences can be observed

even in trees with extensive pollen flow.

Fine-scale spatial genetic structure (SGS) characterizes

the spatial distribution of genetic variation within a

population (Wang et al. 2009). Previous studies showed

that Moran’s I-values increase with decreasing dispersal

distance (Epperson & Li 1996; Doligez et al. 1998) and

clumped distributions will increase SGS (Doligez et al.

1998). Increases in outcrossing rate and local density,

which lead to an increase in heterozygosity and spatial

mixing of genotypes, will decrease SGS (Doligez et al.

1998), while inbreeding decreases heterozygosity and

intensifies SGS (Vekemans & Hardy 2004). In general,

fragmentation decreases dispersal and genetic diversity

and increases inbreeding and drift, and thus stronger

fine-scale SGS is expected in fragmented populations

than in continuous ones (Slavov et al. 2010; Sebbenn

et al. 2011). Reflecting this, Sebbenn et al. (2011)

observed significant SGS over distances of as little as

20 m among both adults and seedlings of Copaifera lang-

sdorffii, an insect-pollinated and bird-dispersed tropical

tree in fragmented populations with no seed immigra-

tion and only rare pollen migration. This contrasts with

long-lived wind-pollinated tree species, where fragmen-

tation can fail to alter their genetic structure (Williams

et al. 2007)—a discrepancy that suggests dispersal plays

a critical role in determining the extent of fine-scale

SGS (Doligez et al. 1998).

A diploid seed disperses twice the number of genes

as a pollen grain. Furthermore, only seeds can germi-

nate, grow to maturity and provide a biological base for

pollen dispersal (Hu & He 2006). Fragmentation

increases the distances between populations, and can

also generate barriers to seed dispersal, especially for

trees bearing large seeds (Wunderle 1997), leading to

the clumping of progeny near mother trees (Gonzales

et al. 2010). Given their different contributions to gene

flow, we hypothesized that restricted seed dispersal

generated by habitat fragmentation can increase fine-
scale SGS even if there is still extensive long-distance

pollen dispersal.

Castanopsis sclerophylla (Lindley & Paxton) Schottky

(Fagaceae) is a monoecious tree found in the subtropical

evergreen forests of southeast China. A canopy species

that can grow to a height of 20 m, C. sclerophylla flow-

ers in April and May. Its seeds are gravity-dispersed, so

seed dispersal distances are expected to be limited,

although rodents can serve as secondary seed dispers-

ers when they carry and store seeds. Conversely, it is a

wind-pollinated species, suggesting that pollen dis-

persal is likely to be extensive, and only low levels of

genetic differentiation between populations have been

recorded (Shi 2008). To determine the impacts of frag-

mentation on its SGS, we chose a fragmented landscape

in and around Qiandao Lake, where it is one of the

dominant forest species (Zhang 2006). Qiandao Lake

was created by the building of Xin’anjiang Dam in

1959. There are 1078 islands with an area >2500 m2 in

the lake when water level is maximal. We sampled

C. sclerophylla individuals from plots of the same size in

habitats fragmented to varying extents, placing them

into pre- or postfragmentation cohorts based on their

trunk diameter (a proxy for age). We genotyped each

individual using nuclear microsatellite markers, and

compared genetic variation and SGS patterns of the

pre- and postfragmentation cohorts. We asked the fol-

lowing specific questions: (i) Was there any difference

in genetic diversity and differentiation among popula-

tions with different levels of fragmentation and between

post- and prefragmentation cohorts? (ii) Did fragmenta-

tion alter the fine-scale SGS to different extents in iso-

lated and continuous forest patches of the same size? If

it did, we expected that more intensive SGS would be

observed in seriously fragmented habitats because lim-

ited space would have restricted seed dispersal.
Materials and methods

Study sites and sampling design

Our study was conducted in the southeastern section of

Qiandao Lake. We selected three study sites with differ-

ent degrees of fragmentation: (i) A strongly fragmented

habitat: Heyang Island (HY), an island with an area of

13 ha, containing c. 350 C. sclerophylla individuals.

Because of the surrounding water, seed dispersal of

C. sclerophylla was completely restricted to within the

island. (ii) A moderately fragmented habitat: Laoshan

Island (LS), the largest island (875 ha) in the study area,

containing c. 12 000 C. sclerophylla individuals. (iii) A

control habitat: Xianshan Peninsula (XS), a mainland

area near the lakeshore that was not surrounded by

water, with at least 35 000 individuals of C. sclerophylla,
� 2011 Blackwell Publishing Ltd
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scattered within a continuous forest of >2500 ha

(Fig. 1). The vegetation in these three sites was domi-

nated by C. sclerophylla, Cyclobalanopsis glauca and Pinus

massoniana. A map that predates the formation of the

lake shows that forest cover was originally continuous,

but with a stream or small river separating LS from the

other study sites. There is no historical record of events

that might have led to intensive disturbance within the

forest prior to formation of the lake.

In autumn 2009, 130 m · 130 m square plots were

selected in each site, and each was divided into 169

subplots of 10 m · 10 m to help map the positions of

individuals of C. sclerophylla. The plots were at least

2 km apart. All C. sclerophylla in the plots were mapped

and their basal diameters measured to the nearest

0.1 cm. In case that sample size was too small to meet

the requirements of autocorrelation analysis, we also

mapped and collected tissue from additional trees sur-

rounding the plot (<20 m). To avoid edge effects, each

sampled tree was at least 20 m far from forest edges.

According to annual ring samples from the study area,

Zhang (2006) established a linear relationship between

age and basal diameter of C. sclerophylla:

y = 1.1776x + 1.1552, where x and y represent the basal

diameter (cm) and the age (years), respectively. Based

on this relationship, each tree was grouped into pre-

(age >50 years) or postfragmentation (age <50 years)

cohorts.

Several healthy mature leaves were collected from

each individual and dried by silica gel for DNA extrac-

tion. Saplings with a height of <1.5 m and trees infested

by termites were excluded from sampling because they

had very few leaves (usually <20). Overall, we sampled

433 pre- and 351 postfragmentation individuals. Over
Fig. 1 Positions of the sample plots on Laoshan Island (LS), Heyang

Qiandao Lake.
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100 trees from each cohort were found in all three habi-

tats, forming a total of six subpopulations (Table 1).
DNA extraction and microsatellite genotyping

Genomic DNA was extracted using the Plant Genomic

DNA Kit (Tiangen, Beijing, China). Using microsatellites

developed for Castanopsis cuspidata var. sieboldii Nakai

(Ueno et al. 2000, 2003), all individuals were genotyped

for eight polymorphic microsatellites (Ccu16H15,

Ccu17F15, Ccu28H18, Ccu33H25, Ccu62F15, Ccu87F23,

Ccu93H17 and Ccu102F36). The microsatellites were

amplified with fluorescently labelled forward primers

(FAM, HEX, ROX and TAMRA) on a PTC-220 DNA

Dyad thermal cycler (MJ Research, Waltham, MA,

USA). Fragment lengths were analysed on an ABI 3130

Genetic Analyzer (Applied Biosystem, Foster City, CA,

USA) using GeneScan500(-250) Liz standard. Genotypes

were scored by the software GENEMAPPER 4.0 (Applied

Biosystem).
Analyses of genetic diversity, differentiation and gene
flow among populations

Departure from Hardy–Weinberg equilibrium was

tested using Fisher’s exact test with the software TFPGA

1.3 (Miller 1997). Within each subpopulation, the num-

ber of alleles per locus (A), allelic richness (AR) (El

Mousadik & Petit 1996) and the fixation index (FIS)

were analysed with FSTAT version 2.9.3.2 (Goudet 1995).

The number of exclusive alleles per locus (i.e. alleles

that appeared in one but not the other cohort in the

same population) was assessed directly from allele

frequency. The observed (HO) and expected (HE)
Island (HY) and Xianshan Peninsula (XS) in the southeast of



Table 1 Genetic diversity over eight microsatellite loci and selfing rates in pre- and postfragmentation subpopulations of Castanopsis

sclerophylla from seriously and moderately fragmented and control habitats

Habitat and coordinates of sampling plots Subpopulation Sample size A AR EA HO HE FIS sg

Seriously fragmented (N29� 32.80¢, E119� 05.95¢) HY-pre 117 7.25 7.18 0.50 0.54 0.63 0.146* 0.129 (0.010)

HY-post 103 7.63 7.60 0.88 0.56 0.62 0.097* 0.026 (0.295)

Moderately fragmented (N29� 32.93¢, E119� 04.90¢) LS-pre 151 7.25 7.00 0.63 0.55 0.60 0.087* 0.034 (0.216)

LS-post 106 7.75 7.70 1.13 0.54 0.62 0.132* 0 (0.818)

Control (N29� 33.01¢, E119� 07.31¢) XS-pre 165 8.00 7.78 0.50 0.52 0.63 0.177* 0 (0.638)

XS-post 142 8.00 7.77 0.50 0.53 0.63 0.156* 0 (0.768)

A, average number of alleles per locus; AR, allelic richness; HO, observed heterozygosity; EA, average exclusive alleles number per

locus for each pre- and postfragmentation subpopulation pair; HE, expected heterozygosity; FIS, fixation index and significant values

are indicated by asterisks; sg, selfing rate estimated from the microsatellite multilocus correlation structure and values in parentheses

are P values that selfing rates are equal to zero (significant value is in bold).
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heterozygosities (Nei 1978) were estimated by TFPGA.

Because trans-specific amplification of microsatellites

often results in null alleles, we checked the data for the

presence of null alleles under the assumption of HWE

using the software MICRO-CHECKER version 2.2.3 (Van

Oosterhout et al. 2004).

Genetic differentiation between pre- or postfragmen-

tation subpopulations was evaluated by FST-statistic

and tested with 1500 permutations using FSTAT. GST

was also implemented to evaluate genetic differentia-

tion among subpopulations within each cohort level

using FSTAT (Goudet 1995). Based on the results from

FSTAT, standardized genetic differentiation was esti-

mated by means of both F¢ST and G¢ST as described by

Hedrick (2005). When calculating F¢ST, we implemented

software RECODEDATA version 0.1 (Meirmans 2006) to

assess the maximum value of FST. Historic gene flow

(Nm) at the subpopulation level was then estimated

using the formula proposed by Slatkin & Barton (1989).

The genetic divergence index (Dest) proposed by Jost

(2008) was also calculated by software SMOGD (Crawford

2010).

Assignment tests were conducted to detect the

recent migration among different sites using STRUCTURE

version 2.2 (Pritchard et al. 2000). To explore the num-

ber of clusters (K) with maximum likelihood, 20 runs

of simulations were performed 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 20 000. The approach

described by Evanno et al. (2005) was adopted to

define the most reasonable K by using DK as the crite-

rion. Once the value of K was determined, all individ-

uals were assigned to the K clusters probabilistically

by setting a burn-in of 300 000 and 1 000 000 MCMC

repetitions.

We also estimated selfing rates within subpopulations

using the software RMES (David et al. 2007). This soft-
ware calculates the selfing rate, sg, from the multilocus

correlation structure of a population sample. The esti-

mated values are not sensitive to null alleles and scor-

ing errors (David et al. 2007).
Comparisons of fine-scale SGS and estimation of gene
dispersal patterns

Some historical events, such as admixture of gene

pools, will produce genetic discontinuities that affect

fine-scale SGS and may bias the results of analyses that

assume the existence of isolation-by-distance patterns

(Born et al. 2008). To identify whether such genetic dis-

continuities occurred in each plot, we utilized a Bayes-

ian model–based clustering method (Guillot et al.

2005a), which was implemented in the R package GENE-

LAND version 3.2.4 (Guillot et al. 2005b). This model

considered the number of clusters as an unknown

parameter estimated directly by Markov chain Monte

Carlo (MCMC) procedures, providing estimations with

high accuracy (Guillot et al. 2005a; Coulon et al. 2006).

For samples from each plot, five independent runs

were carried out in the spatial D-model with 100 000

MCMC iterations. Allele frequencies were assumed to

be uncorrelated, as this setting is suitable for detecting

the genetic consequence of ancient ecological events

(Guillot et al. 2005a). Furthermore, the null allele model

was selected in case of the disturbance of null alleles

(Guillot et al. 2008). If more than one cluster were iden-

tified in any of the three plots, we ran GENELAND five

more times to map the geographical boundary of each

cluster, treating the number of clusters as a fixed

parameter.

Fine-scale SGS within each subpopulation was

detected by a spatial autocorrelation approach using

SPAGEDI version 1.3 (Hardy & Vekemans 2002). The

kinship coefficient (Fij) defined by Loiselle et al. (1995)

was adopted because this index does not take
� 2011 Blackwell Publishing Ltd
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Hardy–Weinberg equilibrium as a basic assumption

(Vekemans & Hardy 2004). Within each subpopulation,

we divided all pairwise comparisons into eight distance

classes with 20-m intervals between consecutive classes.

The significance of SGS patterns was tested by random

permutation with 9999 repetitions.

The intensity of SGS in each subpopulation was quanti-

fied by SPAGeDi. As proposed by Vekemans & Hardy

(2004), we used the statistic Sp to describe the intensity of

SGS following the formula Sp = blog ⁄ (F ) 1), where blog

is the slope of linear regression for kinship coefficient on

the logarithm of geographical distance, and F is the aver-

age kinship coefficient between individuals in the first

distance class. A total of 9999 permutations were carried

out to test the significance of blog.

For each study site, we performed a heterogeneity

test between SGS patterns in pre- and postfragmenta-

tion subpopulations using GENALEX version 6.3 (Peakall

& Smouse 2006). The autocorrelation coefficient r

described by Smouse & Peakall (1999) was selected. We

used the approach proposed by Smouse et al. (2008),

which compares the real differentiation among spatial

autocorrelation analyses with permutated ones from the

pooled data set. Fisher’s combined probabilities were

computed as a gauge of departure from the null

hypothesis. Criteria x and t2 were used to represent the

divergences in pairs of spatial autocorrelation analyses

as a whole and in each distance class, respectively. All

eight distance classes were included in the heterogene-

ity tests. The number of bootstrap resamplings was set

to 9999.

We used the software SPAGEDI to estimate the neigh-

bourhood size (Nb) in each subpopulation and then

inferred the effective gene dispersal range r from Nb.

Under Wright’s isolation-by-distance model, the values

of kinship coefficients in two-dimensional space are

expected to decline linearly with the logarithm of geo-

graphical distance within a range from r to 20r at a

medial mutation rate (Hardy & Vekemans 1999; Heu-

ertz et al. 2003). Under this assumption, slope (blog) of

the linear regression function can be adopted to evalu-

ate Nb from the formula: Nb = )(1 ) F) ⁄ blog (Fenster

et al. 2003; Heuertz et al. 2003). When the effective pop-

ulation density (De) is known, r can be obtained from

Nb by an iterative procedure (Vekemans & Hardy

2004). In tree species, the approximate value of De can

be considered as D ⁄ 4 (Hardy et al. 2006), where D is

the census population density. We used the census den-

sity of C. sclerophylla in each sample plot to assess De.

Linear regressions were limited within a range from r
to 20r as the default set.

In addition to the regression-based approach, gene

dispersal distances within each subpopulation was

assessed directly from correlograms using GENALEX
� 2011 Blackwell Publishing Ltd
(Peakall & Smouse 2006). The first intercept where the

autocorrelation coefficient r falls from positive to nega-

tive is considered as the extent of a panmictic unit and

thus becomes an estimate of small-scale gene flow

(Sokal & Wartenberg 1983; Peakall et al. 2003).
Results

Genetic diversity, differentiation and gene flow among
populations

A high level of polymorphism was present. The number

of alleles of the eight microsatellite loci ranged from 4

to 17, with a mean of 10. Exclusive alleles existed in

both subpopulations of each population, and postfrag-

mentation subpopulations had the same number or

more exclusive alleles than prefragmentation ones in all

three populations (Table 1). The average fixation index

over the eight loci differed significantly from Hardy–

Weinberg expectations in all subpopulations (Table 1).

Significant signs of null alleles were found in two loci

(Ccu93H17 and Ccu102F36) with average frequencies of

17.6% and 18.6%, respectively. However, subsequent

analyses showed the same patterns and conclusions

irrespective of including the two loci or not, except for

the fixation index that was not significant when exclud-

ing the two loci. Therefore, we present the results of all

eight loci. All six subpopulations contained similar lev-

els of genetic variation, with no significant difference in

allelic richness (AR), observed (Ho) and expected hetero-

zygosity (He) (Table 1).

Values of all three indices (F¢ST, G¢ST and Dest) for

postfragmentation subpopulations (0.109, 0.117 and

0.056) were similar to those for prefragmentation sub-

populations (0.124, 0.137 and 0.070), and estimated gene

flow among postfragmentation subpopulations (2.037)

was slightly larger than that of prefragmentation ones

(1.766) (see Table 2 for details).

After 20 repeated runs for K numbered from 1 to 10,

DK reached a peak value at K = 3, indicating that the

most likely number of clusters was three. After assign-

ment tests using STRUCTURE, each study site was domi-

nated by a distinct cluster, which included only a few

individuals from other sites (Fig. 2). The proportions of

the dominant cluster in post- (64.5% and 63.9% in LS

and XS, respectively) and prefragmentation (64.0% and

61.2% in LS and XS, respectively) subpopulations from

the same locations were approximately at the same

level except for the pair of subpopulations from the

seriously fragmented area (HY), in which the propor-

tion in the prefragmentation subpopulation (72.6%) was

noticeably higher than that of the postfragmentation

subpopulation (62.7%). This is indicative of an increase

in migration rate after fragmentation.



Table 2 Genetic divergence (Dest) (upper triangle) and historic gene flow (Nm) (based on F¢ST) (lower triangle) in pairs of pre- and

postfragmentation subpopulations from different habitats

Prefragmentation subpopulations Postfragmentation subpopulations

HY LS XS HY LS XS

Prefragmentation subpopulations

HY – 0.0435 0.0812 – 0.0481 0.0684

LS 2.644 – 0.0442 0.0279 – 0.0439

XS 1.193 2.005 – 0.0677 0.0465 –

Postfragmentation subpopulations

HY – 4.172 1.472 – 0.0368 0.0546

LS 2.222 – 1.924 3.095 – 0.0444

XS 1.219 2.033 – 1.521 2.112 –

Fig. 2 Genetic structure of six subpopulations of Castanopsis sclerophylla as defined by STRUCTURE. Each thin vertical line represents a

particular individual. The membership for each individual is showed by partitioning the corresponding line into different parts with

different colours. Individuals were grouped by their original subpopulation. The ruler line shows the range of each subpopulation

and cumulative sample size.
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Based on a one-generation approach, selfing rates of

pre- and postfragmentation subpopulations were not

significantly different from 0 in the moderately frag-

mented and control habitats (Table 1). However, the

selfing rate of the prefragmentation subpopulation of

strongly fragmented population HY (0.129) was signifi-

cantly larger than 0 (P = 0.01), whereas that of its post-

fragmentation subpopulation was not.
Fine-scale SGS and effective gene dispersal range

When the number of clusters was specified as

unknown, results from five independent runs of GENE-

LAND converged and inferred that only one genetic unit

existed in each study site. Therefore, no evidence of

genetic discontinuities was found within the three stud-

ied populations, which excludes any potential impact

from historical events.

Except for the prefragmentation subpopulation on

HY Island, significantly positive values of regression

slope (blog) were found in all subpopulations (Table 3),

showing significant SGS. Among the five subpopula-

tions with significant SGS, significant positive autocor-

relation existed in the first distance class (£20 m), with

the highest average value of Fij (0.024) occurring in the

postfragmentation HY subpopulation, and their auto-
correlation coefficients declined rapidly and become

nonsignificant or significantly negative in the second

and third distance classes (Fig. 3). The Fij values oscil-

lated within 95% confidence intervals in the remaining

distance classes except for the last distance class in the

postfragmentation subpopulation of LS (Fig. 3d). In the

prefragmentation subpopulation of HY, the kinship

coefficient among neighbour trees within the first dis-

tance class was negative (Fij = )0.004) but not signifi-

cant, and this pattern persisted over all distance classes

except for the sixth class, in which significantly positive

autocorrelation was detected (Fig. 3a).

Statistic Sp evaluated from SPAGeDi showed differ-

ing intensities of SGS in all six subpopulations, with the

lowest and the highest values found in HY pre-

(Sp = )0.0033) and postfragmentation (Sp = 0.0113) sub-

populations (Table 3). Note that the regression slope

(blog) of the prefragmentation subpopulation HY was

inconsistent with the results from other subpopulations,

and not significant (P = 0.98).

Overall, correlograms of post- and prefragmentation

subpopulations of population HY were significantly het-

erogeneous (Table 4, P = 0.013). Furthermore, a signifi-

cant difference in the first distance class was only

found between post- and prefragmentation subpopula-

tions on HY Island (P < 0.001). Significant heterogeneity
� 2011 Blackwell Publishing Ltd



Table 3 Small-scale SGS and gene flow within each of six subpopulations of Castanopsis sclerophylla

Habitat Subpopulation Blog Sp Nb r (m) First intercept (m)

Seriously fragmented HY-pre 0.0033 )0.0033 NC NC 130.4

HY-post )0.0110* 0.0113 87.5 51.6 35.7

Moderately fragmented LS-pre )0.0086* 0.0087 113.9 69.4 38.7

LS-post )0.0080* 0.0081 236.5 84.6 44.9

Control XS-pre )0.0067* 0.0067 147.6 51.9 47.6

XS-post )0.0041* 0.0041 198.7 67.6 36.8

blog, slope of regression of kinship coefficients on ln(distance); Sp, statistic reflecting the intensity of SGS using blog and the mean

kinship coefficient value in the first distance class; Nb, Wright’s neighbourhood size; r, estimate of effective gene dispersal distance

inferred from Nb; and first intercept, the first intercept that autocorrelation coefficient r falls from positive to negative; SGS, spatial

genetic structure.

NC, not converged; SGS, spatial genetic structure.

*P < 0.05.

Fig. 3 Spatial autocorrelation analyses within the six subpopulations (a–f) using SPAGeDi. Dashed lines represent 95% confidence

intervals under the null hypothesis that no autocorrelation exists from 9999 permutations, and error bars delineate standard errors

from jackknife estimates.
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also occurred between post- and prefragmentation sub-

populations of population LS in the eighth distance

class (140–160 m, P = 0.038). This departure from a

homogeneous spatial pattern may result from stochastic

errors, because only a few individual pairwise compari-

sons were involved in the farthest distance class (<80

individual pairs in each subpopulation).
� 2011 Blackwell Publishing Ltd
After regression and iteration analyses, Wright’s

neighbourhood sizes (Nb) and effective gene dispersal

distances (r) converged in all subpopulations except for

the prefragmentation subpopulation of population HY,

where the initial regression slope (blog = 0.0033) was

positive and not available for calculation of Nb. Esti-

mates of Nb ranged from 87.5 to 236.5 individuals, with



Table 4 Heterogeneity tests of SGS between post- and prefragmentation subpopulations using GENALEX. Statistics t2 and x represent

the degree of differentiation of SGS between two pairwise subpopulations in each distance class and total, respectively

Pairs of subpopulations

Distance class (t2)

Total (x)1 2 3 4 5 6 7 8

HYpost vs. HYpre 18.50* 0.57 1.14 0.28 0.27 1.56 0.13 1.32 31.11*

LSpost vs. LSpre 0.02 0.22 0.47 0 0.06 0.03 0.08 4.24* 10.26

XSpost vs. XSpre 0.82 1.67 0.15 0.08 2.13 0.26 0.13 0.40 13.26

*Values in bold are significant at P < 0.05.
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the lowest value in postfragmentation subpopulation

HY, and r varied from 51.6 to 84.6 m (Table 3). The

first intercept inferred from correlograms was shortest

in postfragmentation subpopulation HY (35.7 m), which

was only 27.4% of that in prefragmentation HY

(130.4 m), while other pairs of subpopulations did not

show obvious differentiation based on this index

(Table 3).
Discussion

Impacts of fragmentation on genetic variation and
selfing rates of Castanopsis sclerophylla

Habitat fragmentation can reduce the genetic diversity

of populations, because of genetic drift and increased

inbreeding (Young et al. 1996). However, we found simi-

lar levels of genetic diversity in strongly and moderately

fragmented and control populations of C. sclerophylla,

and postfragmentation subpopulations had high levels

of genetic diversity that were comparable with prefrag-

mentation subpopulations. High genetic diversities in

fragmented plant populations have been reported fre-

quently, particularly if fragmentation was recent or

among species that are wind-pollinated or wind-dis-

persed (Lowe et al. 2005). The C. sclerophylla subpopula-

tions are not very small and experienced fragmentation

over 50 years ago (representing one to two generations),

so drift had not had an opportunity to greatly influence

genetic variation. More importantly, high rates of gene

flow have apparently played a major role in maintaining

genetic variation within the fragmented subpopulations,

with higher estimated rates of gene flow among post-

fragmentation subpopulations than prefragmentation

ones. This was indicated by lower differentiation among

postfragmentation subpopulations, although this differ-

ence was not significant. Furthermore, exclusive alleles

existed in all postfragmentation subpopulations, also

indicating a strong gene flow from outside.

Castanopsis sclerophylla is a wind-pollinated and grav-

ity plus rodent-dispersed tree. Water is a major barrier

to the dispersal of its seeds and may block all
movement of seeds among the three subpopulations.

However, isolation distances of about 2 km clearly do

not block the movement of pollen grains among the

subpopulations. Although no direct data on pollen dis-

persal of C. sclerophylla is available, the long-distance

dispersal of pollen grains has been observed in other

Fagaceae species and other wind-pollinated species.

Oak pollen grains can be wind-transported for distances

exceeding hundreds of kilometres (Stanley & Linskens

1974). Given the inevitably dramatic decline in seed dis-

persal following the isolation of the subpopulations

when the lake was created, the similar genetic differen-

tiation among pre- and postfragmentation subpopula-

tions suggests an increase in pollen dispersal following

the raising of water levels. Such an increase in pollen

dispersal is likely to be due to increased wind currents

above the water once the intervening vegetation had

been removed (Sork & Smouse 2006; Hanson et al.

2008).

Following habitat destruction, increased selfing rates

are expected in response to any decrease in population

densities and dispersal potential, a response that has

been confirmed in several empirical studies (Doligez &

Joly 1997; Aldrich & Hamrick 1998; Chen 2000a; Fuchs

et al. 2003) and a recent meta-analysis (Aguilar et al.

2008). No obvious change (Hall et al. 1994; Dick et al.

2003) or decreased selfing rates (Mathiasen et al. 2007)

have nonetheless been observed in fragmented popula-

tions of some plants. Fagaceae species are mostly wind-

pollinated and outcrossing; though, some can self-polli-

nate (Fernández-M & Sork 2005). In C. sclerophylla, sel-

fing rates of subpopulations from the moderately

fragmented and control habitats were not significantly

different from zero, irrespective of the age of the plants.

In the strongly fragmented habitat, the selfing rate for

the prefragmentation subpopulation was significantly

larger than zero, possibly due to local limited pollen

dispersal before fragmentation. However, the selfing

rate for the postfragmentation subpopulation was not

significantly larger than zero. Such a decrease in selfing

rate is consistent with an increase in pollen dispersal

among populations following fragmentation.
� 2011 Blackwell Publishing Ltd
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Changes in SGS between subpopulations in
differentially fragmented habitats

Seed dispersal syndrome, rather than pollen flow, is the

dominant factor determining fine-scale SGS, especially

in outcrossing and wind-pollinated species (De-Lucas

et al. 2009). In plants with effective long-distance seed

dispersal, such as wind-dispersed trees, weak SGS is

frequently observed, with no significant differences

between continuous and fragmented populations (Wil-

liams et al. 2007; Born et al. 2008; Moreira et al. 2009).

However, isolation effects on seed dispersal are more

frequently detected, with stronger SGS recorded in frag-

mented populations (De-Lucas et al. 2009; Slavov et al.

2010; Sebbenn et al. 2011).

Our results revealed different SGS responses among

subpopulations, despite the high genetic diversity

within subpopulations and low differentiation among

them that resulted from extensive pollen dispersal.

There was little difference between pre- and postfrag-

mentation subpopulations in the moderately frag-

mented and control habitats. By contrast, fine-scale

SGS of C. sclerophylla (based on both Sp and heteroge-

neity tests) was significantly changed in the strongly

fragmented subpopulation (island HY) following land-

scape alteration. The postfragmentation subpopulation

on island HY had the smallest neighbourhood size and

shortest effective gene dispersal distance, indicating a

more limited gene dispersal range. Although we could

not estimate neighbourhood size and effective gene dis-

persal distance for the prefragmentation subpopulation

of population HY (because the iterative procedure did

not converge), a lack of autocorrelation and negative Sp

indicated that all the sampled individuals probably

belonged to one panmictic unit: that is our sample scale

was too small to detect the true extent of within-popula-

tion gene flow (De-Lucas et al. 2009).

Given the extensive pollen flow, the intensified SGS

and restricted dispersal inferred from SGS in the

strongly fragmented habitat (HY) indicates a reduction

in seed dispersal distances. As island HY is surrounded

by water, it was unlikely that the heavy seeds of C. scle-

rophylla will often have arrived from other populations.

Therefore, the postfragmentation subpopulation HY will

have been recruited from local seeds, generating dis-

persal distances that were shorter than equivalent-aged

subpopulations LS and XS.

The behaviour and abundance of seed dispersers can

also change in fragmented habitats (Terborgh et al.

2001; Lopez & Terborgh 2007). Carnivorous mammals

have disappeared from island HY, and this has resulted

in rodents reaching unusually high densities (R. Wang,

X-Y Chen and Yi-Su Shi, unpublished). This in turn has

led to increased predation of C. sclerophylla seeds (all
� 2011 Blackwell Publishing Ltd
the monitored seeds on HY were predated whereas

about 7% of seeds survived in the other two subpopu-

lations) (R. Wang et al., unpublished). Rare recruitment

events on HY may be the products of seeds that were

undetected by rodents and so lacked secondary dis-

persal. Such seeds are likely to be more concentrated

near their maternal trees than seeds with additional sec-

ondary dispersal. Edge effects may also mean that seeds

dispersed to the periphery of the forest may have

reduced survivability, which may strengthen SGS

among postfragmentation subpopulations (Laurance

et al. 2002).

In combination with previous observations of high

pollen-to-seed dispersal ratios in wind-pollinated and

gravity plus rodent-dispersed species (Petit et al. 2005),

our results show that the relative contributions of seed

and pollen dispersal are scale-dependent. Pollen-to-seed

dispersal distance ratios of Fagaceae species are among

the highest recorded, mostly larger than 150 (Petit et al.

2005), and at a regional scale, the contribution of pollen

dispersal to gene flow is much higher than that of seed

dispersal. As spatial scale declines, the ratio becomes

smaller, and at the scale of several kilometres, pollen-

to-seed dispersal ratios in Castanopsis fargesii were

found to be 1.1–2.2 (Chen et al. 2008). At a scale of

<200 m, the role of seed dispersal might therefore be

expected to be higher than that of pollen dispersal, and

evidence for this is provided by the significant change

in SGS in the strongly fragmented population.
Sensitive signs of genetic consequences of
fragmentation

Fragmentation can lead to negative genetic conse-

quences for remnant populations and contribute to

declines in biodiversity. Identifying such negative

impacts as early as possible is important for species

conservation and management and efforts have been

made to find the most sensitive signs of early genetic

effects of fragmentation and to identify the factor(s)

influencing them. Genetic diversity and differentiation

are two frequently observed consequences of fragmen-

tation. Analytical and numerical simulation studies on

the temporal dynamics of genetic variation in subdi-

vided populations has shown that genetic differentia-

tion approaches equilibrium values much more rapidly

than genetic diversity (Crow & Aoki 1984; Varvio et al.

1986). This pattern has been confirmed by empirical

studies (Keyghobadi et al. 2005), which showed that

loss of genetic diversity can be largely alleviated by

even relatively low levels of gene flow between rem-

nant populations (Lowe et al. 2005). However, it is clear

that changes in genetic diversity and differentiation

following habitat fragmentation take a number of
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generations to become apparent and, as in C. sclerophy-

lla, most studies that have examined genetic conse-

quences of fragmentation in tropical trees have found

no clear differences between fragmented and control

populations. Clearly, neither genetic diversity nor dif-

ferentiation is a sensitive indicator of the genetic conse-

quences of fragmentation among forest trees.

Increased inbreeding and higher selfing rates within

remnant populations are deleterious outcomes of habi-

tat fragmentation that can be observed very rapidly, in

the first subsequent generation (Lowe et al. 2005). How-

ever, canopy disruption can increase wind currents and

facilitate wind-borne pollen movement or the move-

ment of pollinators, and meta-analysis has indicated

that fragmentation typically has nonsignificant overall

effects on inbreeding coefficients, because of persistent

long-distance pollen dispersal (Aguilar et al. 2008). This

limits the value of inbreeding coefficients and selfing

rates as indicators of genetic perturbations following

fragmentation.

Fine-scale SGS of a plant population is mainly deter-

mined by gene flow via pollen and seeds. Except for a

few plants with wind-dispersed seeds (Bacles et al.

2006), most have more restricted seed dispersal than

pollen dispersal. Fine-scale SGS is therefore expected to

be particularly sensitive to restricted seed dispersal, a

common feature in fragmented habitats. In the case of

C. sclerophylla, a strengthened SGS was observed in a

fragmented habitat within a single generation (Fig. 3),

without any decrease in genetic diversity or increases in

differentiation and inbreeding or selfing rates. Fine-

scale SGS is therefore sensitive to fragmentation, even

in a long-lived tree with extensive pollen dispersal

among populations (De-Lucas et al. 2009) and can be

used as a sensitive method to examine genetic conse-

quences of fragmentation on plants that provides an

early warning of the need for conservation action.
Conclusions

Our results confirmed previous observations of a rela-

tively weak negative effect of fragmentation on genetic

diversity among long-lived, wind-pollinated trees.

Because of extensive pollen dispersal, no significant

change in differentiation was found among postfrag-

mentation subpopulations compared to prefragmenta-

tion ones. Selfing rates decreased significantly in the

postfragmentation subpopulation in the most seriously

fragmented habitat, suggesting that fragmentation had

increased wind-borne pollen dispersal. However, fine-

scale SGS in the postfragmentation subpopulation from

the most seriously fragmented habitat was significantly

strengthened, despite its large population size

(N = �350), suggesting that restricted seed dispersal
played a more important role in small-scale genetic var-

iation arrangement. Our results showed that fine-scale

SGS is sensitive to fragmentation and can be useful as

an early indicator of negative consequences of fragmen-

tation in plant populations. In populations displaying a

significant change in SGS, some countermeasures to

remove dispersal barriers or to increase dispersal

should be undertaken to maintain seed dispersal that is

comparable with that in continuous habitats, so as to

avoid subsequent biparental inbreeding and drift.
Acknowledgements

We thank Gao-Fu Xu for providing kindly support during the

field surveys; Bin Liu for field work; Min-Yan Cui, Min Liu,

Yi-Su Shi, Xin Tong and Na-Na Xu for help in the experiments;

and Li Shen for help in digitizing the sampling map. This

work was supported by the National Natural Science Founda-

tion of China (30970430), the Fundamental Research Funds for

the Central Universities (78220028) and ‘211 Projects’ of ECNU.
References

Aguilar R, Quesada M, Ashworth L, Herrerias-Diego Y, Lobo J

(2008) Genetic consequences of habitat fragmentation in

plant populations: susceptible signals in plant traits and

methodological approaches. Molecular Ecology, 17, 5177–5188.

Ahmed S, Compton SG, Butlin RK, Gilmartin PM (2009) Wind-

borne insects mediate directional pollen transfer between

desert fig trees 160 kilometers apart. Proceedings of the

National Academy of Sciences of the United States of America,

106, 20342–20347.

Aldrich PR, Hamrick JL (1998) Reproductive dominance of

pasture trees in a fragmented tropical forest mosaic. Science,

281, 103–105.

Bacles CFE, Lowe AJ, Ennos RA (2006) Effective seed dispersal

across a fragmented landscape. Science, 311, 628.

Born C, Hardy OJ, Chevallier M-H et al. (2008) Small-scale

spatial genetic structure in the Central African rainforest tree

species Aucoumea klaineana: a stepwise approach to infer the

impact of limited gene dispersal, population history and

habitat fragmentation. Molecular Ecology, 17, 2041–2050.

Chen X-Y (2000a) Effect of plant density and age on the

mating system of Kandelia candel (L.) Druce

(Rhizophoraceae), a viviparous mangrove species.

Hydrobiologia, 432, 189–193.

Chen X-Y (2000b) Effects of habitat fragmentation on genetic

structure of plant populations and implications for the

biodiversity conservation. Acta Ecologica Sinica, 20, 884–892.

Chen X-Y, Fan X-X, Hu X-S (2008) Roles of seed and pollen

dispersal in natural regeneration of Castanopsis fargesii

(Fagaceae): implications for forest management. Forest

Ecology and Management, 256, 1143–1150.

Coulon A, Guillot G, Cosson JF et al. (2006) Genetic structure

is influenced by landscape features: empirical evidence

from a roe deer population. Molecular Ecology, 15, 1669–

1679.

Crawford NG (2010) SMOGD: software for the measurement of

genetic diversity. Molecular Ecology Resources, 10, 556–557.
� 2011 Blackwell Publishing Ltd



SPATIAL GENETIC STRUCTURE OF CASTANOPSIS 4431
Crow JF, Aoki K (1984) Group selection for a polygenic

behavioral trait: estimating the degree of population

subdivision. Proceedings of the National Academy of Sciences of

the United States of America, 81, 6073–6077.

David P, Pujol B, Viard F, Castella V, Goudet J (2007) Reliable

selfing rate estimates from imperfect population genetic

data. Molecular Ecology, 16, 2474–2487.
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