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Leading-edge populations do not show low genetic diversity
or high differentiation in a wind-pollinated tree
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Abstract Climate changes can shift species’ ranges.

Knowledge on genetic variation of the leading-edge pop-

ulations provides critical information to understand

responses and adaptation of plants to projected climate

warming. To date, the research into genetic variation of

leading-edge populations has been limited, particularly in

the role of wind-mediated pollen flow in maintaining high

genetic variation. Castanopsis sclerophylla (Fagaceae) is a

wind-pollinated and gravity-dispersed tree. In the present

study, we used seven polymorphic microsatellites to

genotype 482 samples from five leading-edge and 12 non-

edge populations. Significant effects of recent population

bottleneck events were found in three of the five leading-

edge populations, indicating that the leading-edge popula-

tions might have been recolonized after the Last Glacial

Maximum. Genetic diversity was higher, though not sig-

nificantly, in leading-edge than in non-edge populations.

Relationship between genetic diversity and latitude indi-

cated an increasing trend of genetic diversity towards

leading-edge populations. No significant difference in

genetic differentiation was found between leading-edge

and non-edge populations. The inconsistence with the

general predictions by leading-edge colonization model

could be explained by high gene flow via pollen grains.

Pollen-mediated gene flow could maintain high genetic

diversity within and low differentiation among leading-

edge populations. In response to climate warming, high

genetic variation may provide leading-edge populations

raw materials for evolutionary adaptation to future envi-

ronmental conditions.

Keywords Bottleneck � Castanopsis sclerophylla �
Gene flow � Genetic variation � Wind-direction

Introduction

It is well known that the Pleistocene climatic oscillations

repeatedly influenced species’ ranges (Hewitt 2000). Dur-

ing the glacial ages, species’ range contracted towards the

Equator, and recolonized polewards during the interglacial

ages. Following the climate change, two types of edges of

species’ range can be identified: the rear edge, i.e., eroding

range margin, and the leading edge, i.e., colonizing front

(Hampe and Petit 2005). Rear edge populations are old and

may maintain high genetic diversity, which will be grad-

ually lost due to genetic drift and environmental stresses

(Hampe and Petit 2005). During interglacial periods,

polewards recolonizations were often controlled by rare

long-distance dispersal events followed by exponential

population growth (Hampe and Petit 2005), and later

migrants would be very difficult to establish (Hewitt 1996).

Therefore, leading-edge populations are often character-

ized by low genetic diversity and high differentiation. Such

predictions have been confirmed by theoretical and

empirical studies (Hewitt 1996; Hampe and Petit 2005;

Excoffier et al. 2009), though controversy still exists, e.g.,
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Yakimowski and Eckert (2008). However, recent studies

indicated that such a difference between edge and non-edge

populations was rarely very large (Eckert et al. 2008),

suggesting that knowledge on putative evolutionary pro-

cesses affecting the leading-edge populations is still poor

(Parisod and Bonvin 2008).

Gene dispersal is one of the most important processes

dominating the leading-edge populations (Austerlitz and

Garnier-Géré 2003). Theoretical studies indicated that

frequent long distance dispersal can considerably increase

genetic diversity within populations and decrease differ-

entiation among populations (Bialozyt et al. 2006; Fayard

et al. 2009; Ray and Excoffier 2010). In plants, besides

seed dispersal, which involves colonization of new areas,

pollen dispersal also contributes to the gene pool of colo-

nizing populations (Chen et al. 2008; Wang et al. 2011).

Especially in wind-pollinated species, pollen grains can be

transported over long distances via the wind, and the rel-

ative contribution of pollen dispersal to gene pools was

much larger than that of seed dispersal (Petit et al. 2005;

Sutherland et al. 2010). Therefore, dominant wind direc-

tions during the flowering season may play a critical role in

genetic variation of populations. If leading-edge popula-

tions locate downwind of non-edge populations during the

flowering season, the non-edge populations may serve as

pollen sources and the leading-edge populations are

recipients (Duminil et al. 2007). Thus the leading-edge

populations may harbor genetic variation comparable to

non-edge populations (Alleaume-Benharira et al. 2006;

Eckert et al. 2008; Bridle et al. 2010).

In central subtropical China (ca. 22�N–30/33�N), ever-

green broadleaved forests are distributed, and dominated

mainly by species of Fagaceae and Lauraceae. Although

there was no large ice-covered area in South China during

the Pleistocene (Hewitt 2000), climatic fluctuations have

essentially affected distributions of plant species and

evergreen broadleaved forests. During the Last Glacial

Maximum (LGM: ca. 18,000 years BP), temperature in

southern China was estimated 4–6 �C lower than that of the

present (Zheng 2000), and evergreen broadleaved forests

retracted southwards to the present tropical zone (Sun et al.

1999; Harrison et al. 2001) according to LGM biome map.

Contrary to this expectation, several empirical studies

revealed multiple isolated refugia located in main mountain

ranges, e.g., Nanling Mountains (south), Wuyi Mountains

(southeast) (Chen et al. 2012). From either hypothesis, a

recolonization route from south to north can be expected.

Thus, evergreen broadleaved forests with the leading edge

lying around Yangtze River could be recognized.

Castanopsis sclerophylla (Lindley & Paxton) Schottky

(Fagaceae) is a wind-pollinated monoecious tree. It is one

of the dominant species of evergreen broadleaved forests in

China. It mainly distributes in south of Yangtze River and

north of Nanling Mountains, and is common in mountains

below 1,000 m. Castanopsis sclerophylla is one of the

most cold-tolerant evergreen broadleaved trees. Although

palaeoecological information of this species is less avail-

able, a comparative phylogeographic study on C. eyrei,

which has the similar distribution range, revealed two

different clusters and south-north recolonization routes

(M. Shi, unpublished data). Therefore, the leading edge of

C. sclerophylla can be supposed similar to that of ever-

green broadleaved forests. Castanopsis sclerophylla

blooms in May and its fruits mature in October and

November (http://www.efloras.org/florataxon.aspx?flora_id=

2&taxon_id=200006250). It is gravity-dispersed, and

rodents may serve as the secondary disperser. Maximum

seed dispersal distance was observed to be less than 50 m

(R. Wang, personal communication), and pollen-to-seed

dispersal ratio (Ennos 1994) was over 150 in the scale of

20–30 km (Zhang et al. 2012), which corresponded to the

value of oak species (pollen-to-seed dispersal ratio = 196)

and species of Fagaceae (Petit et al. 2005). Previous studies

indicated that, due to intensive pollen dispersal, popula-

tions do not become differentiated at scales up to tens of

kilometers (Wang et al. 2011).

In this study, we sampled five leading-edge populations

along the northern range limit and 12 central or subcentral

populations. Because of potentially high pollen dispersal in

C. sclerophylla, we hypothesized that leading-edge popula-

tions maintain high genetic diversity comparable to non-edge

populations. We tested this hypothesis by (1) comparing

genetic diversity of leading-edge with non-edge populations,

(2) analyzing genetic differentiation among leading-edge and

non-edge populations, and (3) inferring the potential causes in

the genetic structure of C. sclerophylla.

Methods

Sampling

From 2005 to 2007, 482 individuals of C. sclerophylla

were sampled from 17 populations located in Zhejiang,

Anhui, Jiangsu, Fujian, Jiangxi provinces and Shanghai

Municipality (Fig. 1). Wuyi Mountains might be the larg-

est barrier in our examined area, though there are hills

which may disturb the northward colonizations as well as

pollen dispersal by wind. In southeastern China, mature

natural forests are generally fragmented because of serious

human disturbances. However, C. sclerophylla might have

become more frequent in the naturally restored secondary

forests, due to its strong ability of re-sprouting. Towards to

the northern range limit, it distributes less frequently and

continuously. Therefore, five populations (NS, SS, TZ, QL,

and LC) located along the northern range limit were
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considered as leading populations, while the others with

more continuous and dense distribution were defined as

non-edge populations (Fig. 1). In each population, leaves

from 14 to 32 individuals were sampled, with at least 30 m

distance between each other except population SS where

we collected almost all trees with diameter at breast height

(DBH) [10 cm (Table 1). Leaf tissue was dried by silica

gel.

Microsatellite protocols

Genomic DNA was extracted from dried leaves (0.05 g)

according to a modified CTAB protocol (Fan et al. 2004).

Six microsatellite loci (Ccu16H15, Ccu33H25, Ccu62F15,

Ccu87F23, Ccu93H17 and Ccu97H18) from C. cuspidata

var. sieboldii Nakai (Ueno et al. 2000, 2003) and one locus

(QM67-3M1) from Quercus myrsinifolia (Isagi and

Suhandono 1997) were found to be polymorphic in C. scle-

rophylla. The microsatellite PCR reactions were performed

in a 20 lL reaction mixture containing 50 ng genomic

DNA, 0.2 lM of each primer, 2 lL of Tag DNA poly-

merase buffer [100 mM KCl, 80 mM (NH4)2SO4, 100 mM

Tris–HCl, NP-40, pH 9.0], 1 unit of Tag DNA polymerase,

0.2 mM of each dNTP and 1.5 mM MgCl2. PCR reactions

consisted of one cycle of 94 �C for 3 min, followed by 34

cycles of 30 s at 94 �C, 40 s at 45–66.5 �C depending on

the primer used, and 30 s at 72 �C, with a final extension of

7 min at 72 �C. All reactions were run on a Mastercycler

ep gradient PCR (Eppendorf, Hamburg, Germany).

Amplification products were separated on 6 % denaturing

polyacrylamide gels and detected by staining with silver

nitrate. pUC 19 DNA/MspI (HpaII) marker 23 (Fermentas)

was used as the reference of products’ length.

Analysis of genetic variation

As trans-species amplification of microsatellites often

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

of null alleles under the assumption of Hardy–Weinberg

equilibrium (van Oosterhout et al. 2004) and adjusted

genotypes, if necessary, by adding an additional allele

using MICRO-CHECKER. Null alleles were indicated in

six out of seven loci with the frequency ranging from 0.028

to 0.313 (mean = 0.168). The average frequency of null

alleles per population varied from 0.039 to 0.188 (Table 1).

Corrected and uncorrected allele frequency is shown in

Table S1 of Electronic Supplementary Material (ESM).

However, overall the results were very similar with or

a

c

b

Fig. 1 a Map of China. Shaded area represents the main distribution

of Castanopsis sclerophylla. The dashed lines indicate the region of

subtropical China (modified after Fang et al. 2002). The dots in the

square show the positions of sampled populations. b Locations of

populations examined in this study (dots). Abbreviations for the

sampled populations are the same as Table 1; the underlined

abbreviations indicate leading populations. c Major genetic boundary

(bold line, with bootstrap score 72 %) detected among the 17

populations of C. sclerophylla based on Monmonier’s algorithm with

significance tested by 1,000 bootstrap matrices of DA genetic

distance. The dots correspond to locations of sampled populations

plotted on the map
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Table 1 Information of sampling sites and genetic diversity of leading-edge and non-edge populations of Castanopsis sclerophylla

Sampling site ID Location Sampling

size

Null A AR He Ho FIS P T (95 %

interval)

Ancestry

Leading-edge populations

Tianzhushan, Anhui

Province

TZ E 116.47�, N

30.72�
30 0.153 6.6 5.9 0.70 0.37 0.034 0.34 – 20.25

Niushoushan, Jiangsu

Province

NS E 118.74�, N

31.91�
31 0.123 5.0 4.5 0.67 0.49 -0.096 0.01 12,361

(1,079, 40,599)

18.59

Qionglongshan,

Jiangsu Province

QL E 120.42�, N

31.26�
30 0.168 6.0 5.5 0.78 0.36 0.018 0.01 2,050

(315, 19,395)

19.39

Longchishan, Jiangsu

Province

LC E 119.73�, N

31.24�
30 0.173 6.3 5.7 0.73 0.38 -0.008 0.02 1,471

(98, 17,529)

10.79

Sheshan, Shanghai

Municipality

SS E 121.19�, N

31.10�
26 0.039 4.0 3.9 0.55 0.45 0.035 0.08 – 9.70

Mean 5.6 5.1 0.69 0.41 -0.006 15.74

Non-edge populations

Ruoliaoxian, Zhejiang

Province

RL E 119.30�, N

28.27�
14 0.092 4.1 4.1 0.51 0.27 0.130 0.95 – 83.91

Shuanglongdong,

Zhejiang Province

SL E 119.62�, N

29.13�
30 0.188 5.7 5.3 0.67 0.29 0.006 0.06 – 82.73

Xingguang, Zhejiang

Province

XG E 119.05�, N

27.62�
20 0.131 3.9 3.6 0.56 0.27 0.043 0.53 – 89.82

Guoqingsi, Zhejiang

Province

GQ E 121.02�, N

29.15�
32 0.170 4.7 4.2 0.60 0.29 -0.056 0.53 – 97.28

Putuoshan, Zhejiang

Province

PT E 122.38�, N

30.00�
28 0.176 4.4 4.1 0.58 0.23 0.007 0.53 – 86.97

Jiuxi, Zhejiang

Province

JX E 120.13�, N

30.23�
31 0.177 5.7 5.1 0.65 0.29 -0.005 0.06 – 58.26

Tiantong, Zhejiang

Province

TT E 121.78�, N

29.80�
30 0.172 5.4 4.7 0.60 0.28 -0.041 0.41 – 12.17

Tianmushan, Zhejiang

Province

TM E 119.42�, N

30.35�
30 0.164 5.4 4.8 0.66 0.33 0.004 0.15 – 61.96

Qiandaohu, Zhejiang

Province

QD E 118.98�, N

29.60�
30 0.145 5.7 5.2 0.64 0.35 0.001 0.06 – 57.49

Wuyishan, Fujian

Province

WY E 117.92�, N

27.64�
30 0.125 4.1 3.7 0.55 0.32 -0.030 0.19 – 72.64

Yanshan, Jiangxi

Province

YS E 117.65�, N

28.21�
30 0.129 5.4 5.0 0.70 0.44 0.003 0.03 3,563

(285, 26,379)

27.34

Huangshan, Anhui

Province

HS E 118.17�, N

30.15�
30 0.111 6.0 5.3 0.68 0.41 0.063 0.47 – 41.03

Mean 5.1 4.6 0.62 0.31 0.003 64.30

Overall mean 5.2 4.8 0.60 0.34

Total: calculate for all

individuals as one

population

482 6.5 0.71

P value for difference

between

leading edge and non-

edge populations

0.221 0.103 0.684

Average frequency of null alleles per population (Null), number of alleles per locus (A), allelic richness per locus (AR), expected heterozygosity

(He), observed heterozygosity (Ho), inbreeding coefficient (FIS) (the significant value in bold), P value of bottleneck result based on two-phase

model (TPM) with 70 % stepwise mutation model (SMM) by Wilcoxon sign-rank test (significant values in bold), T estimation of time (in years)

since population started to decline with the interval at 95 % and percentage ancestry derived from cluster A averaged across all individuals in the

populations (Ancestry)
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without taking null alleles into account. We presented the

results using corrected data set hereafter.

Genetic diversity at species and population levels was

characterized by calculating the number of alleles (A), allelic

richness (AR, calculated by a rarefaction method, corrected

for sample size, El Mousadik and Petit 1996), expected

heterozygosity (He) and inbreeding coefficient (FIS) using the

program FSTAT 2.9.3.2 (Goudet 1995). Two one-tailed

t tests were performed in order to test the null hypothesis H0:

Gleading-edge populations = Gnon-edge populations, with the alterna-

tive hypothesis H1: Gleading-edge populations \ Gnon-edge populations

(Arnaud-Haond et al. 2006), where G is the allelic richness or

expected heterozygosity. Also, relationship between genetic

diversity and latitude was analyzed using a linear regression

with R 2.8.1 (R Development Core Team 2010).

Overall population differentiation was assessed by FST

based on Weir and Cockerham (1984) estimators using

FSTAT (Goudet 1995). As FST is likely to underestimate

genetic differentiation between populations for markers

which show high levels of allelic variability, we calculated

F0ST value, a standardized parameter of genetic differenti-

ation as F0ST ¼ FST=FST max(Hedrick 2005). FST max was

calculated after recoding the data using RECODEDATA

(Meirmans 2006). To test whether genetic differentiation

was higher among leading-edge populations than that in

non-edge populations, differences among mean pairwise

FST values were evaluated using a randomization proce-

dure with 1,000 permutations in FSTAT (Goudet 1995). An

analysis of molecular variation (AMOVA) was carried out

using GenAlEx 6 (Peakall and Smouse 2006). In addition,

we conducted barrier analysis (Manni et al. 2004) in Bar-

rier 2.2 using Monmonier’s (1973) algorithm to identify

genetic barrier(s) among populations. The statistical con-

fidence of predicted barrier(s) was tested using 1,000

bootstraps matrices of DA genetic distances (Nei et al.

1983), which were computed using Microsatellite analyzer

(Dieringer and Schlötterer 2003).

To test the pattern of isolation by distance, the associ-

ation between genetic differentiation (FST) and geographic

distances was assessed using a Mantel test in R 2.8.1

(R Development Core Team 2010). Because pollen dispersal

plays a critical role in gene flow, we also tested the relationship

between differentiation and geographical distance of pairwise

populations in or off predominant wind direction during

flowering periods, i.e., northwestwards. If direction of two

populations was within 10 degrees biased from southeast–

northwest, they were in the wind direction. Otherwise, they

were off the wind direction.

Population clusters and ancestry were detected by

Bayesian clustering using STRUCTURE 2.3.3 (Pritchard

et al. 2000). An admixture model was run with correlated

allele frequencies. Each run was pursued for 50,000

MCMC interactions, with an initial burn-in of 10,000. To

estimate the K number of ancestral genetic populations and

the ancestry membership coefficients of each individual in

these clusters, the algorithm was run 10 times for each

user-defined K value from 1 to 10. The mean log-likelihood

at each value of K [ln Pr(X|K)] was plotted, and an ad-hoc

statistics DK, as suggested by Evanno et al. (2005), was

used to estimate the most likely number of clusters.

The software BOTTLENECK (Cornuet and Luikart

1996) was used to check a recent reduction of effective

population size under the assumption that alleles are gen-

erally lost faster than heterozygosity, and recently bottle-

necked populations will therefore display an excess of

heterozygosity relative to that expected from the equilib-

rium between mutation and drift (Piry et al. 1999). Three

models there are optional: stepwise mutation model

(SMM), infinite allele model (IAM) and two-phase model

(TPM). Microsatellite loci with dinucleotide repeats or

compound motifs are thought to follow a mutational model

deviating from the SMM towards the IAM (Straub and

Doyle 2009), thus in this study the TPM was the most

appropriate and consequently the TPM with 70 % SMM

character was employed. Significance was evaluated by

Wilcoxon sign-rank test. In addition, to determine the time

of bottlenecks, we used MSVAR program (Beaumont

1999), which implements a coalescent simulation-based

Bayesian likelihood analysis, assumes a strict SMM, and

estimates the posterior probability distribution of popula-

tion parameters using Markov Chain Monte Carlo simu-

lations, based on the observed distribution of microsatellite

alleles and their repeat numbers. We set the generation

time of C. sclerophylla as 15 years (T. Fang, personal

communication). In each simulation, we ran each chain

with 20,000 thinned updates and a thinning interval of

10,000 steps, leading to a total number of 2 9 108 updates.

The first 10 % of updates were discarded to avoid bias in

parameter estimation at starting conditions, and the

remaining data were used to obtain the lower (5 %),

the median (50 %), and the upper (95 %) quantiles of the

posterior distributions.

Results

A total of 57 alleles were detected at seven loci among 482

samples from 17 populations. The number of alleles per

locus ranged from 4 (Ccu97H18 and QM67-3M1) to 15

(Ccu93H17), with a mean of 8. At the species level,

C. sclerophylla had a high value of expected heterozy-

gosity (He) of 0.71.

The mean number of alleles per locus (A) for non-edge

populations ranged from 3.9 (population XG) to 6.0
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(population HS), while that of leading-edge populations

ranged from 4.0 (SS) to 6.6 (TZ). Considering allelic

richness (AR) which is used to correct the different sample

size, it ranged from 3.9 to 5.9 (mean = 5.1) in leading-

edge populations, while from 3.6 to 5.3 (mean = 4.6) in

non-edge populations. The expected heterozygosity (He)

varied from 0.55 to 0.78 (mean = 0.69) in leading-edge

populations and from 0.51 to 0.70 (mean = 0.62) in non-

edge populations. Except in population RL, inbreeding

coefficients were not biased from 0 in leading-edge and

non-edge populations using corrected data set (Table 1).

Leading-edge populations had higher AR and He values, but

not significantly (t test: P = 0.139 and 0.077, respectively).

However, when excluding population SS whose upwind

only one population with low genetic diversity (population

PT) was laid, t test showed significantly higher AR and He

in leading populations than in non-edge populations

(P = 0.036 and 0.005, respectively). Number of alleles per

locus (A) (adjusted R2 = 0.202, P = 0.040), allelic rich-

ness per locus (AR) (adjusted R2 = 0.199, P = 0.042) and

expected heterozygosity (He) (adjusted R2 = 0.254,

P = 0.023) were positively related with latitude (Fig. 2),

indicating that genetic diversity increased towards northern

margin limit.

An analysis of molecular variance (AMOVA) revealed

that the majority of genetic variation (80 %) resided within

populations, among groups only 2 %, while 18 % of the

total genetic variation was detected among populations

within group (Table 2). Overall FST over seven loci was

0.116 (P \ 0.01), and the standardized F0ST was 0.327

indicating moderate differentiation. Genetic differentiation

of leading-edge populations (FST = 0.081) was lower but

not significantly compared to non-edge populations

(FST = 0.117) (P = 0.691). Pairwise FST values varied

from 0.022 (YS and TT) to 0.373 (PT and RL), and were

marginally significantly related to geographic distances

according to Mantel test (r = 0.212, P = 0.071). However,

when pairwise populations were grouped into in or off

wind direction, significant isolation-by-distance pattern

was observed in population pairs both in (r = 0.423,

P = 0.024) and off wind direction (r = 0.180, P = 0.032)

(Fig. 3). FST values of pairwise populations in wind

direction (mean = 0.113) were smaller, but not signifi-

cantly, than those of off wind direction (mean = 0.121).

Barrier analysis revealed a single genetic boundary in

central populations, with 72 % bootstrap support, separat-

ing population RL from others (Fig. 1).

An estimate of number of clusters was obtained by

DK statistic, producing a distinct peak at K = 2 (Fig. 4)

which would correlate to the most likely value of K. All the

17 populations can be assigned to two clusters (A and B)

(Fig. 4). The majority of individuals from leading-edge

populations were assigned into one substructure together

with non-edge populations TT, YS and HS. The percentage

contribution that each cluster makes per population is

shown in Table 1.

Fig. 2 Changes of number of alleles per locus (A) (circles, solid
line), allelic richness per locus (AR) (squares, dashed line) and

expected heterozygosity (He) (triangles, dotted line) along latitude.

Filled labels were data of leading-edge populations

Table 2 Analysis of molecular variance (AMOVA) displaying the

genetic variation between the two groups of leading-edge and non-

edge populations, among populations within the groups and individ-

uals of Castanopsis sclerophylla

Source of variation df Sum of

squares

Percentage

of variation

Among groups 1 66.5 2**

Among populations within groups 15 594.4 18**

Within populations 465 2,669.3 80**

Total 481 3,330.2

** P \ 0.01

Fig. 3 Relationship between differentiation (FST) and geographic

distances of population pairs in (filled circles, solid line; r = 0.423,

P = 0.020) and off (empty circles, dashed line; r = 0.180,

P = 0.031) dominant wind direction during flowering season by the

Mantel test with 1,000 randomizations
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The analysis of recent bottleneck effects indicated that

almost all of the non-edge populations except YS (8.3 % of

non-edge populations) did not suffer from population bot-

tlenecks. However, three of the five leading-edge popula-

tions (NS, QL, LC) (60 % of leading populations) did

experience significant recent bottlenecks (P \ 0.05)

(Table 1). The estimated time since decline (T) ranged

from 1,500 to 13,000 years ago according to MSVAR.

Discussion

Genetic diversity of Castanopsis sclerophylla

populations

As predicted by leading-edge colonization model, signifi-

cant signs of recent bottlenecks due to founder events were

found in three of the five leading-edge populations, while

only one non-edge populations experienced recent bottle-

neck. However, genetic variation in leading-edge popula-

tions was higher, though not significantly than that in

non-edge populations. Furthermore, there was a significant

increasing trend of genetic diversity towards leading edge.

These observations of genetic variation were not consistent

with the general predictions by leading-edge coloniza-

tion model. If heterosis is more advantageous at the range

edge because of more extreme environmental conditions

(Hansson and Westerberg 2002), higher heterozygosity can

be observed in the leading edge populations. However,

similar levels of inbreeding coefficients (FIS) and hetero-

zygosity were observed in the leading and non-edge pop-

ulations (Table 1). Furthermore, microsatellites, in general,

are neutral and not impacted by selection (Ellegren 2004).

Given colonization by long-distance dispersers and dif-

ficulty for later migrants to establish, leading-edge popu-

lations were characterized by low genetic diversity (Hewitt

1996). However, life-history traits may determine genetic

structure among populations (Hamrick and Godt 1996;

Pannell and Dorken 2006; Duminil et al. 2007), particu-

larly mating system (Duminil et al. 2007). The species with

outcrossing mating system are considered capable to har-

bor high genetic diversity (van Rossum et al. 1997), which

has been evidenced by many studies (Shi et al. 2011). In

addition, although the role of seed and pollen dispersal type

was indicated not as significant as mating system for

nuclear markers (Duminil et al. 2007), in a view of long-

distance dispersal, diversity levels between different pop-

ulations should be more similar (Cottrell et al. 2003). Seeds

of Fagaceae species are gravity-dispersed, and rodents may

serve as the secondary disperser. In these species, seed

dispersal plays a minor role in gene flow compared to

pollen dispersal, especially in a large scale. Ratios of pol-

len-to-seed dispersal of species of Fagaceae are among the

highest values of studied species (Petit et al. 2005).

Therefore, pollen dispersal plays a key role in shaping

genetic structure of Fagaceae species.

a

b

Fig. 4 a Values of DK (delta K)

based on the rate of the change

of ln Pr(X|K) as a function of the

number of clusters

K. b Distribution of cluster

membership at individual and

population levels when K = 2

(grey cluster A, light grey
cluster B)

Popul Ecol

123



Secondly, for wind-pollinated species, wind is supposed

to have a great contribution to their pollen dispersal. Mor-

phometric data on oak pollen grains have suggested that they

could be wind-transported at distances exceeding hundreds

of kilometers (Stanley and Linskens 1974). Streiff et al.

(1999) also demonstrated a high proportion (67 % on

average) of pollen in Quercus petraea and Q. robur origi-

nating from outside the study stand of 5.76 ha. Furthermore,

direction of dominant winds determines the direction of

pollen dispersal of wind-pollinated species, and thus source

and recipient populations. Castanopsis sclerophylla flowers

in May, when dominant wind currents are northwestwards

(Yu et al. 2009). Therefore, leading-edge populations are

recipients, which may receive pollen grains from multiple

non-edge populations (i.e., source populations), resulting in

higher genetic variation in leading-edge compared to non-

edge populations (Table 1). The conclusion that wind

facilitates maintaining high genetic diversity in the leading-

edge populations was also supported by the increasing trend

in genetic variation to the northern leading edge and by

more significant isolation by distance pattern along wind

directions (Fig. 2). Similarly, Sutherland et al. (2010)

investigated 42 British populations of Fraxinus excelsior L.,

a wind pollinated tree also, and found higher genetic vari-

ation in eastern Britain, which could be attributed to the

prevailing wind direction from the west.

Thirdly, combination of multiple sources may contribute

to high genetic diversity in leading-edge populations, such

as Himantoglossum hircinum (Preifer et al. 2010). In our

study, two clusters were detected in the 17 populations in

the eastern distribution range. The leading-edge popula-

tions more or less received genes from two clusters with

15.7 % genes contributed by cluster A, on average. Such a

mixing of genes can maintain high genetic diversity in

populations during their rapidly expanding (Pluess 2011).

Lastly, population size is thought to be one of the factors

affecting the level of genetic diversity in populations

(Hensen and Oberprieler 2005). As we know, population

size can influence the dynamics of plant populations

(Li et al. 2012). Genetic drift and inbreeding depression

often threaten small populations (Chen et al. 2003),

resulting in low level of genetic variation. However, we did

not observe significant signs of small size/fragmentation in

leading-edge populations, except population SS. Popula-

tion SS is located in Shanghai Municipality and has been

affected by highly urbanization with remnant individuals

\50. The hypothesis that small populations harbor low

levels of genetic diversity was supported.

Genetic differentiation of C. sclerophylla populations

In this study, genetic differentiation among leading-edge

populations was lower, though not significantly, than that

of non-edge populations. AMOVA showed that only 2 %

variation existed among groups. These results were also

inconsistent with the general prediction that edge popula-

tions are more differentiated compared to non-edge popu-

lations because edge populations are generally isolated and

of small size (Eckert et al. 2008).

As suggested by Duminil et al. (2007), mating system

was one of the only few traits related with genetic struc-

ture. Outcrossed species are not expected to show signifi-

cant population structure. Additionally, wind-pollination

manner could also explain such a discrepancy. Generally,

genetic differentiation of wind-pollinated species is lower

than that of insect-pollinated and self-fertilized species

(Hamrick and Godt 1989; Duminil et al. 2007; Puşcaş et al.

2008), though not significant under phylogenetic indepen-

dent contrast (Duminil et al. 2007). Potentially high gene

flow in C. sclerophylla is expected to even out genetic

differentiation among leading-edge and non-edge popula-

tions. As mentioned above, leading-edge populations may

act as receipts, which can receive pollen from multiple

non-edge populations during flowering periods. Actually,

Bayesian clustering supplied some clues (Fig. 4).

STRUCTURE results showed that leading-edge popula-

tions exhibited majority genes from cluster B, like non-

edge populations YS and TT, meanwhile, as well as

minority from cluster A, characterized by most of non-edge

populations. Sharing same gene pools tone down differ-

entiation between leading-edge and non-edge populations.

Low differentiation by high pollen dispersal in C. scle-

rophylla is also supported by the isolation-by-distance pat-

tern observed in pairwise populations in and off wind

direction (Fig. 3). Since microsatellites are generally neutral

and selection is absent or weak, isolation-by-distance pattern

indicated a balance between gene flow and drift (Hutchison

and Templeton 1999). However, more significant patterns of

isolation by distance (r = 0.423) revealed by population

pairs in wind direction during flowering season state clearly

that gene flow predominates in wind direction, whereas

more genetic drift off wind direction. Geographic barrier

plays an important role in shaping population structure.

However, in the region we studied, even in the eastern

distribution range of C. sclerophylla, mountains over than

2,000 m altitude are sporadically distributed in Wuyi

Mountain ranges where population WY is located. Although

the leading-edge populations are distributed locally less

continuously than non-edge populations, they are still con-

nected to other populations, because there were generally

scattered C. sclerophylla trees around or in local villages

(X. Chen, personal observation), serving as stepping stones.

In fact, the only significant genetic barrier was detected in

surrounding of RL, where the northern extension of Wuyi

Mountains is located, thus supporting genetic continuities

among leading-edge and non-edge populations.
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Climate change and leading-edge populations

Since the LGM about 18,000 years ago, evergreen broad-

leaved forest recolonized the subtropical areas of China,

though there might experience several contractions (Mem-

ber of China Quaternary Pollen Data Base 2000). In spite of

lack of pollen or phylogeographic evidence on C. sclero-

phylla, leading edge was most likely to be recolonized in

recent several thousands of years (Wang 1992). Therefore,

these populations might experience founder events. In fact,

we found that three leading-edge populations (60 %) (NS,

QL, LC) had suffered from significant population bottle-

necks and population declines from 1,500 to 13,000 years

ago. Although founder events during colonization should

result in stochastic loss of genetic variation and divergence

among populations, high gene flow may have compensated

for these processes (Muir et al. 2004).

As climate warms, it is likely that C. sclerophylla will

shift to higher latitudes in response to climate changes.

This implies that the leading-edge populations will move

northwards while the central and subcentral populations

will occupy the areas currently occupied by the leading-

edge populations. Though microsatellites are thought to be

neutral, they may indicate variation at selective loci (Shi

et al. 2011). High genetic diversity not only provides an

adaptation to less favorable habitats for leading-edge

populations (Honjo et al. 2008), but may also provide

leading-edge populations raw materials for evolutionary

adaptation to future environmental conditions.
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