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Abstract Geological events and glacial history have all

induced habitat fragmentation, which has long been rec-

ognized as a major threat to the survival of many species.

However, fragmentation has differential effects on popu-

lation genetic patterns of individual species, such as loss of

genetic diversity, genetic differentiation enhance,

inbreeding increase, allelic deletion, and no effect. Calo-

cedrus macrolepis Kurz is an endangered ancient relictual

and fragmented conifer. In this study, the genetic diversity

and structure were analyzed to shed light on the factors that

determine their contemporary genetic patterns and to pro-

vide optimum strategies for future conservation. The

genetic diversity within and among 14 extant populations

of C. macrolepis was analyzed using nine microsatellite

markers. The genetic diversity (HE = 0.636), genetic dif-

ferentiation (FST = 0.163), and gene flow (Nm = 1.496)

were disclosed, respectively. No significant correlation was

detected by the Mantel test between genetic and geo-

graphical distances among pair-wise comparisons of pop-

ulations (r = 0.197, P = 0.103). Fourteen populations

could be generally assigned to two separate groups, and

significant asymmetrical migration among populations

within the regional groups was revealed. Both Quaternary

glaciations and neotectonic movements seem to be asso-

ciated with a long history of population contraction and

fragmentation of C. macrolepis, enhancing its genetic drift

and population divergence. The results indicate that long-

term habitat fragmentation could be responsible for the

genetic structure observed. In situ conservation strategies

should be designed, especially small and isolated popula-

tions. Also, special attention should be given to populations

LY and DZ because of their private alleles, as well as to

population CJ isolated from the mainland.

Keywords Calocedrus macrolepis � Genetic variation �
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Introduction

Habitat fragmentation threatens the survival of many spe-

cies due to the formation of smaller and discrete plant

populations that eventually become more spatially isolated

(Fahrig and Merriam 1994; Young et al. 1996; Frankham

et al. 2002). If populations are separated over successive

generations, their heterozygosity decreases because of

greater random genetic drift and inbreeding (Rumball et al.

1994). This produces a series of negative effects, e.g., the

accumulation of deleterious recessive alleles, lower

fecundity in individual plants, higher seed/seedling mor-

tality, and slower individual growth rates, thereby reducing

fitness and perhaps leading to local extinction (Lande 1988;

Young et al. 1996; Newman and Pilson 1997; Aguilar et al.

2008).

Also, certain life-history traits in plants may confer

different levels of vulnerabilities to fragmentation effects.

For example, the onset of genetic influences from frag-

mentation is frequently delayed in long-lived woody
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species (Torres-Dı́az et al. 2007). For long-lived woody

species, two alternative hypotheses might explain why they

can counteract negative inputs (Van Geert et al. 2008).

First, although the habitats for some species might become

fragmented, their populations are still interconnected

through pollen flow and/or seed dispersal, which can

counteract genetic erosion (Ellstrand 1992; Kwak et al.

1998; Newman and Tallmon 2001). Second, for some

species with relatively long-life cycles of up to a few

hundred even over 1000 years, the long lifespan of indi-

vidual plants reflects a historic situation in which habitat

fragmentation is less expansive (Ellstrand and Elam 1993;

Oostermeijer et al. 1994; Sork et al. 1999; Honnay et al.

2005). However, evidence from both theoretical (Hanski

and Ovaskainen 2002) and empirical (Lindborg and

Eriksson 2004) indicates that a woody species can become

extinct after 50–100 years of habitat fragmentation. Thus,

when making conservation decisions about endangered

species, it is of the utmost importance to understand the

genetic variation and structure of the species in order to

elucidate the factors that determine the genetic architecture

of plant populations (Milligan et al. 1994; Schaal et al.

1998; Avise 2000). Research on the influence of habitat

fragmentation has largely concentrated on assessing the

genetic consequences of recent events associated with

human activity (Mona et al. 2014). For example, Fagus

sylvatica L. is a wind-pollinated tree, which dominates

forest over large regions of Europe. The habitat fragmen-

tation induced by historic deforestation in this species has

led to genetic bottlenecks and the disruption of the species’

breeding system (Alistair and Josep 2006). In Scotland,

deforestation caused chronic habitat fragmentation on

Sorbus aucuparia Poir., which led to the reduced pollen-

mediated gene flow (Bacles et al. 2004). English yew

(Taxus baccata L.) is a Tertiary relict, whose genetic

variation was highly structured at the local scale, while

only a low proportion of the observed variation was

attributed to regional differences. The patterns probably

reflect the combined effects of Quaternary climatic changes

and recent impact of human activities (González-Martı́nez

et al. 2010). Although the effects of long-term fragmenta-

tion on genetic structure have been reported, but the role

that historical processes play in affecting population

genetic structure is still unclear.

C. macrolepis (Chinese Incense-cedar) is a relictual,

long-lived woody plant. It is native to southwestern China

[southeast of the Yunnan-Guizhou Plateau (YGP)] and the

adjacent regions of Myanmar and Vietnam (Fu and Yu

1999; Farjon 2005). The genus includes four species,

which have a typical eastern Asia–western North Ameri-

can disjunct pattern of distribution and represent an

ancient lineage (Averyanov et al. 2008; Chen et al. 2009).

It is an endangered ancient relictual and fragmented

conifer, and is a heliophile and subtropical plant. It is

monoecious with unisexual flowers on the same branches.

It belongs to wind-pollinated plant and contains light-

weight seeds that have unequal wings (Liao et al. 2014;

Wang et al. 2004). Based on fossil evidence from the

European Tertiary, C. macrolepis was formerly wide-

spread in temperate regions (Kracek 1999), and sediments

also exist from the Asiatic Oligocene to Pliocene

(WGCPC 1978; Liu et al. 1996). Because of its valuable

wood, it has been threatened by over-harvesting in the

past century and its habitat has also been severely

degraded ecologically. Its wild populations are dramati-

cally shrinking, and an overall decline continues

throughout its entire area of distribution (Liao et al. 2014;

Liu et al. 2010). According to criteria from the 2001

International Union for the Conservation of Nature and

Natural Resources Red List (Farjon 2001), C. macrolepis

is classified as a vulnerable species and is listed as an

endangered species in China (Fu 1995) and Vietnam

(WCMC 1997).

Although few microsatellite characterizations have been

made of its genetic population structure and diversity,

recently markers have been developed (Liao et al. 2010). In

this study, we conducted genetic diversity and structure

analyses of this species by microsatellite. Our objectives

were to examine: (1) the degree of genetic diversity within

and among remnant populations, (2) significant genetic

differentiation among our study populations, (3) factors

that determine their genetic patterns, and (4) optimum

strategies for future conservation.

Materials and methods

Population descriptions and sample collection

In China, Calocedrus macrolepis is distributed on sites

within Yunnan and southern Guizhou Provinces, at eleva-

tions ranging from 300 to 2000 m. This species also can

occur sporadically in western Guangxi and Hainan Pro-

vinces. As a medium-sized, subtropical evergreen, trees

can be 15–25 m tall, with trunks as large as 60–80 cm in

diameter at breast height (dbh). Remnant populations are

generally fragmented and highly disturbed because of

heavy deforestation. We analyzed 14 isolated populations

that represent those found throughout China. These inclu-

ded eight from Yunnan Province, three from Guizhou

Province, two from Guangxi Province, and one from Hai-

nan province (Fig. 1; Table 1). For each population, Nee-

dle samples from 17 to 34 mature individuals

(dbh[ 10 cm) were randomly collected. After collection,

samples were dried in silica gel and stored at 4 �C prior to

DNA extractions.
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DNA extraction, microsatellite amplification,

and scoring

Genomic DNA samples were extracted from dry leaf tis-

sue, which was grounded in liquid nitrogen according to

CTAB methodology (Doyle and Doyle 1987). Nuclear

DNA was PCR-amplified by microsatellite primer. Nine

microsatellite primers (Cm2–Cm4, Cm6–Cm8, and Cm10–

Cm12) (Liao et al. 2010) that showed good repetition and

distinct polymorphism were selected for this study.

Amplification conditions were as described by Liao et al.

(2010). PCR products were separated on an 8 % denaturing

polyacrylamide gel, using a 20 bp DNA ladder molecular

size standard (TaKaRa, China) and silver staining.

Fig. 1 Geographic locations for 14 study populations of C. macrolepis

Table 1 Locations for the 14

populations of Calocedrus

macrolepis sampled in this

study

Population (code) Sample size Latitude (N) Longitude (E) Elevation (m)

Yimen (YM) 20 24�580 102�160 1800

Tengchong (TC) 20 25�140 98�370 1500

Changjiang (CJ) 34 19�050 109�130 1200

Huanjiang (HJ) 20 25�070 107�590 880

Changning (CN) 20 24�530 99�420 1700

Danzhai (DZ) 20 26�160 108�000 820

Leishan (LS) 21 26�350 108�100 740

Jianhe (JH) 21 26�310 108�340 510

Lincang (LC) 20 23�390 100�050 1700

Mojiang (MJ) 19 23�320 101�400 1500

Puer (PE) 19 22�510 100�560 1300

Shiping (SP) 20 23�440 102�220 1500

Yuanjiang (YJ) 17 23�250 101�480 1500

Leyie (LY) 20 24�480 106�220 1110

The effect of long-term historical habitat fragmentation on genetic diversity of the relictual… 569

123



Genetic diversity, Hardy–Weinberg equilibrium,

and linkage disequilibrium

To estimate overall genetic diversity, we used GenAlEx,

Version 6 (Peakall and Smouse 2006) to calculate the

following measures: mean number of alleles per locus (Na),

average number of effective alleles (Ne), observed

heterozygosity (HO) and expected heterozygosity (HE) for

each locus and population, as well as private alleles (Np),

and the inbreeding coefficient (FIS) for each population.

The presence of null allele was tested via MICRO-

CHECKER 2.2 (Van Oosterhout et al. 2004). We applied

the Markov chain method for estimating the probability of

significant deviation from the Hardy–Weinberg equilib-

rium (HWE) and also used default parameters to perform

pair-wise tests for linkage disequilibrium (LD), using the

online version of GENEPOP (2013). Sequential Bonferroni

corrections were made to determine significance levels for

all tests at P\ 0.05 (Rice 1989).

Genetic differentiation and assignment analyses

Overall and pair-wise values for genetic differentiation

(FST) were generated by the AMOVA routine in GenAlEx

program, Version 6. Significance of the differentiation

between pairs of populations was tested using permutation

procedures (1000 replicates). The average effective number

of migrants exchanged between populations in each gen-

eration, i.e., gene flow (Nm), was estimated from FST.

Cluster analysis

Unbiased genetic distances (Nei 1978) were computed with

PopGene software, Version 1.32 (Yeh et al. 1997). A

dendrogram based on these resulting coefficients of genetic

distance was constructed using the unweighted pair-group

method with arithmetic mean (UPGMA). This distance

matrix was analyzed with NTSYSpc, Version 2.11c (Rohlf

1997). Cluster analysis (UPGMA) and dendrogram con-

struction were performed with the SHAN program in

NTSYSpc to determine the genetic distance among the 14

populations. A simple Mantel test was conducted with

TFPGA 1.3 (Miller 1997) to assess the correlation between

the Nei’s unbiased genetic distance and the geographic

distance that separated populations.

Genetic structure

Bayesian clustering was used for inferring the population

structure by STRUCTURE v2.3.4 (Pritchard et al. 2000).

The each level of (K = 1–20) was tested and determined

by a no-admixture model with 106 iterations and 105 burn-

in steps. Ten independent runs and tests for each K were

performed to ensure consistent results. Different clustering

scenarios were evaluated using the mean log probability

[L(K)] and the change in log probability, DL(K) (Evanno
et al. 2005).

Long-term migration and effective population size

The MIGRATE-N 3.6.5 (2013) was employed to estimate

long-term migration rates and effective population sizes.

Analyses assumed a Brownian motion model which rep-

resents a continuous approximation to the stepwise muta-

tion model for microsatellite evolution (Kimura and Ohta

1978). Long-term migration rates, M, 4Ne generations in

the past based on a coalescent approach, were estimated

using the maximum-likelihood mode. MIGRATE-N tests

all possible combinations of symmetrical or no migration

between each regional population group and between

populations within a region with the likelihood ratio test.

MIGRATE-N estimates the long-term effective population

size (Ne) of each population group as parameter h (that is,

4Nel, where l is the mutation rate per site). MIGRATE-N

also estimates the bi-directional M among population

groups and among populations within a region (M = m/l,
where m is the immigration rate per generation) (Hsieh

et al. 2013). The Markov Chain settings consisted of ten

short and three long chains per run, with an increment of

20. For short and long chains, 500 and 1000 genealogies

were respectively recorded, with a burn-in of 1000.

Results

Genetic diversity

A total of 70 alleles at nine microsatellite loci were

revealed across 291 individuals of 14 natural populations

for C. macrolepis. Allele numbers ranged from four at

locus Cm7 to 13 at locus Cm12, with a mean value of 7.8

per locus. Mean gene diversity ranged from HE = 0.497 at

locus Cm7 to HE = 0.748 at locus Cm10, HO values ranged

from 0.534 at locus Cm8 to 0.869 at locus Cm3. Null alleles

were detected at a negligible frequency in two loci (Cm11

and Cm12). The average variation for intrapopulation

microsatellites was Na = 4.7 (3.6–5.9), Ne = 3.2

(2.5–4.0), HE = 0.636 (0.563–0.701), and HO = 0.712

(0.467–0.844). Four private alleles (Np) were detected in

two populations—DZ (1; 2.5 %) and LY (3; 5–25 %)

(Table 2). The level of inbreeding for each population was

between -0.311 and 0.365, and significant inbreeding

coefficients (F) were detected in the LY population

(F = 0.365) (Table 2). When all loci were combined, nine

populations deviated from the HWE at P\ 0.05 (Table 2).

Significant linkage disequilibrium between SSR loci within
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each population was detected for 31 out of 485 compar-

isons; only four remained significant after the Bonferroni

correction (P B 0.05), suggesting that the loci used in this

study were independent of each other.

Population genetics differentiation and structure

The global genetic differentiation coefficient (FST) was

0.163 (Table 3). Pair-wise FST estimates ranged from

0.060 (LS vs. JH) to 0.245 (CN vs. LY) (Table 4). His-

torical gene flow (Nm) between pairs of populations

averaged Nm = 1.562 and ranged from 0.770 (between CN

and LY) to 3.895 (between JH and LS) (Table 3). No

significant correlation was detected by the Mantel test

between genetic and geographical distances among pair-

wise comparisons (r = 0.197, P = 0.103). The relation-

ships among these 14 populations were clustered based on

Nei’s genetic distances (Fig. 2). Population CJ from Hai-

nan province was clustered with YM and DZ from Yunnan

and Guizhou provinces, respectively. The easternmost

population, LS, was grouped with the westernmost popu-

lation, TC. Guangxi populations HJ and LY were clustered

into another group.

Based on nine loci, a global analysis of pooled data from

all populations was implemented by Structure program. The

results showed that individuals of the 14 C. macrolepis

populations could be generally assigned to two separate

groups (western and southern) (Fig. 3) according to changes

in the log probability (DL(K); Fig. 4). Western group

included populations Yimen (YM), Tengchong (TC),

Changning (CN), Leishan (LS), Jianhe (JH), Lincang (LC),

Mojiang (MJ), Puer (PE), Shiping (SP), and Yuanjiang (YJ).

Southern group comprised populations Changjiang (CJ),

Huanjiang (HJ), Danzhai (DZ), and Leyie (LY). According

to historicalmigration rates (M) calculated byMIGRATE-N,

there is no significant asymmetricalmigration among the two

regional groups. However, significant asymmetrical migra-

tion among populations within the western and southern

regional groups according to non-overlapping 95 %CIs was

revealed (Table 5; Fig. 5, respectively).

Discussion

Genetic diversity

Compared with previously reported genetic patterns for C.

macrolepis that were based on inter simple sequence repeat

(ISSR) analysis (mean HE = 0.1114, overall FST = 0.042)

(Wang et al. 2004), we found much greater variation and

higher differentiation in our 14 remnant natural populations

(mean HE = 0.636, overall FST = 0.163). One potential

explanation for this discrepancy is that only five popula-

tions were sampled in that earlier study, which may have

led to somewhat biased estimates of genetic diversity.

Another possibility is that techniques utilizing dominant

molecular markers, such as ISSR, AFLP (amplified frag-

ment length polymorphisms), or RAPD (rapid amplifica-

tion of polymorphic DNA), provide limited resolution

when examining interpopulation differentiation and gene

flow among populations. By contrast, microsatellite

markers that rely on specific primers for a certain species,

and which are present in all species genomes, are highly

polymorphic, codominant, and widespread across the

Table 2 Genetic diversity and fixation indices for the 14 populations

of Calocedrus macrolepis

Population Na Ne Np (frequency) HO HE F

YM* 4.0 2.8 – 0.706 0.602 -0.197

TC* 3.7 2.5 – 0.672 0.574 -0.189

CJ 5.6 3.7 – 0.725 0.678 -0.103

HJ 4.7 3.2 – 0.689 0.635 -0.106

CN* 3.6 2.5 – 0.711 0.563 -0.258

DZ* 5.1 3.2 1 (2.5 %) 0.844 0.649 -0.311

LS* 4.9 3.4 – 0.815 0.668 -0.232

JH* 4.4 3.1 – 0.778 0.634 -0.244

LC 5.0 3.6 – 0.617 0.595 -0.062

MJ* 4.8 3.3 0.743 0.653 -0.144

YJ* 5.1 3.9 – 0.824 0.701 -0.195

PE 5.0 3.2 – 0.620 0.614 -0.026

SP* 4.4 3.0 – 0.756 0.643 -0.189

LY 5.9 4.0 3 (5–25 %) 0.467 0.689 0.365

Mean 4.7 3.2 0.712 0.636 -0.136

Na average number of alleles, Ne average number of effective alleles,

Np number of private alleles, HO observed heterozygosity, HE

expected heterozygosity, F fixation index

* Deviating from Hardy–Weinberg equivalent (P\ 0.05)

Table 3 Genetic differentiation (FST), gene flow (Nm), and fixation

index values within populations (FIS) and over all populations (FIT)

for 14 populations of Calocedrus macrolepis

Locus FFIS FIT FST Nm

Cm2 -0.276 -0.050 0.177 1.161

Cm3 -0.175 -0.042 0.113 1.960

Cm4 -0.308 -0.177 0.100 2.247

Cm6 -0.018 0.229 0.243 0.780

Cm7 -0.330 -0.185 0.108 2.056

Cm8 -0.068 0.268 0.315 0.545

Cm10 0.042 0.175 0.139 1.551

Cm11 -0.037 0.091 0.124 1.770

Cm12 -0.003 0.149 0.152 1.393

Mean -0.130 0.051 0.163 1.496
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genome (Rallo et al. 2000; Sefc et al. 2000). Therefore,

they can be used to discriminate between heterozygotes

and homozygotes, and can truly reveal the genetic diversity

within a species.

Compared with other plants, most conifers show a rel-

atively high level (HE = 0.151) of variation within popu-

lations and a low level (FST = 0.073) of differentiation

among populations, as measured by isozyme markers

Fig. 2 Dendrogram showing

genetic association among 14

populations of Calocedrus

macrolepis based on genetic

distances. The dendrogram

based on coefficients of genetic

distance was constructed using

the unweighted pair-group

method with arithmetic mean

(UPGMA)

Fig. 3 Analysis with

STRUCTURE for K = 2. Each

color represents a different

cluster. Black lines separate

populations. See Table 1 for

population codes

Table 4 Pair-wise FST (below the diagonal) and Nm (above the diagonal) comparisons among 14 populations of Calocedrus macrolepis

Population YM TC CJ HJ CN DZ LS JH LC MJ YJ PE SP LY

YM 1.013 1.733 0.843 0.981 2.298 1.313 2.151 1.325 1.875 2.141 1.650 0.950 0.837

TC 0.198 0.923 0.849 1.733 0.979 3.035 1.665 1.879 1.492 1.330 1.026 1.718 0.815

CJ 0.126 0.213 1.005 1.271 2.427 1.372 1.337 1.424 1.999 1.962 1.833 1.151 1.141

HJ 0.229 0.227 0.199 0.811 1.193 1.552 1.171 0.883 1.107 1.379 0.881 0.901 1.041

CN 0.203 0.126 0.164 0.236 1.336 2.719 1.677 3.350 1.880 1.333 1.615 1.192 0.770

DZ 0.098 0.203 0.093 0.173 0.158 1.930 1.564 1.188 1.842 1.821 1.627 1.040 1.024

LS 0.160 0.076 0.154 0.139 0.084 0.115 3.895 2.435 2.300 1.713 1.423 2.211 1.036

JH 0.104 0.131 0.158 0.176 0.130 0.138 0.060 2.032 1.604 1.648 1.758 1.203 1.015

LC 0.159 0.117 0.149 0.221 0.069 0.174 0.093 0.110 1.897 1.762 1.750 1.231 0.931

MJ 0.118 0.143 0.111 0.184 0.117 0.120 0.098 0.135 0.116 2.336 3.741 1.648 1.060

YJ 0.105 0.158 0.113 0.153 0.158 0.121 0.127 0.132 0.124 0.097 3.084 1.571 1.479

PE 0.132 0.196 0.120 0.221 0.134 0.133 0.149 0.125 0.125 0.063 0.075 0.978 1.126

SP 0.208 0.127 0.178 0.217 0.173 0.194 0.102 0.172 0.169 0.132 0.137 0.204 0.985

LY 0.230 0.235 0.180 0.194 0.245 0.196 0.194 0.198 0.212 0.191 0.145 0.182 0.202
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(Hamrick et al. 1992; Matusova 1995). However, values

for genetic diversity vary among types of markers, making

it necessary to compare diversities in different species

based on the same molecular markers. Here, we found that

diversity (HE = 0.636) was similar with the mean values

(HE = 0.65) reported from studies of other regional species

Fig. 4 Log likelihood and changes in the log likelihood for different scenarios of groupings were based on nine microsatellite loci of

Calocedrus macrolepis

Fig. 5 Graphical

representation of results of

migrations estimated using

MIGRATE-N among the four

regional populations.

Maximum-likehood estimates

and extreme value in each locus

(in parentheses) of the long-

term migration rate (M) and

mutation-scaled effective

population size (h) using the

MIGRATE-N program. Arrows

represent the direction of gene

flow among sites. Dotted lines

means no value

Table 5 The migrations estimated using MIGRATE-N among ten regional populations

YM (0.84) TC (0.84) CN (0.96) LS (0.68) JH (0.94) LC (0.63) MJ (0.95) YJ (0.91) PE (1.12) SP (0.89)

TC – 0.00 0.18 0.30 1.34 0.33 0.54 0.18 0.66 0.15

CN 0.45 – 0.45 0.55 0.00 1.85 1.12 0.00 1.07 0.00

LS 0.24 0.81 – 1.46 1.78 2.03 2.44 2.27 3.32 1.46

JH 0.92 0.46 0.96 – 0.46 0.00 1.17 1.34 1.13 0.39

LC 3.13 0.63 1.51 1.11 – 2.55 1.11 1.82 2.22 1.98

MJ 0.45 1.30 0.45 0.15 0.06 – 0.82 0.18 0.00 0.24

YJ 0.71 0.12 1.68 1.10 0.55 0.90 – 0.39 0.51 0.55

PE 2.03 0.24 0.62 0.66 1.84 1.28 0.84 – 0.05 0.28

SP 1.14 0.39 0.75 1.36 0.61 0.66 0.13 0.75 – 1.58

Maximum-likehood estimates of the long-term migration rate (M) and mutation-scaled effective population size (h) (in parentheses) using the

MIGRATE-N program. – means no
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such as Larix occidentalis Nutt. (HE = 0.58) (Khasa et al.

2006) Fitzroya cupressoides I. M. Johnst. (HE = 0.55)

(Allnutt et al. 1999) and long-lived perennial species

(HE = 0.68) (Nybom 2004) such as Araucaria araucana

(Molina) K. Koch (HE = 0.69) (Bekessy et al. 2002),

Quercus lobata Née (HE = 0.78), Juniperus oxycedrus

Hochst. (HE = 0.72) (Boratyński et al. 2014), and Quercus

douglasii Hook. & Arn. (HE = 0.88) (Craft et al. 2002).

However, the diversity was much lower than that estimated

with SSR markers for five pinaceae species with broad

distribution (HE = 0.734–0.815, mean = 0.79) (Mariette

et al. 2001; Acheré et al. 2005; Maghuly et al. 2006; Mehes

et al. 2009) and was higher than the cupressaceae species

with narrow distribution, such as Pilgerodendron uviferum

(D. Don) Florı́n (HE = 0.035) (Premoli et al. 2001),

F. cupressoides (HE = 0.077) (Premoli et al. 2000), and

Podocarpus nubigena Lindl. (HE = 0.218) (Quiroga and

Premoli 2010).

Genetic structure and gene flow

Because of greater random genetic drift and inbreeding as

well as reduced gene flow, habitat fragmentation is expected

to erode genetic variability and increase the interpopulation

genetic divergence of plant populations (Young et al. 1996;

Sork et al. 1999; Lowe et al. 2005; Aguilar et al. 2008).

However, many tree species are probably resilient to habitat

fragmentation for one or two generations after it occurs

because they already contain high diversity (Bacles et al.

2004, 2005; Yao et al. 2007). In this study, we calculated that

the degree of population differentiation was 0.163, based on

SSR loci. This indicated that 16 % of the total genetic

diversity could be attributed to differences among popula-

tions. Our FST value for C. macrolepis was relatively higher

than the level of genetic differentiation observed in other

conifer species when examined with microsatellite markers.

These include Pinus monticola,FST = 0.057 and P. strobus,

FST = 0.084 (Mehes et al. 2009); Picea abies (L.) H. Karst.,

FST = 0.009 (Acheré et al. 2005); P. abies, FST = 0.005

(Maghuly et al. 2006); Pinus pinaster, FST = 0.111 (Mari-

ette et al. 2001); J. oxycedrus,FST = 0.160 (Boratyński et al.

2014); J. cedrus, FST = 0.08 (Rumeu et al. 2014); P. uv-

iferum, FST = 0.159 (Premoli et al. 2002); F. cupressoides,

FST = 0.078 (Premoli et al. 2001) and F. cupressoides,

FST = 0.14 (Allnutt et al. 1999). However, our findingswere

similar to those for other relictual conifer species in China

(Wang et al. 1996;Ge et al. 1998; Tang et al. 2008). The level

of gene flow for C. macrolepis (Nm = 1.562) suggests that

the genetic diversity in C. macrolepis is low, and the prob-

ability of population differentiation has increased due to the

fragmentation of habitat. Similar results were found for

populations with narrow and fragmented distributions (Larix

lyallii Parl., Nm = 1.4, (Khasa et al. 2006) and P. pinceana,

Nm = 1.39, (Ledig et al. 2001). C. macrolepis is wind-pol-

linated, monoecious, and long-lived, and its small, light-

weight seeds have two sub-apical, unequal wings (Wang

et al. 2004). These biological features generally play a sig-

nificant role in enhancing gene flow and decreasing genetic

differentiation among populations. The genetic differentia-

tion coefficient (FST) represents the extent of gene differ-

entiation among populations. Generally, 0.05–0.15 of FST

indicates the relatively middle level of gene differentiation,

and 0.15–0.25 of FST indicates the relatively high level of

gene differentiation (Balloux and Lugon-Moulin 2002).

Nevertheless, we found relatively high population differen-

tiation (FST = 0.163) and low gene flow.

From the UPGMA, populations HJ and LY are clearly

separated from the rest, also MJ, YJ, and PE form a clear

cluster, marginal populations TC, LS, JH, CN, and LC

form another cluster, which is supported by Structure

results. A reasonable hypothesis for the modern distribu-

tion patterns is that because of their suitability as sub-

tropical climates, regions that include the southeastern

portion of the YGP on the southeastern edge of the Qing-

hai-Tibetan Plateau may have been a Pleistocene refugium

for C. macrolepis after the Quaternary glaciations. Con-

currently, because of neotectonic movement since earlier in

the Quaternary, complex and various climates and topog-

raphy have appeared, and various microclimates have been

shaped in the YGP. C. macrolepis is a heliophile and

subtropical plant and after the Quaternary glaciations, it

was maintained only in areas with subtropical microcli-

mates. The genetic patterns presented here possibly reflect

a scenario of glacial refugees (may be in lowland areas)

with posterior recolonization of highlands when the tem-

perature raised. Populations LS, JH, and DZ show great

genetic diversity, also population DZ and LY present pri-

vate alleles. In addition these populations have the lowest

elevations, therefore these populations could be considered

may be as glacial refugees. These deductions accorded with

the results of Migrate analysis. Because the evolutionary

rate of conifers are very slow (Petit and Hampe 2006;

Savolainen and Pyhäjärvi 2007), these results implied that

the genetic patterns within C. macrolepis were caused

mainly by a long history of population isolation.

Management implications and recommendations

for future research

Genetic diversity plays an important role in determining

the survival and adaptability of a species. The loss of such

diversity is often associated with reduced fitness. Main-

taining genetic variation is a major objective when devel-

oping most programs for species conservation (Avise and

Hamrick 1996). In the present study, although the majority

of genetic variation by C. macrolepis resided within (84 %)
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rather than between populations, its diversity was lower

and its differentiation was much greater than is found with

other conifers that become broadly distributed due to

population fragmentation. Nine populations in 14 sampled

populations deviated from HW equilibrium. All of the

results indicate that populations of C. macrolepis are

declining. Moreover, their fragmentation may have been

shaped by long-term historical events as well as indepen-

dent evolutionary processes, such as neotectonic move-

ment, glaciation, and glacial retreat.

Hence, to capture the greatest within-species genetic

variation, decision-makers must include as many popula-

tions as possible in their programs for ex situ conservation

or breeding. Because all extant populations are small and

isolated, in situ conservation strategies should be designed

to preserve large areas in order to minimize the loss of

diversity that may result from future genetic drift. From our

example, special attention should be given to Populations

LY and DZ because of their private alleles, as well as to

Population CJ in Hainan province because of its isolation

from the mainland. The negative consequences of habitat

fragmentation, such as genetic erosion and increased

genetic divergence among populations, may be delayed in

long-lived perennial plant species. This is because mature,

established individuals may still reflect a historic situation

with less-severe habitat fragmentation (Sork et al. 1999;

Tomimatsu and Ohara 2003; Galeuchet et al. 2005; Van

Geert et al. 2008). To determine the extent to which frag-

mentation affects the genetic variation and structure of C.

macrolepis among generations, we must compare diversity

and differentiation between adult and seedling populations,

and integrate simultaneous investigations of demography,

reproductive biology, and genetics.
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pinceana, and a comparison with Pinus maximartinezii (Pi-

naceae). Am J Bot 88:1977–1987

Liao SX, Mi XJ, Liu AZ, Kun L, Yang ZY (2010) Isolation and

characterization of polymorphic microsatellite markers in Calo-

cedrus macrolepis Kurz (Cupressaceae). HortScience

45:169–171

Liao SX, Cui K, Wan YM, Zhou ZS, Li ZH, Cui YZ (2014)

Reproductive biology of the endangered cypress Calocedrus

macrolepis. Nord J Bot 32:98–105

Lindborg R, Eriksson O (2004) Historical landscape connectivity

affects present plant species diversity. Ecology 85:1840–1845

Liu YS, Guo SX, Ferguson DK (1996) Catalogue of cenozoic

megafossil plants in China. Palaeontogr Abt B 238:141–179

Liu FY, Li K, Liao SX, Cui YZ (2010) Interspecific competition,

population structure and growth dynamics of endangered

Calocedrus macrolepis. Sci Silvae Sin 46:23–28

Lowe AJ, Boshier D, Ward M, Bacles CFE, Navarro C (2005)

Genetic resource impacts of habitat loss and degradation;

reconciling empirical evidence and predicted theory for neotrop-

ical trees. Heredity 95:255–273

Maghuly F, Pinsker W, Praznik W, Fluch S (2006) Genetic diversity

in managed subpopulations of Norway spruce [Picea abies (L.)

Karst.]. Forest Ecol Manag 222:266–271

Mariette S, Chagne D, Lezier C, Pastuszka P, Raffin A, Plomion C,

Kremer A (2001) Genetic diversity within and among Pinus

pinaster populations: comparison between AFLP and microsatel-

lite markers. Heredity 86:469–479

Matusova R (1995) Genetic variation in five populations of silver fir

(Abies alba Mill.) in Slovakia. Biologia 50:53–59

Mehes M, Nkongolo KK, Michael P (2009) Assessing genetic

diversity and structure of fragmented populations of eastern

white pine (Pinus strobus) and western white pine (P. monticola)

for conservation management. J Plant Ecol 2:143–151

MIGRATE-N 3.6.5 (2013) Estimation of population sizes and gene

flow using the coalescent Software. Current version 3.6.5. http://

popgen.sc.fsu.edu/Migrate-n.html

Miller MP (1997) Tools for population genetic analysis (TFPGA),

version 1.3: a windows program for the analysis of allozyme and

molecular population genetics data. http://www.markgeneticsoft

ware.net/

Milligan BG, Leebens-Mack J, Strand AE (1994) Conservation

genetics: beyond the maintenance of marker diversity. Mol Ecol

3:423–435

Mona S, Ray N, Arenas M, Excoffier L (2014) Genetic consequences

of habitat fragmentation during a range expansion. Heredity

112:291–299

Nei M (1978) Estimation of average heterozygosity and genetic

distance from a small number of individuals. Genetics

89:583–590

Newman D, Pilson D (1997) Increased probability of extinction due

to decreased genetic effective population size: experimental

populations of Clarkia pulchella. Evolution 512:354–362

Newman D, Tallmon DA (2001) Experimental evidence for beneficial

fitness effects of gene flow in recently isolated populations.

Conserv Biol 15:1054–1063

Nybom H (2004) Comparison of different nuclear DNA markers for

estimating intraspecific genetic diversity in plants. Mol Ecol

13:1143–1155

Oostermeijer J, Van’t Veer R, Den Nijs J (1994) Population structure

of the rare, long-lived perennial Gentiana pneumonanthe in

relation to vegetation and management in the Netherlands.

J Appl Ecol 31:428–438

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in

Excel. Population genetic software for teaching and research.

Mol Ecol Notes 6:288–295

Petit RJ, Hampe A (2006) Some evolutionary consequences of being

a tree. Annu Rev Ecol Evol Syst 37:187–214

Premoli AC, Kitzberger T, Veblen TT (2000) Isozyme variation and

recent biogeographical history of the long-lived conifer Fitzroya

cupressoides. J Biogeogr 27:251–260

Premoli AC, Souto CP, Allnut TR, Newton AC (2001) Effects of

population disjunction on isozyme variation in the widespread

Pilgerodendron uviferum. Heredity 87:337–343

Premoli AC, Souto CP, Rovere AE, Allnut TR, Newton AC (2002)

Patterns of isozyme variation as indicators of biogeographic

history in Pilgerodendron uviferum (D. Don) Florı́n. Divers

Distrib 8:57–66

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population

structure using multilocus genotype data. Genetics 155:945–959

Quiroga MP, Premoli AC (2010) Genetic structure of Podocarpus

nubigena (Podocarpaceae) provides evidence of Quaternary and

ancient historical events. Palaeogeogr Palaeoclimatol

285:186–193

Rallo P, Dorado G, Martı́n A (2000) Development of simple sequence

repeats (SSRs) in olive tree (Olea europaea L.). Theor Appl

Genet 101:984–989

Rice WR (1989) Analyzing tables of statistical tests. Evolution

43:223–225

576 S. Liao et al.

123

http://genepop.curtin.edu.au/
http://genepop.curtin.edu.au/
http://popgen.sc.fsu.edu/Migrate-n.html
http://popgen.sc.fsu.edu/Migrate-n.html
http://www.markgeneticsoftware.net/
http://www.markgeneticsoftware.net/


Rohlf FJ (1997) NTSYS-pc: numerical taxonomy and multivariate

analysis system. Version 2.11c. Exeter Software, Setauket

Rumball W, Franklin IR, Franklin R, Sheldon BL (1994) Decline in

heterozygosity under full-sib and double first-cousin inbreeding

in Drosophia melanogaster. Genetics 136:1039–1049

Rumeu B, Vargas P, Jaén-molina R, Nogales M, Caujapé-castells J
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