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Abstract The subtropical evergreen broadleaved forest
(STEBF) in China is globally one of the most diverse and
biologically important forest systems. There has been a long-
term debate whether this region was affected dramatically dur-
ing Pleistocene glaciation and deglaciation cycles, e.g., in terms
of range dimensions and changes in species richness. Here we
report a large-scale phylogeographic study, focusing on a wide-
spread and typical constituent species of the Chinese STEBF,
Loropetalum chinense (R. Br.) Oliver (Hamamelidaceae). In
total, 56 populations spanning the entire distribution range of
L. chinense were analyzed. Chloroplast DNA sequence varia-
tion and AFLPs as molecular marker systems were used in
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combination with ecological niche modeling (ENM). ENM
indicated that the distribution ranges of L. chinense were
contracted remarkably and most populations retreated south-
ward. Thereby, based on ENM, geographical distribution pat-
tern of cpDNA haplotypes, and AFLP genetic clusters, one
glacial refuge was inferred in the Nanling Mountains in south-
ern China, and a second glacial refuge was identified in Three
Gorges Area and Dabashan Mountains in Chongging Province,
southwestern China. In addition to ENM, with mismatch dis-
tribution analysis and Bayesian skyline plots, demographic ex-
pansion was inferred to take place about 10.6 kya. The current
geographic distribution pattern of genetic variation might be
shaped by northward and eastward expansion along Nanling
Mountains and Wuyishan Mountains, respectively. Additional-
ly, the two mountain ranges were supposed to act as geograph-
ical barriers restricting gene flow between the southern and
northern populations. Herewith, we aim to further contribute
a case study of the phylogeographic history of this vegetation
type, which will help to improve deeper understanding of past
vegetation dynamics and floristic evolutionary pathways of the
Chinese STEBF.

Keywords Widespread species - Phylogeography -
Postglacial history - Evergreen broadleaved forest

Introduction

Climatic oscillations during the Quaternary glaciation and de-
glaciation cycles have long been considered to have had pro-
found effects on the geographic distribution and spatial genet-
ic pattern of extant species (Hewitt 2004). An overall “con-
tract-expand”” model and genetic diversity pattern of “southern
richness versus northern purity”” have often been observed for
species occurring in European or northern American regions
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(Hewitt 2000). Accumulating evidence suggested that the ge-
netic structure of modern plant populations reflect aspects of
vegetational dynamics since at least the Last Glacial Maxi-
mum (LGM: c. 21 kya), e.g., the locations of glacial refugia,
trajectories of postglacial colonization and associated demo-
graphic processes, as well as the aggregation and disaggrega-
tion of forest communities (Hewitt 2000; Petit et al. 2008; Hu
et al. 2009). Genetic evidence is now required to provide new
insights into past vegetational history and address important
paleoecological questions (Hu et al. 2009; McLachlan et al.
2005; Shepherd et al. 2007). Phylogeographic studies of wide-
spread species or constituent residents in a specific forest sys-
tem have been especially important for interpreting the evolu-
tionary history of species and their associated vegetation.

The subtropical evergreen broadleaved forest (STEBF) in
China is one of the most important forest systems. It has out-
standing plant richness and is one of the main biodiversity hot
spots in Southeast Asia due to its large geographic and climat-
ic heterogeneity (Hou 1983; Wang 1992a, b; Myers et al.
2000; Ying 2001). Several localized centers of plant diversity
with high levels of endemism have been identified in topo-
graphically diverse mountain ranges (Ying 2001). Simulated
vegetation maps have indicated that climatic cooling during
the LGM caused southward shifts in the geographical distri-
bution of all temperate vegetation species, being confined to
the most southern tropical part of China and forming a con-
tinuous vegetation band eastward to the Japanese archipelago
via the East China Sea shelf (Harrison et al. 2001; Sun et al.
1999; Ni et al. 2010). The refugial populations of the STEBF
expanded and advanced northward during the middle Holo-
cene (c. 6 kya) (Sun et al. 1999; Ni et al. 2010). Meanwhile,
evidence obtained from geographical data of the Quaternary
glaciation and deglaciation cycles has suggested an alternative
hypothesis. No glaciers developed at low elevations below
2500 m in the eastern China mountainous regions (defined
here as the subtropical region to the east of Qinghai-Tibet
Plateau) according to Shi et al. (2006) and Li et al. (2004),
but a cold and dry climate formed due to a strengthening
winter monsoon (Shi et al. 2006). The effects of lower tem-
perature and precipitation on subtropical region might also
cause the latitudinal and altitudinal migrations, population ex-
tinction, and range fragmentation and/or expansion.

The increasing large-scale phylogeographic studies of plant
species in China supported multiple glacial refugia present in
the widespread or component species in STEBF (Qiu et al.
2011) (Table 1). The Hengduan Mountains and the Yungui
Plateau in western China were identified as glacial refugia
for Taxus wallichiana, Fagus longipetiolata, and Pinus
kwangtungensis (Gao et al. 2007; Liu 2008; Tian et al.
2010). The Nanling Mountains in southern China were re-
vealed to be glacial refugia for F. longipetiolata,
P. kwangtungensis, and Eurycorymbus cavaleriei (Liu 2008;
Tian et al. 2010; Wang et al. 2009). The region of eastern
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subtropical China was inferred to be a glacial refugium for
T wallichiana and Ginkgo biloba (Gao et al. 2007; Gong
et al. 2008). Additionally, the southwestern Dabashan Moun-
tains, Daloushan Mountains, and the Sichuan Basin were in-
ferred to be glacial refugia for Cathaya argyrophylla,
Cercidiphyllum japonicum, T. wallichiana, G. biloba, and
E. cavaleriei (Wang and Ge 2006; Gao et al. 2007; Gong
et al. 2008; Wang et al. 2009; Qi et al. 2012). Moreover,
localized or fast range expansions from several and different
refugia were detected in 7. wallichiana, P. kwangtungensis,
Quercus variabilis, Platycarya strobilacea, and Rhododen-
dron simsii (Gao et al. 2007; Tian et al. 2008, 2015; Chen
et al. 2012a, b; Li et al. 2012; Xu et al. 2014). Evidence for
eastward migration is also obtained in widespread species
such as F. longipetiolata (Liu 2008).

The research presented here focused on Loropetalum
chinense (R. Br.) Oliver, an evergreen shrub or small tree,
belonging to the Hamamelidaceae family. It is one of the
dominant residents of the STEBF with widespread distribu-
tion across the major mountain ranges in subtropical China.
The most widely found populations of L. chinense display
white flowers with terminal inflorescence. Two morphologi-
cally variable populations were found with narrow distribu-
tions on the southern limit and exhibit either small white
flowers with axillary inflorescence or red flowers with termi-
nal inflorescence. Previous studies revealed that seeds of
L. chinense show ballistic dispersal model and fall down by
gravity (Du et al. 2009). Pollination studies indicated self-
compatibility of L. chinense; however, the possibility of
cross-pollination cannot be excluded as Thrips sp. has been
detected to exist inside the flowers (Gu and Zhang 2008; Gu
2008). Its congener Loropetalum subcordatum (Bentham) Ol-
iver, an endemic endangered species with contrastingly nar-
row and scattered distribution pattern in China, shows similar
ecological preferences and is suggested to be autogamy based
on previous studies (Gu and Zhang 2008; Gong et al. 2010).
The third species in the genus, Loropetalum lanceum Hand.-
Mzt., has not been recorded in recent decades and therefore
was not included in the present study. The variety L. chinense
Oliver var. rubrum Yieh, which has red flowers and terminal
inflorescence, was originally found in central China and is
now cultivated widely.

Given the wide distribution of L. chinense in subtropical
China and ballistic dispersal seeds by gravity, this species
represents a good system to test if the STEBF component
plant species conform the “contract-expand” model and assist
in a better understanding of the vegetative history of STEBF.
Despite an increasing number of phylogeographic studies in
China, few of them focus on the widespread or component
plant species in STEBF with extensive sampling. In the pres-
ent study, a wide-ranging phylogeographic analysis was con-
ducted using chloroplast DNA (cpDNA) sequence variation
and amplified fragment length polymorphisms (AFLP)
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analysis. Maxent-based ecological niche modeling was per-
formed to further make some predictions on past and potential
distribution area and climatically suitable range.

Materials and methods
Population sampling

Between 2006 and 2009, samples from 56 populations of
L. chinense (numbered from 1 to 56) from across its entire
geographic range within the STEBF were collected, including
two unusual and morphologically very variable populations
and two geographically distinct Japanese populations. A total
of 462 and 470 individuals were subjected to cpDNA and
AFLP analysis, respectively, with eight to nine individuals
per population. The Chinese populations were classified into
four regions based on geographically defined distributions and
respective altitudes and climate: (1) The southwestern popu-
lations (SW; numbers 1-9) include those at the Three Gorges
area in the Yangtze River valley and the ones in the southwest-
ern mountains at high altitudes of more than 700 m, such as
Dabashan Mountains and Daloushan Mountains. (2) The cen-
tral populations (CEN; numbers 10-24) are composed of
those populations at lower altitudes than 500 m in the moun-
tain ranges of Xuefengshan Mountains and Luoxiaoshan
Mountains central region. (3) The southern populations
(STH; numbers 25-42) include populations at middle to high
altitudes at the Nanling Mountains and those near the southern
coastline. Morphologically variable populations (MPV; num-
bers 41-42) were located in the STH region. (4) The eastern
populations (EST; numbers 43—-54) comprise the ones with
relatively lower altitudes than 500 m in the eastern Wuyishan
Mountains or along the eastern coastline. Two Japanese pop-
ulations (JP; numbers 55-56) were collected from Mei Pre-
fecture and Arao, Kyushu. As for L. chinense var. rubrum
(CUL; numbers 57-58), nine individuals of two cultivated
populations were analyzed comparatively. Twelve individuals
of two populations of L. subcordatum (LS; numbers 59-60)
were used as an outgroup in the analysis. The locations of all
the sampled populations and the number of individuals ana-
lyzed per population are presented in Table S1 and Fig. 1. Leaf
material was collected at intervals of at least 10 m in each
population. Total genomic DNA was extracted from a silica
gel-dried leaf tissue using a modified CTAB method (Doyle
1991; Doyle and Doyle 1987).

Ecological niche modeling
Ecological niche modeling (ENM) is a means of characteriz-
ing the spatial distribution of suitable conditions for species,

and in conjunction with traditional molecular phylogeograph-
ic inferences, it has been the main method for locating
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potential distributional areas at the LGM (SoberOn and Peter-
son 2005; Waltari et al. 2007). The modeling approach as-
sumes equilibrium between a species and its environmental
adaptation and relates the known occurrence of the species to
the environmental parameters of landscape-level variation.
Thus, it can be used to predict the suitable distribution range
of a species (Peterson 2003). ENM was performed based on
high-resolution paleoclimate data inferred for the Last Inter-
glacial (LIG), Last Glacial Maximum (LGM), Middle Holo-
cene (MH), and current. Bioclimatic variables were
downloaded from the WorldClim database (http://worldclim.
org/download) for the four different stages with its conditions
at 2.5’ spatial resolution. The LIG, LGM, and MH data were
obtained from circulation model simulation of the Community
Climate System Model (CCSM) (Collins et al. 2006), which
provides downscaled high-resolution estimates of the climate
parameters (Hijmans et al. 2005). A maximum entropy model-
ing technique (Maxent v3.3.2) (Phillips et al. 2006) was used
in our study. Current L. chinense herbarium records were used
for accurate presence data and projection into the past. Occur-
rence points were put into “samples,” current bioclimatic var-
iables into “environmental layers,” and past 19 bioclimatic
variables separately into “projection layers directory.” This
setting gives a solid model or specific niche built by combin-
ing current bioclimatic variables with occurrence points and
projected into past period layers. When running the model, the
default convergence threshold (107°) and maximum number
of iterations (500) were used together with a regularization
multiplier of 1. Model accuracy was assessed by evaluating
the area under the curve (AUC) of the receiver-operating char-
acteristic (ROC) plot (Phillips et al. 2006), where scores
higher than 0.7 were considered to show a good performance
of the model (Fielding and Bell 1997). To test each model,
25 % of the data in each run was randomly selected by Maxent
to generate a test file, which was then compared with the
model output calculated with the remaining 75 % of the pres-
ence data. We adopted “minimum training presence logistic
threshold (MTP)” as a stringent threshold to classify predicted
map into “suitable habitat” and “unsuitable habitat.” Cells
were coded “suitable” if the Maxent output suitability value
was greater than or equal to the lowest output value for the
training occurrence points (Richmond et al. 2010). This ap-
proach is thus conservative, identifying the minimum predict-
ed area possible while maintaining zero omission error in the
training dataset (Pearson 2007).

Molecular marker systems

An initial screen for DNA sequence variation of various chlo-
roplast markers using universal primers was conducted for
one individual from each population. Variation was observed
in three intergenic spacer (IGS) regions: psaA-ycf3 (Ickert-
Bond and Wen 2006), psbA-trnH (Hamilton 1999), and

l GfBS
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Fig. 1 Map of the sample locations. The 56 populations (1-56) of L.
chinense were examined across its whole distribution range in China and
Japan. Two populations of L. chinense var. rubrum (57-58) and two
populations of L. subcordatum (59-60) were also sampled, respectively.
Numbers 1-60 (ingroup and outgroup populations) denote the population

atpB-rbcL (Chiang et al. 1998), and one region of the #rnL
intron (Taberlet et al. 1991). PCR was carried out using a
reaction mixture with a total volume of 50 pL, containing
50 ng of genomic DNA, 2 mmol/L MgCl,, 0.2 mmol/L
dNTPs, 0.2 umol/L of each primer, and 1.25 U DNA poly-
merase (Takaya Bio Inc.). The amplification program
consisted of a 5-min denaturation step at 94 °C, followed by
30 cycles of 1 min denaturation at 94 °C, 1 min annealing at
52 °C, and 90 s elongation at 72 °C. Amplification ended with
an elongation phase lasting 8 min at 72 °C and a final hold at
10 °C. Amplification products were checked for length and
concentration on 1.5 % agarose gels and sent to Shanghai
Invitrogen Biotechnology Co., Ltd. for commercial sequenc-
ing. Haplotype sequences identified in L. chinense and
L. subcordatum were deposited in GenBank under accession
numbers JN542723-JN542828 and HM369421, HM369423,
HM369425, HM369426, HM369428-HM369430, and
HM369432-HM369438.

Our AFLP procedure was performed following the proto-
col established by Vos et al. (1995) with some modifications.
One individual was selected from each population and they
were tested using 64 primer combinations (ABI plant

} GfBS

order and correspond to those used in Table S1. The four Chinese
geographical regions (SW, CEN, STH, and EST) and one Japanese
region (JP) of L. chinense are differentiated by circles filled with
different colors. The major mountain ranges in China are also annotated
on the map. Additional accession information is given in Table S1

protocol) to screen for those which produced the most read-
able and informative profiles. Three primer combinations
yielding the most polymorphic and readable band patterns
were selected for the final AFLP analysis: EcoRI-ACA/Mse-
I-CTC (FAM), EcoRI-AAC/Msel-CTC (HEX), and EcoRI-
AGG/Msel-CAG (TET). Three standard samples were used
in each run to serve as a control for scoring the reproducibility
of the banding patterns of each primer combination. Three
differentially labeled fluorescent primer pairs were
multiplexed prior to electrophoresis. Multiplexed selective
PCR reactions were diluted 50 times with ddH,O, and 6 uL
of the resulting mixture was extracted and mixed with 1.5 uL
ROX500. After denaturation at 95 °C for 5 min, samples were
run on a MegaBase 1000 automated sequencer (Amersham
Biosciences). Raw data were imported into GeneMarker
v1.85 (Softgenetics LLC, PA, USA), and amplified fragments
between 50 and 500 bp were scored by visual inspection for
their presence (1) or absence (0) in the output traces. Only
distinct peaks were counted and the manual scoring procedure
was repeated three times to reduce inconsistencies in scoring.
The binary matrix from each primer combination was com-
bined into one dataset. To allow further analysis, the data
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matrix was converted into appropriate input matrices for dif-
ferent genetic software using the program AFLPDAT (Ehrich
2006).

Data analysis

To analyze cpDNA data, sequences were edited and assem-
bled with Sequencher v4.1.4 (Gene Codes Corporation). Var-
iable sites in the data matrix were double-checked against the
original electrophorogram. Multiple alignments of the cpDNA
sequences were made using MUSCLE (Edgar 2004a, b) with
subsequent manual adjustment in BioEdit 7.0.4.1 (Hall 1999).
Haplotype diversity (#) and nucleotide diversity () (Nei
1987) as well as haplotype frequency and distribution were
calculated using Arlequin 3.0 (Excoffier et al. 2005). For
AFLP data, we assessed the total number of fragments (NT),
the percent polymorphic fragments (PPF), and gene diversity
for all populations and geographical regions using AFLPDAT
(Ehrich 2006). As the species are self-compatible, estimations
of inbreeding coefficients were evaluated using FAFLPcalc
(Dasmahapatral et al. 2008) with FAFLP values calculated
for each individual. For both datasets, analysis of molecular
variance (AMOVA) was implemented in Arlequin 3.0, and a
hierarchical analysis of population subdivision was performed
(Excoffier et al. 2005). Pairwise F; values were also calculat-
ed using Arlequin 3.0 (Excoffier et al. 2005) in order to esti-
mate the genetic differentiation among localities. The correla-
tion between geographical and genetic distance was investi-
gated by performing a Mantel test using GenAlEx6 (Peakall
and Smouse 2006) and computing the geographical and ge-
netic distance matrices after 999 permutations.

Phylogenetic analysis of cpDNA sequence data was con-
ducted using Bayesian inference (BI) in BEAST v1.5.3
(Drummond and Rambaut 2007). L. subcordatum was used
as outgroup for the phylogenetic analysis. The GTR+G model
was selected as the most appropriate substitution model based
on Akaike information criterion (AIC) implemented in
Modeltest v3.7 (Posada and Crandall 1998). Statistical sup-
port for branching patterns was estimated by bootstrap repli-
cation (NJ, ML: 1000 replicates). BI was conducted by using
samples drawn every 1000 generations over a total of 1x10’
iterations to obtain the posterior estimates of the age of the
most recent common ancestor (TMRCA) by a Markov chain
Monte Carlo (MCMC) analysis. The first 25 % of trees were
discarded as burn-in. The genealogical degree of relatedness
among cpDNA haplotypes of L. chinense was estimated with
a 95 % connection limit using TCS version 3.11 (Clement
et al. 2000). In this analysis, indels were treated as single
mutation events and coded as substitutions (A or T). In both
parsimonious and network analyses, length variations in
mononucleotide repeats (poly A or T) were excluded because
of their tendency for homoplasy.

@ Springer

Loropetalum and Hamamelis-Corylopsis are two highly
supported sister clades (Li et al. 1999a, b; Ickert-Bond and
Wen 2006). To estimate a reliable divergence time between
L. chinensis and L. subcordatum, we employed the four chlo-
roplast noncoding regions (the psaA-ycf3, psbA-trnH, atpB-
rbcL 1GSs, and the #7nL intron) from Corylopsis (DQ352363,
AB237065, GU576577, and DQ352352), Hamamelis mollis
(GU576726, GU576760, GU576588, and AF147475) and
Hamamelis virginiana (GU576735, GU576770, AM183419,
and DQ352196). Two fossils were used as calibration points
to infer both absolute ages of clades and maximum or mini-
mum age constraints. Based on fossil flowers of
Androdecidua endressii (Magallon et al. 2001) and fossil
leaves of Corylopsis reedae (Radtke et al. 2005), the differ-
ence in time between Hamamelidae and Corylopsideac was
constrained to be a minimum of 85 my [F1], and the age of
Corylopsis at least 50 my [F2]. The divergence time of
L. chinense and L. subcordatum was estimated with the aid
of BEAST v1.5.3 (Drummond and Rambaut 2007) using the
nucleotide substitution model GTR+G, which gave the best fit
according to Modeltest v3.7 (Posada and Crandall 1998). Pos-
terior estimates of the age of the TMRCA were obtained by a
MCMC analysis with samples drawn every 1000 generations
over a total of 2x 10® iterations. The molecular clock model
was applied for estimations of the cpDNA lineage divergence
time. The rate constancy of cpDNA haplotype evolution in
Loropetalum was evaluated by relative rate tests (Tajima
1993) in MEGAS.0 (Tamura et al. 2007) using Corylopsis as
an outgroup. Following the discovery of rate constancy, the
time since divergence (7) of haplotype lineages was inferred
from their net pairwise sequence divergence per base pair (d)
using the Kimura-2-p model. Divergence time was calculated
as T=da/2 p, where p is the rate of nucleotide substitution
(Nei and Kumar 2000). The value of iz was derived from the
pairwise genetic distance (d,), and the divergence time (7)
between L. chinense and L. subcordatum estimated based on
fossil calibrations with the aid of the BEAST program.

In order to test the demographic expansion scenario, mis-
match distribution analysis of cpDNA data was performed using
a sudden (stepwise) expansion model (Rogers and Harpending
1992) for three haplotype groups C, D, and E as well as at
species levels. Goodness-of-fit was tested using the sum of
squared deviations (SSD) between observed and expected mis-
match distributions and Harpending’s (Harpending 1994) rag-
gedness index (HRag). The number of sites where two DNA
sequences differ is proportional to the expansion time, making
it possible to determine the date of population expansions direct-
ly from mismatch distributions (Rogers and Harpending 1992;
Schneider and Excoffier 1999). For groups with expanding
populations, the expansion parameter (7) was converted to an
estimate of time (7, in number of generations) since the start of
expansion began using 7=7/2u (Rogers and Harpending 1992;
Rogers 1995). In this formula, the neutral mutation rate for the
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entire sequence (haplotype) per generation of u is calculated as
u=pkg, where p is the substitution rate, & is the average sequence
length of the DNA region under study, and g is the generation
time in years. The value of g was approximated as 10 years in
shrubs. A parametric bootstrap approach (Schneider and
Excoffier 1999) with 1000 replicates was used to assess the
goodness-of-fit of the observed mismatch distribution to the sud-
den expansion model, to test the significance of HRag, and to
obtain 95 % confidence intervals (CIs) around 7. Significantly
negative D and F; values often indicate recent population expan-
sion following a severe reduction in population size, i.e., causing
a severe bottleneck (Fu 1997). For the total dataset and each
geographical region, Tajima’s D (Tajima 1989) and Fu’s Fj
(Fu 1997) tests of selective neutrality were conducted. All the
above analyses were carried out with the aid of Arlequin 3.0
(Excoffier et al. 2005). Analysis of Bayesian skyline plot
(BSP) was also conducted to test the change of effective popu-
lation size. The BEAST v1.5.3 software (Drummond and
Rambaut 2007) was used to create the BSP with 10 steps. The
analysis was run for 3x 107 iterations with a burn-in of 3% 10’
using the GTR+G model obtained from Modeltest v3.7 (Posada
and Crandall 1998). Convergence of parameters and mixing of
chains were followed by visual inspection of parameter trend
lines and checking of ESS values by performing three preruns.
Adequate sampling and convergence to a stationary distribution
were checked using TRACER v1.4.1 (Rambaut and Drummond
2009). Posterior estimates of parameters were all distinctly
unimodal with all parameters identifiable.

For AFLP data, population structure was examined at an
individual level by genetic admixture analysis using the pro-
gram STRUCTURE 2.1 (Pritchard et al. 2000), which imple-
ments a model-based clustering method to infer population
structure and is widely used for inferring gene-pool structure
in genetic data. The assumed K populations ranged from 1 to
10, with 10 replicate runs for each K, a burn-in period of 2 x
10%, and 5x10* MCMC replicates after burn-in. The admix-
ture model and uncorrelated allele frequencies were chosen
for the analysis. The estimated mean logarithmic likelihood
of K values and delta K values were both calculated and
ranged from 1 to 10, and the optimal K was determined
using the online version of Structure Harvester. For further
details of the abovementioned parameters and methods, refer
to Ehrich (2006) and Evanno et al. (2005). The assignment of
individuals from each population to the clusters with optimal
K was displayed as a proportional bar, with each cluster rep-
resented by a different color. The clustering result was
displayed geographically by the program distruct 1.1 (Rosen-
berg 2004). Additionally, the population structure was also
examined using the program BAPS v3.2 (Corander et al.
2003, 2004; Corander and Marttinen 2006) in order to com-
pare with the result of STRUCTURE 2.1. BAPS was run with
the most likely number of groups (K) set to 2 to 15. Each run
was replicated three times.
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Results
Ecological niche modeling

The predictions of the bioclimatically suitable areas for
L. chinense during the LIG (120-140 kya), LGM (~21 kya),
MH (6 kya), and current are shown in Fig. 2a, d. Evaluation of
model performance based on both training and test sample
data indicated that the models had high predictive abilities
(AUC=0.995 and 0.994, respectively). A vegetation map
from the LGM (http://intarch.ac.uk/journal/issuel1/2/map/
download page js.htm) was compared in parallel (Fig. 2b).
The geographical distribution range of L. chinense at the LGM
was predicted to be remarkably contracted and retreated
southward occupying the previous tropical regions, reaching
the land bridge and extending to the Japanese archipelago.
The potentially suitable distribution range of L. chinense
was mostly confined to the southern subtropical
mountainous regions, i.e., Nanling Mountains. The suitable
distribution range was also found to be located in the
southwestern mountainous ranges, i.e., the Three Gorges
Area and Dabashan Mountains. Based on LGM vegetation
map, the potentially suitable distribution range of L.
chinense was covered by tropical grassland (number 6) in
South Sea Land Bridge, forest steppe (number 18) in
southern China, semiarid temperate woodland or shrub
(number 12) in southern China and East Sea Land Bridge,
and open boreal woodlands (number 11) in southwestern
China during the LGM (Ray and Adams 2001).
Comparably, the distribution range of L. chinense during the
MH demonstrated a large expansion, occupying most of the
Chinese subtropical region. No obvious changes of the
geographical distribution were detected between MH and
current.

Genetic diversity and phylogenetic analysis of cpDNA
haplotypes

The four sequenced cpDNA noncoding regions originating
from the 462 individuals of L. chinense ranged from 2232 to
2259 bp and were aligned with a consensus length of 2281 bp.
Twenty-seven haplotypes (H1-H27) were identified based on
17 polymorphic loci in L. chinense (Table S2). Two species-
specific haplotypes (H28 and H29) were found for the
outgroup sequences from L. subcordatum (Table S2). Phylo-
genetic reconstructions of BI analyses generated weakly sup-
ported clades. Despite low Bayesian posterior values, the BI
tree was broadly congruent with the TCS network (Fig. 3). An
overall star-like shape was displayed based on the TCS net-
work. A total of 12 haplotype groups (A to L) were identified
based on TCS network analysis (Fig. 3). Genetic diversity
indices at both the population and regional levels were esti-
mated and shown in Table S1.
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Fig. 2 Potentially suitable areas for L. chinense predicted by ecological
niche modeling (ENM) using climatic variables at four different periods.
Suitable and unsuitable habitats are displayed as colors of red and gray,
respectively, where red represents the habitat suitability (occurrence
probability) higher than 15 %. Black dots represent the points of
sampled populations in our study. a The simulated distribution range at
the Last Interglacial (LIG). b Potentially suitable areas projected in
comparison with a layer of GIS-based vegetation map at the Last

Genetic diversity indices are given in Table S1. Based on
cpDNA data, the total haplotype diversity (4) was 0.7666 and
the nucleotide diversity () was 1.421x107>. At the popula-
tion level, the haplotype diversity (%) varied from 0.0000 to
0.8333 and nucleotide diversity () from 0.0000 to 1.845x
103 among all populations. The highest genetic diversity was
found in CQFJ (number 2; #=0.8333, 7=1.805% 10") in the
SW region, GXJWS (number 16; h=0.8333, 7=1.845x10"°)
in the STH region, and JXHC (number 19; #=0.8333, 7=
1.648x107°) in the CEN region. At the regional level, the
highest haplotype diversity and nucleotide diversity were
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Glacial Maximum (LGM). Numbers from 1 to 26 represent different
vegetation types at the LGM. These suitable areas were proven to be
covered by tropical grassland (number 6) in South Sea Land Bridge,
forest steppe (number 18) in southern China, semiarid temperate
woodland or shrub (number 12) in southern China and East Sea Land
Bridge, and open boreal woodlands (number 11) in southwestern China. ¢
The simulated distribution range at the Middle Holocene (MH). d The
current potential distribution range

revealed in the CEN region (4=0.8360) and the SW region
(m=1.871x10"%), respectively. The AFLP data revealed that
amplification from the three primer combinations for all the
accessions produced a total of 214 fragments, ranging from 50
to 500 bp. Bands not reproducible in the active control were
excluded as they were likely to be artifacts. The mean scoring
error, calculated in the three replicates, was <5 % for the four
primer combinations. A total of 213 bands displayed polymor-
phism (PPF=99.53 %) and the total gene diversity was
0.2634. The highest gene diversity was detected in the STH
region (0.2595), followed by the CEN region (0.2569). Based
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Fig. 3 The geographic distribution and respective frequency of the 12
haplotypes (A-L) among the 56 populations and the 95 % plausible
network of these cpDNA haplotypes. The size of each circle
corresponds to the frequency of each haplotype. Small solid circles

on both cpDNA and AFLP dataset, low genetic diversity (h=
0.0000) and gene diversity (0.0000) were detected in MPV
(numbers 41-42). The JP populations (numbers 55-56)
displayed lower genetic diversity (A=0.4583) and gene diver-
sity (0.1596) based on both datasets. The cultivated
L. chinense var. rubrum exhibited extremely low genetic di-
versity (h=0.0000) and gene diversity (0.2143). Concerning
the inbreeding level, the average FAFLP values at the species
level was 0.2237. At the population level, the highest inbreed-
ing levels were revealed in Japanese populations and morpho-
logically variable populations (average FAFLP values of 0.98
and 1.86, respectively).

Spatial geographical distribution of genetic variation
and population genetic structure

The geographic distribution and respective frequencies of
the 12 haplotype groups (A-L) among the 56 populations
are shown in Fig. 3. The most widely distributed haplotype
(H1) was found in 34 populations and 211 individuals. It
was inferred to be the ancestral haplotype with more fre-
quency in the STH and EST regions. The second most
frequent haplotype was H2 (14.3 % of all samples) with
higher frequency in the EST region. Haplotype group C
was shared among the four regions, but with comparably
lower frequency in the EST region. Haplotype group D
occurred mainly in Nanling Mountains in the STH region.
Haplotype group E occurred mostly in the CEN and EST
regions. Haplotype groups of F, G, H, J, and K were
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without haplotype codes indicate unsampled or extinct haplotypes.
Haplotypes H1-H27 belong to L. chinense, and haplotypes H28—-H29
occur in L. subcordatum only

geographically restricted to the SW region. The highest
number of haplotypes was identified in STH with 16 hap-
lotypes, among which seven were specific (H10, HI1,
H12, H17, H18, H20, and H21). The second highest num-
ber of haplotypes was found in CEN with 13 haplotypes,
including three private ones (H25, H26, and H27). The SW
region possessed less haplotype numbers (11 haplotypes)
than the CEN region, but owned a higher number of seven
unique ones (H4, HS5, H8, H9, H22, H23, and H24). Only
four haplotypes were detected in the EST region without
any specific ones. The richness of the haplotypes decreased
from west to east. Haplotype H10 was specific to MPV
populations and haplotypes H28 and H29 were unique to
L. subcordatum. No interspecific haplotypes were detected
between L. chinense and L. subcordatum.

Genetic admixture analysis was conducted on the AFLP
data for all populations of L. chinense using STRUCTURE
2.1 (Pritchard et al. 2000). Based on the estimated mean
logarithmic likelihood of K values, Ln"(K)=320.6800 with
K=6 was higher than Ln"(K)=292.9000 with K=4. There-
fore, the optimal K was determined to be 6 (Fig. 4a;
Fig. S1). Though the Ln"(K) value when K=2 was ex-
tremely high, we did not consider it as the optimal one.
When K=2, the corresponding geographically structured re-
sults provided insufficient information for further interpreta-
tion, because only individuals of MPV and L. subcordatum
were successfully separated (Fig. S2). Additionally, the Ln
"(K) values at K=2 often and consistently tend to be very high
and significant for population data even for other species
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Fig. 4 a Genetic admixture
analysis conducted on AFLP data (a)
for L. chinense, L. chinense var.
rubrum (CUL), and L.
subcordatum (LS). Each vertical SW
bar represents an individual and
its assighment proportion into one
of six population clusters. b
Genetic structuring of populations
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W. Gong et al.
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based on AFLP data. The map of
the individual assignment in each
population to K = 6 clusters
(C1-C6) is based on
STRUCTURE analysis of the
AFLP data. Each cluster is
represented by a different color

based on the method of Evanno et al. (2005). This method was
shown to favor K=2, causing artificially maximal Ln"(K)
values (Vigouroux et al. 2008; Iorizzo et al. 2013). Therefore,
the optimal K was often adopted with the second largest Ln
"(K) values (Vigouroux et al. 2008; Torizzo et al. 2013). Final-
ly, we conducted BAPS analysis to further test for congruent
results using higher K values. The optimal K was given to be
11 by BAPS program, which rejected K=2 as the optimal one.
Though BAPS gave incongruent optimal K values compared
to STRUCTURE, BABS at least did not suggest that K=2 was
the optimal one. Additionally, we found converging and very
similar results between BAPS (K=8) and STRUCTURE
using the optimal K=6 (Fig. S2).

The geographical assignment pattern of the individuals of
L. chinense in the six clusters based on Bayesian analysis was
generally consistent to the geographical regions of SW, STH,
CEN, EST, and JP. It also showed similar geographical distri-
bution pattern with the cpDNA haplotypes. Cluster C1 (purple)
was specific to SW. The populations in STH and EST mainly
comprised individuals from cluster C3 (blue) with a minor part
from C2 (pink). The populations in the CEN region were
assigned to clusters C2 (pink) and C3 (blue). The Japanese
populations contain individuals assigned to cluster C4 (yellow).
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Cultivated populations belonged to clusters C3 (blue) and C5
(red). The MPV showed the same assignment of individuals
with L. subcordatum, belonging to cluster C6 (green).

Analysis of the molecular variance of the cpDNA data
(Table 2) indicated significant genetic differentiation
among the 56 populations (F=0.7053, P<0.001), of
which the variation among the geographic regions
accounted for 4.40 %. Analysis of the molecular variance
of the AFLP data indicated relatively high genetic differ-
entiation within populations (76.39 %), but lower among
populations (15.22 %) or among the geographic regions
(8.39 %), with Fy=0.2255 (P<0.001). The results of the
Mantel test implied that there was no significant correla-
tion between genetic distances and geographic distances
(P=0.423) for the cpDNA data. However, isolation by
distance was detected for the AFLP data (R,,=0.3270;
P=0.001).

Estimation of divergence time and inference
of demographic history

To estimate the Bayesian divergence time, we constrained the
stem lineage to a minimum of 85 my and the age of Corylopsis
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Table 2 Analysis of molecular

variance (AMOVA) for all Source of variation df Sum of Variance Percentage of  Fy
populations of L. chinense based Squarces components  variance
on cpDNA and AFLP data at both
population and regional levels cpDNA
Among groups 4 67.670 0.0727 4.40 ns
Among populations within groups 51 483.477 1.0938 66.13%**
Within populations 409 199.352 0.4874 29.47%**
Total 464  750.499 1.6540 0.7053%*x*
AFLP
Among groups 4 719.395 12134 8.39%**
Among populations within groups 51 3243.491 5.1227 15.22%%**
Within populations 415 9032.198 21.7643 76.39%**
Total 469  13,118509  28.3683 0.2255%**

ns not significant
p>0.05; **p<0.05; ***p<0.001

to a minimum of 50 my. With fossil calibration, the estimated
interspecific divergence time between L. chinense and
L. subcordatum was 45.1 (18.5-72.5) my during the middle
Eocene (Tertiary) (Fig. 5). This result was comparable with
the result of Ickert-Bond and Wen (2006), which estimated
the two species divergence time to be 46.07 (27.42—63.10)
my. Relative rate constancy tests detected no significant rate
heterogeneity among the cpDNA haplotypes of Loropetalum
compared with Corylopsis (all P>0.05), indicating that a
clock-like evolution model was applicable for Loropetalum.
The corrected cpDNA sequence divergence (d,) between
L. chinense and L. subcordatum was 0.0113. Using the
divergence time (45.1 my) estimated from fossil calibrations,
the substitution rate was estimated to be 1.2525x10'% s/s/y for
the four combined noncoding cpDNA regions of L. chinense
and L. subcordatum. Neutral test showed the result of negative

D (—1.0313) and Fy (—5.8698) values at the species level.
Mismatch distribution analysis detected unimodel distributions
with nonsignificant SSD (0.0125; P=0.6710) and HRag
(0.0256; P=0.8780) statistics at the species level (Fig. 6).
Additionally, Bayesian skyline plots displayed slightly
ascending curves (Fig. S3). All of the above analyses provide
evidence for demographic expansion and population growth of
L. chinense. Accordingly, the expansion time was estimated to
be 10.6 kya between the LGM and MH. For cpDNA haplotype
groups C, D, and E, either D or F; showed a negative value, but
not both of them together (neutrality test, Fig. S4). Unimodel
distributions were detected with significant SSD and HRag
statistics for cpDNA haplotype groups D and E, but not for
group C based on mismatch distribution analysis (Fig. S4).
Therefore, the evidence for demographic expansion for each
cpDNA haplotype group seemed to be relatively weak.

L. subcordatum

45.1 (18.5-72.5)

85.0 (84 - 85.1)
92

L. chinense

[

TFI

49.7 (48.7-50.7)

Corylopsis

Hamamelis

| | | | mya

85 70 50

[ Paleocene Eocene

Fig. 5 Chronogram of the Bayesian tree for divergence time estimations.
Branch lengths were transformed via Markov chain Monte Carlo
(MCMC) simulations in the Bayesian time estimation. Gray boxes
indicate 95 % confidence intervals. Fossils were used to calibrate
divergence time estimates (F1 = 49.7 (48.7-50.7) my: Corylopsis
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reedae, and F2 = 85.0 (84.0-85.1) my: Androdecidua). The divergence
time between L. chinense and L. subcordatum is estimated to be 45.1
(18.5-72.5) my based on the combination of the four cpDNA
sequences of L. chinense, L. subcordatum, Hamamelis, and Corylopsis

@ Springer



34 W. Gong et al.
Fig. 6 Mismatch distribution 100000
analysis detected unimodel - —@— observed
distributions with SSD and HRag 90000 e m- expected
tatisti t th ies level
statistics at the species leve 80000
SSD (P)=0.0125(0.6710)
70000
HRag (P)=0.0256 (0.8780)
60000
50000
40000
30000
20000
10000
0 - N -m-

Discussion
Genetic diversity and population differentiation

Our results revealed a high level of genetic diversity (cpDNA:
h=0.7666; AFLP: 1=0.2634) with 27 cpDNA haplotypes and
99.53 % AFLP polymorphic fragments in L. chinense. Other
species that have similar geographic distributions compared to
L. chinense in subtropical China, such as 7. wallichiana (h=
0.8840) (Gao etal. 2007) and E. cavaleriei (h=0.8340) (Wang
et al. 2009), also exhibit high levels of cpDNA genetic diver-
sity (Table 1). Based on AFLP data, relatively high genetic
diversity has also been reported in other subtropical plants
such as Hibiscus tiliaceus (Malvaceae) with PPB=88.5 %
and /#=0.2430 (Tang et al. 2003). The high genetic diversity
of L. chinense might be due to its wide and continuous distri-
bution range, large population size, and putatively long evo-
lutionary history, which would have provided ample opportu-
nity for the accumulation and maintenance of high levels of
genetic variation (Hamrick and Godt 1996; Chiang and Schaal
1999; Huang et al. 2001; Chiang et al. 2006). The MPV that
are located in the southern marginal region displayed low
genetic diversity (cpDNA: 4#=0.5556; AFLP: gene diversi-
ty=0.1918, PPF=56.07 %). Japanese populations also pos-
sessed low genetic diversity (cpDNA: #=0.4583; AFLP: gene
diversity=0.1596, PPF=38.79 %). The low level of genetic
diversity in MPV and JP could be interpreted as a result of
long-term geographical isolation and genetic drift. As for the
cultivated red-flowered variety L. chinense var. rubrum, low
genetic diversity was detected (cpDNA: £=0.0000; AFLP:
gene diversity=0.2134, PPF=44.39 %). The apparent loss of
genetic variation in the cultivated populations might be attrib-
uted to the simple germplasm resources.
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Significant genetic divergence among the populations
based on the analyses of cpDNA data (F,=0.7053,
P<0.001) was found. This may because L. chinense produces
gravity-dispersal seeds, which discourages long-distance seed
flow among populations, allowing genetic drift to have a sig-
nificant impact on subpopulations, and ultimately leads to
distinct differentiation among populations (Hamrick and Godt
1996; Abbott et al. 2000; Petit et al. 2003). Based on the AFLP
data, genetic divergence was again evident among the popu-
lations (Fi=0.2255, P<0.001), but was lower than that ob-
tained from cpDNA data. This might suggest a low level of
inbreeding of L. chinense, which was detected in our result
(average FAFLP values=0.2232). Though a previous pollina-
tion study revealed self-compatibility in L. chinense, the pos-
sibility of cross-pollination cannot be excluded, as thrips have
been observed inside the flowers (Gu 2008). Thrips have been
proven to be effective pollinators in many plants (Sakai 2001;
Moog et al. 2002; Pefialver et al. 2012). Consequently, the
possibility of outbreeding either mediated by insects or wind
is suggested to exist in L. chinense.

Glacial refugia, demographic expansion,
and geographical barriers

Our findings suggested the existence of two glacial refugia
within the STEBF in China, constituted during the last Pleis-
tocene glaciation. One was situated in Nanling Mountains in
southern China. The second one was located in Three Gorges
Area and Dabashan Mountains, Chongqing Province, in
southwestern China. ENM predicted the potentially suitable
distribution range of L. chinense at the LGM to be isolated in
southern and southwestern China, which was consistent with
the simulated vegetation map and geographical data (Harrison
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etal. 2001; Sun et al. 1999; Ni et al. 2010; Shi et al. 2006; Li
et al. 2004). Molecular evidence revealed high genetic diver-
sity, haplotype diversity, and unique haplotype numbers in the
two potential glacial refugia. Climate oscillations during the
Pleistocene ice age resulted in glacial-interglacial cycles with
associated expansion and contraction of species’ ranges
(Hewitt 2000, 2004; Comes and Kaderit 1998; Taberlet et al.
1998; Abbott and Brochmann 2003). There were indications
that mountainous regions in southern and southwestern China
with high genetic diversity and ancient persistent lineages
were dominated by evergreen broadleaved trees during the
LGM (Fig. 2b; Xiao et al. 2007). To serve as refugia, these
regions would need to exhibit comparably stable ecological
conditions during periods of environmental fluctuations,
allowing the accumulation of genetic diversity (Hewitt
1996). Mountainous regions are usually regarded as critical
glacial refugia because their high relief offers scope for shifts
in altitudinal range in response to major climatic changes
(Bennett et al. 1991). Nanling Mountains and Dabashan
Mountains possess high topographic heterogeneity, with espe-
cially high species richness and endemism (Ying 2001; Wang
and Wang 1994). With the complex and varied physical to-
pography, these regions were thought to have been only slight-
ly affected by the Pleistocene glaciations, becoming important
refugia for many Tertiary plant species (Ying 2001; Zheng
2000). Meanwhile, the Nanling Mountains originated during
the late Triassic as a result of the Indo-China movement, also
allowing it to be potential glacial refugia for many relic plant
species (Ying 2001). Additionally, the Yangtze River winds
through southwestern China with formation of numerous
steep cliffs and deep valleys, which consequently serve as
geographic barriers, restricting gene flow and seed dispersal,
and ultimately, resulting in the unique genetic makeup of the
resident plant species (Gao et al. 2007; Wang et al. 2009).
Based on ENM, as well as mismatch distribution analysis
and the Bayesian skyline plots, demographic expansion was
observed and estimated to be 10.6 kya between the LGM and
MH. We speculated that the refugial populations expanded
northward and eastward along Nanling Mountains and
Wuyishan Mountains that are going in the southwest-
northeast direction. (i) Given the AFLP clustering results
and the eastward decreasing cpDNA haplotype diversity,
one migration route was supposed to start from Nanling
Mountains eastward along Wuyishan Mountains. This
migration route corresponds well with Wang (1992a, b) based
on flora investigation in the eastern Asiatic region. Long-
distance dispersal is considered to contribute to the losing of
genetic diversity of cpDNA haplotypes. However, the rela-
tively low altitudes and flatter landscape in the east allows
more pollen flow and long-distance dispersal, which to some
extent decreases the inbreeding level in the EST region based
on AFLP data. Evidence was shown that cpDNA haplotype
groups B and E, as well as AFLP cluster C2, were mostly
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present in the northern part of the two mountain ranges, but
AFLP cluster C3 majorly occurred in the southern part. There-
fore, we supposed that Nanling Mountains and Wuyishan
Mountains have acted as geographic barriers during the mi-
gration process. (ii) Another migration route was inferred to
be from Nanling Mountains northward along Xuefengshan
Mountains and Luoxiaoshan Mountains in central China. This
migration model corresponded with the hypothesis that the
STEBEF refugial populations advanced northward during the
middle Holocene (Sun et al. 1999; Ni et al. 2010). Short-
distance dispersal was suggested among these mountain
ranges due to the complex geographical topography, ultimate-
ly resulting in the preservation of genetic diversity and the
unique genetic makeup in the populations in CEN (Fig. 3).
Evidence was shown that cpDNA haplotypes groups D and E
were restricted to the northern part of Nanling Mountains and
never occurred to the southern part. Similarly, AFLP clusters
C2 and C3 were also isolated between the northern and south-
ern regions. Therefore, geographical barriers were again sup-
posed to be formed by Nanling Mountains during the migra-
tion process, which restricted gene flow and seed dispersal
between its northern and southern parts. Similar geographical
barrier models have been proposed for other common resi-
dents of the STEBF, such as E. cavaleriei (Wang et al. 2009)
and F. longipetiolata (Liu 2008). (iii) As for the potential
glacial refugium of Three Gorges Area and Dabashan Moun-
tains, no obvious range expansion was suggested due to the
high number of geographic unique haplotypes and the specific
AFLP cluster C1 in the SW region. By considering the shared
cpDNA haplotype group D between SW and CEN regions, the
only possibility was inferred that seeds or individuals were
dispersed or transported by human beings from west to east
along the Yangtze River. As high levels of genetic diversity
and gene diversity as well as high number of cpDNA haplo-
types were present in CEN, a contact zone might be suggested
as a result of genetic mixture between SW and STH regions.

Insights into the past vegetation history of the STEBF
in China

The genetic structure of current plant populations is thought to
reflect vegetation dynamics since at least the LGM (Hewitt
2000). The present study not only provides a comprehensive
elucidation of the phylogeographic history of the common
residents in the STEBF of China, but also improves our un-
derstanding of the past vegetation dynamics and the floristic
evolution within it. The results revealed two glacial refugia
and two major migration routes of habitant plant species with-
in the STEBF. The occurrence of the two glacial refugia sup-
ported both the vegetation dynamics simulations based on
paleo-biome reconstructions (Harrison et al. 2001) and the
Quaternary theory of glaciations and deglaciations in subtrop-
ical China proposed by Shi et al. (2006). The refugial
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populations of the STEBF not only are restricted to the mod-
ern southern tropical region but could also be identified in the
southwestern mountainous region. The subtropical Chinese
mountain ranges, such as Nanling Mountains and Wuyishan
Mountains with varying geographic conditions running south-
west-northeast, have acted as geographical barriers limiting
gene flow between the south and north. The STEBF in China
is regarded as one of the most important forest systems in the
world, serving as a critical glacial refugium and having par-
ticularly high biodiversity. The phylogeographic studies, par-
ticularly of a comparative nature on the wide range of constit-
uent species, are further required to provide a deeper under-
standing of the past vegetation changes in the Chinese STEBF.
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