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ABSTRACT

Aim Hotspots of biodiversity are often associated with areas that have under-
gone orogenic activity during recent geological history. Mountain uplifts are
known to catalyse species radiation but their impact on evolutionarily stable
taxa such as many trees remains little understood. The oak Quercus aquifo-
lioides is endemic to yet widely distributed across the Hengduanshan Biodiver-
sity Hotspot in the Eastern Himalayas. Here, we investigate how the region’s
Neogene and Quaternary history has driven the species’ past population
dynamics and the resulting extant patterns of intraspecific diversity.

Location Hengduanshan Biodiversity Hotspot in SW China.

Methods We sampled 58 populations throughout the species range and geno-
typed a total of 959 individuals at four chloroplast DNA fragments and 11
nuclear microsatellite loci. Phylogenetic reconstructions, molecular dating tech-
niques and ancestral area reconstructions were used in combination with popu-
lation genetic statistics to infer the biogeographical history of Q. aquifolioides.
The phylogeographical study was complemented by a survey of fossil records
and a niche modelling exercise.

Results Combined molecular and fossil evidence indicates that Q. aquifolioides
descended during the late Miocene from the central Qinghai-Tibet Plateau into
Tibet and the western Sichuan Plateau, and from there, into the area of highest
endemism in the Hengduan Mountains sensu lato. Great apparent population
stability and a haplotype ‘radiation’ in this area contrasted with marked extinc-
tion—recolonization dynamics and reduced population diversity in Tibet. We
found evidence for extremely limited seed gene flow but extensive pollen gene
flow (global Fsy: cpDNA = 0.98, nSSR = 0.07) with signals of asymmetric pol-
len dispersal from the Hengduan Mountains into Tibet.

Main conclusion Our results provide insights of unprecedented detail into the
ancient biogeographical history of the Hengduanshan Biodiversity Hotspot, sug-
gesting that past environmental changes in the region may have catalysed radia-
tive diversifications within species much in the same way as among species.

Keywords
biodiversity hotspot, gene flow, genetic differentiation, Hengduan Mountains,
intraspecific radiation, Neogene, orogeny, Quercus aquifolioides, Tibet

INTRODUCTION

et al., 2010). Many of the world’s top hotspots are located in
tectonically active areas that have experienced significant geo-

The evolutionary history of the world’s major hotspots of logical and climatic changes since the late Neogene. Promi-
biodiversity remains incompletely understood despite intense nent examples are the Californian Floristic Province, the
research (Qian & Ricklefs, 2000; Sechrest et al., 2002; Hoorn tropical Andes, New Zealand or the eastern Himalayas
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(Myers et al., 2000). These hotspots contain a large fraction
of evolutionarily young taxa that result from rapid radiations
driven by environmental changes (Linder, 2008; Hughes &
Atchison, 2015). Radiative speciation processes have received
much attention as putative keys to a better understanding of
the emergence of diversity hotspots (e.g. Hoorn et al., 2010;
Favre et al., 2015). On the contrary, we know very little
about how past geological and climatic changes in these hot-
spot areas have affected the population dynamics of older
and evolutionarily more stable taxa (Petit & Hampe, 2006).
Yet, imprints of this history persisting in the extant genetic
structure of long-lived taxa could help elucidate past envi-
ronmental changes and biotic responses that cannot be
tracked through the fossil or geological records alone (Dono-
ghue, 2008; Pennington et al., 2010).

The eastern Himalayas and adjacent mountain ranges in
south-west China harbour one of the world’s major hotspots
of plant diversity with around 12,000 species including 3,500
endemics (Myers et al., 2000). A unique combination of geo-
logical and climatic circumstances has allowed this diversity
to evolve and persist through an extended period of time.
The region stands out for its topographic diversity with some
of the world’s most rugged mountain ranges and altitudinal
gradients spanning over 5,000 m (from < 10,000 to
> 6,000 m a.s.l.) (Favre et al, 2015). This topography is the
result of an exceptionally intense orogeny that has taken
place since the late Neogene (or somewhat earlier: Lippert
et al., 2014; Renner, 2016). The eastern Himalayas and adja-
cent mountain ranges form an extension of the youngest part
of the Qinghai-Tibet Plateau (QTP). Their main uplift has
been suggested to have occurred in 10 Ma (Mulch & Cham-
berlain, 2006), reaching peak elevation already shortly before
the Late Pliocene (Sun et al., 2011). The orogeny went along
with a distinction between a south-western area that main-
tained subtropical evergreen broad-leaved forest vegetation
and a north-eastern area that experienced a decline in pre-
cipitation and the development of a vertical vegetation zona-
tion (Sun et al, 2011). The varied topography and the
macrogeographical situation of the region mitigated the
impact of subsequent global-scale climate changes, convert-
ing the area in a major climatic refugium for temperate
plants (Qiu et al., 2011). Several fossil records indicate
indeed that the vegetation of the region has changed rela-
tively little since the late Pliocene (Sun et al, 2011). The
intense orogeny and the resulting landscape heterogeneity
render the so-called Hengduanshan Biodiversity Hotspot a
highly suited natural laboratory for studying both the evolu-
tion (as ‘cradle’) and the maintenance (as ‘museum’) of
plant diversity (Lopez-Pujol et al., 2011).

The area harbours an outstanding number of (mostly
herbaceous) endemic plant taxa that have evolved since the
Pliocene through numerous radiations and vicariance events
(Wen et al., 2014; Hughes & Atchison, 2015). On the con-
trary, palacoendemic taxa are less abundant than in other
parts of southern China (Lopez-Pujol et al., 2011). The rela-
tive poverty in palacoendemics suggests that the geological
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and climatic changes during the late Miocene and early Plio-
cene could have caused the disappearance of numerous taxa
previously present in the area. Unfortunately, the fossil
record provides no clear evidence for such a process. Numer-
ous plant phylogeographical studies have targeted the QTP
and its surroundings in recent years (reviewed in Qiu et al.,
2011; Wen et al., 2014; Favre et al., 2015; Hughes & Atchi-
son, 2015). However, most have focused either on processes
of speciation and evolutionary diversification or on Quater-
nary population dynamics and the question whether taxa
persisted in situ at high altitude on the QTP through the Last
Glacial Maximum (LGM) or recolonized the area from
peripheral refugia. Some studies of woody species have
looked further back in time to elucidate pre-Quaternary pop-
ulation dynamics in the region. These studies found clear
imprints of the region’s Neogene history on patterns of
within-species diversity, which they related with the forma-
tion of major genetic lineages as a consequence of the QTP
uplift (e.g. Wang et al., 2010; Xu et al., 2010; Li et al, 2013;
Liu et al., 2013; Sun et al., 2014). However, more detailed
insights into the complex Neogene biogeography of the
Hengduanshan Biodiversity Hotspot have to date been pre-
cluded by constraints such as incomplete geographical cover-
age of sampling, low genetic polymorphism of samples or
the lack of fossil records to complement molecular data.

Here, we report on the Neogene and Quaternary popula-
tion dynamics of Quercus aquifolioides Rehder & E.H. Wil-
son, an evergreen oak species that is endemic to but widely
distributed across the Hengduanshan Biodiversity Hotspot.
We combine evidence from Neogene and Quaternary fossil
records, molecular analyses based on a dense range-wide
sampling of populations and niche modelling to infer how
geological and climatic changes in the region have driven
past distribution shifts, population dynamics, gene flow and
resulting patterns of genetic variation across the present-day
range of the species. Our specific objectives were to: (1)
examine range-wide patterns of intraspecific genetic diversity
of Q. aquifolioides at chloroplast DNA (cpDNA) and nuclear
markers; (2) determine divergence times of the major
intraspecific lineages; (3) infer past population and range
dynamics that have led to the species’ current distribution
and understand their underlying environmental causes; and
(4) confront our reconstruction with the known late Neo-
gene and Quaternary geological history of the Hengduanshan
Biodiversity Hotspot. Our study provides insights of
unprecedented detail into the complex history of the area,
shedding light on some of the biogeographical processes that
have allowed this hotspot to acquire and maintain its excep-
tional plant diversity.

MATERIALS AND METHODS

Study organism

Quercus aquifolioides is the most widely distributed member

of the evergreen sclerophyllous Quercus section Heterobalanus
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(Oerst.) Menits (Zhou, 1992). Its range spans western
Sichuan, northern Yunnan and eastern Tibet, extending into
the adjacent areas of Guizhou, Myanmar and Bhutan
(Fig. 1a). This area largely coincides with the floristic region
that has been defined as the Sino-Himalayan Forest subking-
dom (Qiu et al., 2011), rendering the species an emblematic
representative of this area. Quercus aquifolioides occurs across

a broad elevational range (1,900-4,600 m a.s.l; Huang et al.,

1999) and environments. Its geographical distribution and
ecological amplitude render Q. aquifolioides a highly suited

model to investigate the effects of past geological and cli-
matic changes in the region on the population dynamics of
long-lived, woody species. Like other oaks, Q. aquifolioides is

wind-pollinated and its acorns are putatively dispersed by

animals.

Sampling, sequencing and microsatellite genotyping

We sampled leaf material from 959 individuals in 58 wild
populations (separated by at least 30 km from each other)
from throughout the species’ distribution range (see Fig. 1

and Appendix S1 in Supporting Information).|JECaVESIENeIe

Voucher specimens of each population were stored in the
herbarium of Beijing Forestry University. Total genomic
DNA was isolated using a Plant Genomic DNA Extraction
Kit (Tiangen, Beijing, China). Five hundred and ninety indi-
viduals were sequenced at four cpDNA loci [trnH-psbA,
rpS16, trnS (GCU) — trnT (GGU) and trnQ (UUG) — trnS
(GGU); Kanno et al.,, 2004; Shaw et al., 2005] after initial

tests with 16 loci. [SINSSONSaMpIESIEreNEenotpedNatn
nuclear microsatellite (nSSR) loci (MSQI13, sstQpZAG,
sSTQPZAGI6,  sstQPZAGIL10,  sstQrZAG7,  ssrQrZAGII,
sSTQIZAG30, sstQrZAG87, sstQrZAG96, ssrQrZAG112 and
PIE_271; Dow et al, 1995; Kampfer e al, 1998; Durand

OO e eSS iSOG i mer sclection,

sequencing and genotyping procedures are described in
Appendices S2 and S3.

Data analysis

Phylogenetic analyses

We aligned cpDNA sequences with CLUSTALW in MEGA 5.1
(Tamura et al., 2011) and checked them manually. Chloro-
plast haplotypes were identified with DNaSP 5 (Librado &
Rozas, 2009) and a haplotype network was constructed using
NETWORK 4.6.11 with the median-joining model (Bandelt
et al., 1999). We derived phylogenetic relationships among
cpDNA haplotypes using BeasT 1.7.4 (Drummond & Ram-
baut, 2007). Trigonobalanus doichangensis (A. Camus) Far-
man was used as outgroup for rooting the phylogenetic tree
after testing without success a more closely related species
(Quercus ilex L.). We refrained from a fossil calibration
because some of the reported oak species are quite similar
and the determination of their fossils is a matter of debate
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(Zhou et al., 2007). Instead, we used the cpDNA substitution
rate of 0.96 x 107° s/s/y that was recently reported for
Quercus by Xu et al. (2015) based on four Asian Quercus fos-
sils. For details on the analysis settings, see Appendix S2.

We performed a statistical-dispersal vicariance analysis
(S-DIVA) as implemented in rasp 3.2 (Yu et al., 2015)
after comparing this approach with two other commonly
used approaches for ancestral range construction [Bayesian
Binary MCMC (BBM) and Statistical Dispersal-Extinction-
Cladogenesis (S-DEC)] with the software R package ‘Bio-
GeoBears’ (Matzke, 2012) and confirming the superiority of
S-DIVA  (weighted AIC: S-DIVA = 0.20, BBM = 0.098,
DEC = 0.001; see Appendix S2). Adopting the delimitation
of the Hengduan Mountains by Li (1987), we assigned our
populations to one of three areas separated by the Boshulal-
ing Mountains (A/C) and the Yalong River (B/C) respec-
tively (see Fig. 2a).

B | differentiation

We estimated haplotype (Hy) and nucleotide (m) diversity at
cpDNA markers for each population using DNASP 5. Average
gene diversity within populations (Hs), total gene diversity
(Hy) and population differentiation indices (Gsy and Ngr)
were calculated using the program permuT and the differ-
ences between Gsp and Ngr were assessed using a permuta-
tion test with 1,000 random permutations (Pons & Petit,
1996).

Detailed information on the initial screening of the
microsatellite loci (including tests for identical genotypes,
null alleles, departure from Hardy—Weinberg equilibrium
and traces of selection) is shown in Appendix S3. Three
nSSR loci departed significantly from the simulated Fsr dis-
tribution based on neutral loci, suggesting that they could be
under disruptive selection or linked to a locus under selec-
tion. These loci were therefore excluded from all subsequent
analyses. Descriptive statistics for nSSRs including the num-
ber of alleles, observed and expected heterozygosity were esti-
mated using GENALEx 6.5 (Peakall & Smouse, 2012). Allelic
richness and private allele richness for a sample size of six
were estimated with ADZE (Szpiech et al., 2008).

We performed a hierarchical analysis of genetic differentia-
tion for both cpDNA and SSR markers using an analysis of
molecular variance [N with 1,000 permutations as
implemented in ArLEQuUIN 3.5 (Excoffier & Lischer, 2010).
We conducted a global analysis with all samples pooled as
well as three specific analyses considering separately each of
the three major lineages identified.

The software sTRUCTURE 2.3.4 (Pritchard et al., 2000) was
1l o examine the range-wide genetic structure at SSR
BB The program was run for K = 1-15 under the
admixture model with independent allele frequencies. For
each run, we set 100,000 MCMC cycles followed by 100,000
burn-in cycles. Twenty replications were performed for each
K, and the optimal K was estimated according to Evanno
et al. (2005).
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Figure 1 Geographical distribution, fossil
records and cpDNA structure of Quercus
aquifolioides. (a) Species range (dashed line),
sampling locations and fossil records of Q.
aquifolioides and its likely ancestor Q.
preguyavifolia within the greater
geographical context. The Gaoligong,
Nushan and Yunling Mountains form the
Hengduan Mountain massif that, together
with the Daxue Mountains, harbours the
core of the Hengduanshan Biodiversity
Hotspot. (b) Geographical distribution of
chloroplast haplotypes in the 58 populations.
Circle sizes reflect the number of individuals
genotyped (n = 5-20). (¢) Inferred
phylogenetic network of the 36 cpDNA
haplotypes found. Each haplotype is
represented by a circle whose size is
proportional to its frequency across all
populations. Numbers in brackets on
branches indicate the number of mutations
between haplotypes. Small solid black circles
(mv1-13) represent hypothetic unsampled or
extinct ancestral haplotypes [Colour figure
can be viewed at wileyonlinelibrary.com].
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Figure 2 Phylogenetic relationships between chloroplast haplotypes of Quercus aquifolioides and their underlying biological processes
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of vicariance and long-distance dispersal respectively [Colour figure can be viewed at wileyonlinelibrary.com].

Gene flow among regions

Historical gene flow among different sectors of the distribu-
R (Fig. 2) was assessed using the software MIGRATE-
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N (Beerli, 2006). The amount and direction of gene flow was

estimated from the nSSR data by calculating the parameters

0 (four times effective population size multiplied by muta-
tion rate per site per generation) and M (immigration rate
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divided by the mutation rate). We used the continuous
Brownian motion model jlilfllllwe implemented a pre-run
with Fgr|values to obtain the prior setting of 6 and M|l
we started five independent MCMC chains with 5,000,000
generations, respectively. We sampled every 100 steps under
a constant mutation model, discarding the first 1,000,000
records as burn-in. The mode and 95% highest posterior
density were then estimated after checking for data conver-
gence.

Ecological niche modelling

We used MaxenT (Phillips ef al., 2006) to hindcast potential
past distributions of Q. aquifolioides by relating its modern
distribution records and bioclimatic variables. We used data
on precise geographical locations obtained from our own
sampling and from records of Q. aquifolioides in the Chinese
Virtual Herbarium (http://www.cvh.org.cn/) to characterize
the species’ geographical distribution. A total of 80 records
spread across the distribution range were used for the analy-
sis. Bioclimatic variables for current conditions at these sites
were downloaded from WorldClim (Hijmans et al., 2005).
Last Glacial Maximum (c. 21 ka) data were obtained from
two general circulation models (GCM) simulations provided
by the Palacoclimate Modelling Intercomparison Project
(http://pmip2.Isce.ipsl.fr/): the Community Climate System
Model (CCSM) (Collins et al., 2006) and the Model for
Interdisciplinary Research on Climate (MIROC) (Hasumi &
Emori, 2004). Data for the Last Interglacial (LIG, ¢. 130 ka)
were drawn from Otto-Bliesner et al. (2006). The Pliocene
(c. 3 Ma) data were obtained from their original author Dr
Dan Lunt (Bristol University). We used resolutions of 2.5-
arc minutes for the present and LGM climatic scenario(s),
30-arc seconds for the LIG scenario and 5-arc minute for the
Pliocene scenario, respectively. Four ecologically relevant bio-
climatic variables were retained after eliminating highly cor-
related variables (i.e. r>0.75) (Hijmans et al, 2005):
maximum temperature of the warmest month, mean temper-
ature of the coldest quarter, precipitation of the wettest
quarter, and precipitation of the warmest quarter. Model val-
idation was performed using MAXeENT default settings with
20 independent replicates of cross-validation procedures.

RESULTS

Phylogenetic relationships and geographical
distribution of cpDNA haplotypes

We sequenced a total of 2,709 bp from the four cpDNA
fragments and constructed a matrix of combined sequences
for the 590 individuals. The chloroplast fragment sequences
have been deposited in GenBank (KF171124-KF171181 and
KT625425-KT625438). A total of 36 haplotypes with 98 sub-
stitutions and 13 indels were detected (see Appendix S2).
The phylogenetic network revealed three distinct lineages
with adjacent but non-overlapping geographical ranges
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(Fig. 1b,c). Haplotypes 1-5 composed a lineage of exclusively
Tibetan distribution. Haplotypes 6-17 formed a second lin-
eage (hereafter termed WSP) that was distributed through
the West Sichuan Plateau. Haplotypes 18-36 composed a
third lineage (hereafter HDM) distributed through the Heng-
duan Mountain massif (an orogenic complex that includes
the Gaoligong, Nushan and Yunling Mountains; see Fig. la)
and the Daxue Mountains. This area corresponds to the cen-
tre of the Hengduanshan Biodiversity Hotspot.

Surprisingly, the Tibetan lineage was more closely related
with the geographically more distant WSP lineage than with
the interjacent HDM lineage (Fig. 1c). The relationship was
still distant, however, as we observed no less than 38 muta-
tion steps from the nearest WSP lineage relative to the most
common Tibetan haplotype. The WSP lineage was more clo-
sely related with the HDM lineage, as only 13 mutation steps
separated the nearest WSP relative from the core of the
HDM network.

The three lineages varied greatly in their internal structure;
while the Tibetan lineage included a few remarkably distinct
haplotypes, the HDM lineage was characterized by a notably
rich and complete star-like structure with most haplotypes
differing only by few mutation steps from each other
(Fig. 1c). The structure of the WSP lineage was intermediate
between the other two, with many haplotypes being closely
related while some others differed by several mutation steps
from their nearest neighbour in the network. Private haplo-
types were common in the populations of HDM (10 of 24)
and WSP (7 of 14) but markedly scarcer in Tibet (2 of 20).
Non-private haplotypes tended to be more geographically
restricted in the HDM area than in WSP, where haplotypes 6
and 7 were relatively widespread. At the other extreme, Tibe-
tan populations were largely dominated by a single haplotype
(1) except for the easternmost part, where populations were
fixed for two further haplotypes (2 and 3).

Divergence times and historical biogeographical
inference

The phylogenetic tree constructed by BEAST clustered the 36
haplotypes into three strongly supported clades (Fig. 2) that
were almost identical with the three lineages of the haplotype
network (see Fig. 1b). The divergence time of the outgroup
species T. doichangensis was estimated at 13.2 (95% HPD:
9.0-18.3) Ma (node a in Fig. 2). The divergence time of the
early diverging Tibetan lineage (node b) was estimated at 8.6
(6.1-11.4) Ma and that of the WSP and HDM lineage (node
c) at 4.4 (3.0-6.1) Ma. All major divergence events within
each of the three major lineages (nodes d—h) were assigned
to the early and mid-Quaternary.

The S-DIVA analysis classified the divergence of the three
major lineages and a few minor splits as vicariance events. It
also identified three dispersal events of HDM lineage popula-
tions from range sector C into B (Fig. 2), reflecting a consis-
tent secondary northward expansion of the HDM lineage
after its initial establishment.
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Diversity, differentiation and gene flow at cpDNA
and nSSR markers

Overall cpDNA diversity was high (mean Hy = 0.89, mean
m =815 x 107 see Appendix S1) although it decreased
from HDM through WSP to Tibet. Genetic differentiation
was remarkably high (Gst = 0.93 and Nsr = 0.98), and a sig-
nificant range-wide phylogeographical structure was observed
(Table 1). The AMOVA on cpDNA data revealed that 74.1%
of the overall variation was distributed among lineages,
23.9% among populations within lineages and only 2.0%
within populations (Table 2).

All eight nSSR loci were highly variable with 10-28 alleles
per locus across the 58 populations. Diversity estimates
decreased consistently from HDM through WSP to Tibet
(Table 1; repeated-measures ANOVA: F > 3.577; d.f. = 2, 55;
P <0.05). Contrary to the cpDNA data, by far most of the

overall variation at nSSR loci (92.6%; Fsr.=0.07 in Table 2)
occurred within populations, with the!rest being roughly
equally distributed among populations within lineages and
among lineages (Table 2).

* The sTRUCTURE analysis produced a clear maximum value

of AK for K = 2, suggesting the existence of two major clus-
ters in the data set%:WMWSP
and HDM lineages were primarily assigned to cluster I
(green), whereas the populations i the —Tiberan fimeage
appeared mostly in cluster II (red). However, numerous
individuals of the Tibetan populations BM, BMZ, CY, CYX
and CBG - that is, those located nearest to the westernmost
populations of the HDM lineage — also had notable fractions
assigned to cluster I (Fig. 3a).

The Migrate-n analysis produced 6 and M values greater
than zero (Table 3). 6 values did not vary among range sec-
tors, whereas scaled immigration rates (M) revealed the

Table 1 Genetic diversity estimates for cpDNA and nuclear microsatellite markers (nSSR) in the investigated Quercus aquifolioides

populations.

cpDNA nSSR

N Hry (se) Hs (se) Gsr (se) Ngr (se) N Ho Hg Ar Ap
Tibet lineage 212 0.57 (0.12) 0.02 (0.02) 0.96 (0.03) 0.95 (0.04) 380 0.71° 0.65° 3.23° 0.02°
WSP lineage 157 0.84 (0.05) 0.12 (0.05) 0.86 (0.06) 0.84 (0.06) 158 0.74% 0.74* 3.87° 0.05%
HDM lineage 221 0.92 (0.03) 0.08 (0.03) 0.92 (0.03) 0.92 (0.04) 421 0.75° 0.75 3.87° 0.06
Total 590 0.93 (0.02) 0.07 (0.02) 0.93 (0.02) 0.98 (0.01)* 959 0.74 0.71 3.65 -

N, number of individuals; Hr, total genetic diversity; Hs, genetic diversity within populations; Gsr, interpopulation differentiation; Ngr, interpop-

ulation differentiation taking similarities between haplotypes into account; *, Ngr differs from Ggr at P < 0.05; Ho and Hg, observed and
expected heterozygosity, respectively; Ar and Ap, allelic richness and private allelic richness, respectively; Superscript letters indicate significant

differences according to Tukey’s HSD tests (P < 0.05).

Table 2 Hierarchical analyses of molecular variance (AMOVA) of Quercus aquifolioides populations based on cpDNA polymorphisms
and nuclear microsatellite allele frequencies. A global analysis is followed by three lineage-specific analyses (see Fig. 1 for lineages and

their geographical distributions).

cpDNA nSSR
Percentage of Percentage of
Source of variation d.f. variation (%) Fixation indices d.f. variation (%) Fixation indices
Total populations
Among lineages 2 74.1 Fer = 0.74 2 3.3 Fer = 0.03
Among populations 55 23.9 Fsc = 0.92 55 4.2 Fsc = 0.04
within lineages
Within populations 532 2.0 Fsr = 0.98 1860 92.6 Fsr = 0.07
Tibet lineage
Among populations 19 95.0 Fst = 0.95 19 5.0 Fsr = 0.05
Within populations 192 5.0 740 95.0
WSP lineage
Among populations 13 88.5 Fsp = 0.89 13 3.5 Fsp = 0.04
Within populations 143 11.5 302 96.5
HDM lineage
Among populations 23 92.1 Fsr = 0.92 23 3.9 Fsr = 0.04
Within populations 197 7.9 818 96.1

d.f.,, degree of freedom.
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WSP lineage HDM Lineage
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Figure 3 structure clustering results for 959 Quercus aquifolioides individuals from 58 populations based on variation at eight nuclear
microsatellite loci. (a) Histogram of individual assignments. Black lines separate different populations. The major lineages are indicated
on top and population codes below the histogram. See Fig. 1(b) for their respective locations. (b) The magnitude of AK as a function of
K suggests the existence of two major clusters as the most likely scenario [Colour figure can be viewed at wileyonlinelibrary.com].

Table 3 Historical gene flow as estimated by Migrate-n among the three range sectors of Quercus aquifolioides indicated in Fig. 2.

M (m/p)
0 A— B— C—
A 1.7 [0.9-3.3] 11.2 [7.0-20.7] 20.2 [15.7-30.3]
B 1.3 [0.6-2.9] 48.8 [44.0-61.0] 55.2 [50.0-69.7]
C 1.8 [1.0-3.7] 46.8 [42.7-57.7] 24.2 [20.0-34.0]

The mode of the posterior distribution is shown in bold and the values in square brackets give the 95% credibility interval; 0, 4Nep; —, source
populations; M, mutation-scaled immigration rate; m, immigration rate; [, mutation rate.

existence of highly asymmetric historical gene flow between
all three sectors. Gene movements occurred predominantly
from sector A into sectors B (48.8 vs. 11.2) and C (46.8 vs.
20.2) as well as from sector C into sector B (55.2 vs. 24.2).

Niche modelling

The projected extant distribution of Q. aquifolioides was sim-
ilar to the species’ actual distribution (Fig. 4a), resulting in a
high AUC (0.95 =+ 0.03, mean + SD). The potential range
of Q. aquifolioides shrinked and shifted somewhat south-
wards during the LGM (Fig. 4b,c). It was, however, most
restricted during the LIG, suggesting that this warm period
would have provided the least favourable climatic conditions
for the species (Fig. 4d). The modelling exercise also showed
a large area with high climatic suitability for Q. aquifolioides
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during the Pliocene (Fig. 4e) that was largely congruent with
the current distribution (albeit more prominent, especially in
Tibet).

DISCUSSION

The eastern Himalayas are one of the tectonically most
active regions of the world. The rapid uplift of the Heng-
duan Mountains has converted the area into the ‘largest
“evolutionary front” of the world’s temperate zone’ (Lépez-
Pujol et al., 2011). Our study underpins that Q. aquifolioides
was present in the region during much of the upfolding
process. The species is hence an ideal witness of the physio-
graphic, climatic and biological processes that have gener-
ated one of the principal biodiversity hotspots outside the
tropics.
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Figure 4 Modelled potential distribution of Quercus aquifolioides at present (a); during the Last Glacial Maximum (21 ka) under the
CCSM (b) and MICRO (c) general circulation model, respectively; during the Last Interglacial (130 ka) (d); and during the Pliocene

(c. 3 Ma) (e). Red dots in panel (a) indicate the occurrence data
viewed at wileyonlinelibrary.com].

Miocene to Pliocene divergence of the three major
lineages

We detected three distinct genetic lineages with adjacent
but non-overlapping distributions. The Tibetan populations
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of Q. aquifolioides on which the model is based [Colour figure can be

formed the first diverging lineage with an estimated diver-
gence time of roughly 8.6 (95% HPD: 6.1-11.4): Ma. The
timing of this earliest lineage split in Q. aquifolioides
occurred relatively early compared to other woody species
from the study area [Cupressus chengiana: 9 Ma (Xu et al.,
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2010), Tetracentron sinense: 9 Ma (Sun et al., 2014), Picea
likiangensis: 5.9 Ma (Li et al., 2013), Taxus wallichiana:
4.2 Ma (Liu et al., 2013), Hippophaé tibetana: 3.2 Ma (Wang
et al., 2010)]. Importantly, it dates back to an initial stage in
the uplift of the mountain ranges that harbour today the
Hengduanshan Hotspot. Although the lineage split might
have happened at low elevation, it appears more likely that it
would have occurred while Q. aquifolioides was colonizing its
present-day distribution range from higher parts of the QTP
situated further to the west or north-west. The species would
subsequently have gone extinct in these areas as the regional
climate changed (Zhou et al., 2007; Favre et al., 2015; Ren-
ner, 2016). This scenario of a late Miocene migration of Q.
aquifolium from the east-central QTP into its present-day
distribution range would explain our surprising discovery
that the Tibetan Q. aquifolium populations are not most clo-
sely related with the neighbouring HDM populations but
instead with those from the distant western Sichuan Plateau.
It is further supported by the Migrate-n analysis and, signifi-
cantly, by two Miocene and Pliocene records of the fossil
oak taxon Q. preguyavifolia — morphologically equivalent
probable ancestor of the extant Q. aquifolioides (Zhou et al.,
2007) — in central and southern Tibet respectively (see
Fig. la and Appendix S1). Similar cases of evolutionary splits
going along with — and probably driven by — colonization
processes have been described from other tree species includ-
ing oaks (Petit et al., 2005) and have apparently been a com-
mon phenomenon in our study area (Favre et al., 2015).
Note that S-DIVA classified the split of the two lineages as
vicariance event; we interpret this apparent contradiction as
a consequence of the old age of the colonization process, as
S-DIVA is known for its tendency to misidentify ancient dis-
persal as vicariance (Yu et al, 2015).

We estimated the split of the WSP and the HDM lineage
to have occurred around 4.4 (3.0-6.1) Ma. This would be
consisitent with the existence of Pliocene fossil records of Q.
preguyavifolia at three sites located near the current south-
western range border of our target species (LanPing, YongP-
ing and ErYuan, see Fig. 1a and Appendix S1). Our estimate
coincides with a period of intense uplift of the Hengduan
Mountain massif (Sun et al, 2011; Favre et al., 2015), sug-
gesting that the split could similarly have occurred during
the colonization of the newly available terrain by the species.
The notably star-like cpDNA haplotype structure of the
HDM lineage suggests indeed that its current distribution
range could have been colonized by a single ancient haplo-
type that diversified subsequently during a slowly succeeding
species expansion across the Hengduan and Daxue Moun-
tains. Such a scenario is supported by both the S-DIVA and
the Migrate-n analyses: The first indicated that the extant
Daxue Mountain populations could stem from a (north-
ward) dispersal event; the second indicated notable historical
gene flow from range sector C (which includes most of the
HDM lineage) into sector B (which includes the Daxue
Mountains). Our hypothesis represents a refined deep-time
perspective of what Qiu et al. (2011, p. 240) called ‘the
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predominant biotic response of temperate plant species to
Quaternary environmental change’ in the region: ancient col-
onization, followed by vicariance and population isolation
with limited spatial demographic expansion. One can only
speculate whether the mountain uplift and the resulting
extreme topographic heterogeneity of the area have actually
driven haplotype diversification in the HDM lineage during
its slow expansion (acting as ‘cradle’) or whether they have
only helped conserve the resulting elevated haplotype diver-
sity (acting as ‘museum’).

Population and range dynamics after establishment
of the major lineages

The three lineages varied greatly in the character and geo-
graphical distribution of their haplotypes. The HDM lineage
was characterized by very high allelic richness, a pronounced
geographical cpDNA structure with many populations fixed
for haplotypes of local distribution, and the scarcity of ‘miss-
ing’ or hypothetical haplotypes within the notably star-like
network structure. All these phenomena point towards great
population stability through an extended period of time.
Accordingly, our niche modelling exercise suggests that the
Hengduan Mountains would have offered reasonably favour-
able climatic conditions through all modelled periods. In
addition, the range of available topoclimates and microcli-
mates must have been much larger in this extremely hetero-
geneous landscape than reflected by the niche model. Long-
term persistence of numerous populations in the area
throughout the Quaternary hence seems quite likely (see also
Qiu et al., 2011; Liu et al., 2013).

In contrast to the HDM lineage, the Tibetan lineage was
composed of relatively few remarkably distinct cpDNA hap-
lotypes. Three of them occupy most of the area without
showing geographical overlap, and private haplotypes are
rare. Moreover, Tibetan populations are less genetically
diverse than those of the other lineages. We interpret these
findings as the outcome of a widespread extinction—recolo-
nization process, where only some haplotypes would have
survived in different refugia located in the region. Three of
them would subsequently have expanded to fill the present-
day Tibetan range. Interestingly, our niche modelling exercise
indicated that Q. aquifolioides persistence in Tibet would
have been most difficult during the Last Interglacial period
(rather than during the LGM). This observation suggests that
the species’ long-term persistence in this area might actually
have been more constrained by high evapotranspiration than
by low temperatures.

The WSP lineage showed an intermediate behaviour
between the other two lineages. Both its diversity and the
frequency of private haplotypes were high, yet the existence
of several unsampled haplotypes as well as the presence of
some more widespread haplotypes (notably 6 and 7) could
reflect some extinction and re-colonization dynamics in a
relatively recent past. Their impact would, however, have
been markedly weaker than in Tibet. It seems noteworthy
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that the contact zone between the WSP and the HDM lin-
eage (see Fig. 1b) consists of populations that appear to stem
from relatively recent secondary expansions (as indicated by
haplotypes 6 and 7 in WSP and by the derived haplotypes
18-22 in HDM), whereas we detected no more traces of the
Pliocene colonization event that resulted in the establishment
of the HDM lineage.

Disparate patterns of seed and pollen-mediated
gene flow

Our combined survey of chloroplast and nuclear DNA
revealed a stark contrast between range-wide patterns of seed
and pollen-mediated gene flow. The almost complete differen-
tiation and geographical structure of the cpDNA (Gsp = 0.93
and Nst = 0.98) underpins that seed-mediated gene flow has
been restricted to the few colonization events described above,
and that posterior population admixture through seed disper-
sal has been virtually inexistent. Although marked spatial
structuring of cpDNA markers is a widespread phenomenon
in oaks and other nut-producing tree species (Xu et al,
2015), our values clearly exceed those of any other range-wide
study we are aware of. Importantly, the phenomenon is
almost as evident within each lineage (average Fsr = 0.92, see
Table 2) as among lineages, indicating that strong population
divergence also exists within the same mountain ranges and
not only along major geographical barriers as commonly out-
lined (e.g. Qiu et al., 2011; Favre et al., 2015).

The nSSR markers produced a totally different pattern. By
far most variation (93%) occurred within populations. Our
STRUCTURE analysis was unable to detect any difference
between WSP and HDM populations, and even some HDM
and Tibetan populations showed clear signs of gene exchange
despite being separated by several scores of kilometres and
the geographical barrier of the Boshulaling Mountains. The
STRUCTURE analysis also revealed that this presumably pol-
len-mediated gene flow has primarily occurred from HDM
towards Tibet (cf. strong presence of cluster I in populations
CY, CYX, CBG and BMZ). One possible explanation for this
asymmetry is that the Tibetan populations could have been
particularly prone to incorporating immigrant genes during
their relatively recent demographic expansion (Excoffier
et al., 2009). This secondary gene flow is also reflected in
our Migrate-n analysis which detected a considerably weaker
asymmetry in historical gene flow between range sectors A
and C than between sectors A and B.

Conclusion: past and future of a major global
hotspot of plant biodiversity

Many of the world’s major diversity hotspots are located in
areas that harbour very complex landscapes and have experi-
enced gradual but significant climatic changes. This combi-
nation spurs evolutionary change while providing niches for
long-term persistence, and it may explain why most reports
of tree species with genetic structures reflecting Neogene
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population dynamics stem from high-diversity regions of the
world (Hampe & Petit, 2007). Although causal relationships
between past geological processes and current patterns of
biodiversity are inherently difficult to establish, our detailed
phylogeographical survey across the Hengduanshan Biodiver-
sity Hotspot provides various interesting insights into the
biogeographical processes that could have contributed to its
formation: First, the area acted in the late Neogene as a refu-
gium for temperate species that immigrated from the rising
and drying central parts of the QTP. Such range displace-
ments have been reported from several other woody species
of the region (Wang et al, 2010; Xu et al., 2010; Li et al.,
2013), and also have commonly been invoked as a potential
catalysator of speciation processes in numerous herbaceous
and some woody taxa of the region (reviewed in Wen et al.,
2014; Favre et al., 2015; Hughes & Atchison, 2015). Second,
remarkably great stability and low levels of extinction charac-
terize populations in the area that harbours the centre of the
hotspot (i.e. the Hengduan and Daxue Mountains). Note
that Q. aquifolioides arrived relatively late in this area and
the outlined population stability would have been limited to
the latest Neogene and the Quaternary, fully consistent with
the historical scenarios of Lépez-Pujol et al. (2011) and Sun
et al. (2011). Third, the haplotype radiation of the HDM lin-
eage mirrors radiations at species level that have been
reported for many herbaceous taxa in the area (Lopez-Pujol
et al., 2011; Hughes & Atchison, 2015). The timing of this
haplotype radiation could fall together with periods of
intense radiation in some prominent herbaceous plant genera
of the Hengduanshan Hotspot (e.g. Delphinium, Rheum,
Rhodiola or Isodon; Hughes & Atchison, 2015), although the
molecular estimates are burdened with large uncertainty.
Fourth, even very rugged mountain ranges have apparently
not impeded extensive, presumably pollen-mediated, gene
flow that has further helped maintain a remarkably high
diversity in Q. aquifolioides populations throughout the
range. Fifth, more marginal parts of the hotspot and in par-
ticular the Tibetan part of the species range have apparently
undergone notable extinction—recolonization dynamics dur-
ing the Late Quaternary. Unfortunately, human activities are
likely to significantly accelerate up extinction processes as
only c. 8% of the original vegetation are left in the Hengdu-
anshan Biodiversity Hotspot and landscape destruction is
ongoing (Myers ef al., 2000). Ambitious conservation and
management efforts will hence be required that should focus
on providing elevational migration routes at local scales in
order to conserve as well as possible the species and within-
species diversity that characterizes this globally unique
region.
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