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Abstract

Clarifying the relationship between distribution patterns of organisms and geological

events is critical to understanding the impact of environmental changes on organismal

evolution. Quercus sect. Heterobalanus is now distributed across the Himalaya–
Hengduan Mountains (HHM) and warm lowland in East China, yet how the distribu-

tion patterns of this group changed in response to the HHM uplift remains largely

unknown. This study examines the effect of tectonic events in the HHM region on the

oaks, providing a biological perspective on the geological history of this region. Fifty-

six populations of Quercus sect. Heterobalanus were genotyped using four chloroplast

DNA regions and nine nuclear simple sequence repeat loci to assess population struc-

ture and diversity, supplemented by molecular dating and ancestral area reconstruc-

tions. The underlying demographic dynamics were compared using ecological niche

models of the species distributions during the last glacial maximum and the present.

These analyses illustrate that Quercus sect. Heterobalanus diversified as the HHM

uplifted and climatic cooling during the mid-Miocene, colonizing the cold habitats

from warm broadleaf mixed forests. Lineages in cold highlands and warm lowlands

have diverged as a consequence of local adaptation to diverging climates since the late

Miocene. Our results suggest that continuous uplift of the HHM in the late Miocene

to early Pliocene accompanied by simultaneous cooling triggered the differentiation of

oaks. The biogeography of Quercus sect. Heterobalanus illuminates the geological

events responsible for the modern-day HHM.
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Introduction

It is not difficult to be impressed by the grandeur of the

Himalaya–Hengduan Mountains (HHM) and the rich

biodiversity it hosts, but it is difficult to reconstruct

how its biodiversity and elevation evolved. The

Himalayas is the southern frontier of the Qinghai-

Tibetan Plateau (QTP, including the Tibetan plateau,

Himalayas, Hengduan Mountains, etc.), whereas the

Hengduan Mountains is the southeastern margin of the

QTP (Zhang et al. 2002). Undoubtedly, the collision

between India and Eurasia during the Cenozoic has

produced uplift of the plateau, which was the most sub-

stantial active orogeny in Asia, maybe even on the earth

(Yin & Harrison 2000; Royden et al. 2008; Lippert et al.
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2014). As one of the planet’s most imposing geomor-

phological features, the HHM has played an important

role in the evolution of the flora and fauna in this

region. The HHM, as a significant reservoir of global

biodiversity hot spots in general (Myers et al. 2000),

where occupy one of the most important biodiversity in

the world. Therefore, the evolutionary history and

adaptation of plants on these regions are of particular

interest (Liu et al. 2014; Wen et al. 2014). However,

details of the geological events underlying uplift of the

QTP region, especially the correlations between geologi-

cal evolution and biological response in the HHM, are

still debated nowadays (Harrison et al. 1992; Yin & Har-

rison 2000; Tapponnier et al. 2001; Mulch & Chamber-

lain 2006; Royden et al. 2008; Lippert et al. 2014; Favre

et al. 2015; Li et al. 2015; Renner 2016; Ding et al. 2017).

Accordingly, quantifying these tectonic features of the

HHM uplift and the response of organisms to the oro-

genic process are of great interest and challenging to

geologists and biologists alike.

Uplift in the plateau and crustal movements have

caused large-scale changes in air circulation patterns,

climatic zones, large river drainages and vegetation (Li

& Fang 1999). In addition to the uplift, its associated

orogenic and environmental effects have likely served

as a major force in speciation, origin of genetic disconti-

nuities and organism evolution throughout the QTP

region (Che et al. 2010; Favre et al. 2015; Zhao et al.

2015). During the late Oligocene to early Miocene, the

uplift of the plateau caused the disappearance of tropi-

cal/subtropical evergreen broadleaved forest in the

QTP as it reached higher altitude (Wu et al. 2007; Ding

et al. 2017). The Miocene cooling coincident with the

Cenozoic uplift of the plateau is supported by the geo-

logical records of the Tibetan region (George et al.

2001). The evergreen broadleaved forest and the sclero-

phyllous forests which was derived from Tethyan vege-

tation and dominated by sclerophyllous plants is still

the typical vegetation of the QTP (Takhtajan 1969; Axel-

rod 1975; Wu et al. 1987).

The biodiversity of the HHM has traditionally been

explained that the lowlands of the Himalayas and

Hengduan Mountains provide refugia for plants

throughout climatic oscillations and glaciation in the

Quaternary (Qiu et al. 2011). However, few current

hypotheses emphasize the role of historical and evolu-

tionary factors in shaping plant diversity before the

Quaternary. For example, some studies of plant species

considered events occurring further back to elucidate

pre-Quaternary population dynamics in the HHM;

these efforts have found clear imprints of the region’s

Neogene history in patterns of within-species diversity

that are consistent with the formation of major genetic

lineages as a consequence of the uplift (e.g. Wang et al.

2010; Xu et al. 2010; Jia et al. 2012; Li et al. 2013).

Accordingly, we expect the evolutionary history of the

plant taxa distributed across the HHM and the warm

lowlands in East China to exhibit the evolutionary

responses to geological events, and in turn, to illumi-

nate the geological evolution of the HHM from a bio-

logical perspective.

Quercus sect. Heterobalanus, a section of sclerophyl-

lous oaks in high elevation of East Asia, are mainly

distributed in the HHM and the mountain tops of East

China. This section is considered a monophyletic

group based on the taxonomical and evolutionary

implications of leaf anatomy and architecture of Quer-

cus (Zhou et al. 1994). In the HHM region, the most

abundant sclerophyllous oaks are Quercus sect. Heter-

obalanus. More recently, fossils of this section have

been reported from the Neogene in the HHM and

adjacent regions (Zhou et al. 2003; He et al. 2014; Su

et al. 2015; Huang et al. 2016). The oldest-known fossil

of this section was discovered in Namulin, southern

Tibet (Fig. 1; Li & Guo 1976), and the age of the stra-

tum containing the specimen has been constrained to

the middle Miocene, ca. 15 Ma (Spicer et al. 2003). The

fossils of Quercus semecarpifolia unearthed from the

northern slope in Xixiabangma were used to estimate

the elevation of the Himalayas (Hsu et al. 1973), which

was considered the first paleoecological evidence of

the uplift of the Himalayas from plant fossils (Li et al.

2015). Later, these fossils were used to explain the

uplift of the Himalayas from different approaches

(Hsu et al. 1973; Zhou et al. 2003, 2007). Thus, the high

quality of the fossil record and present distribution in

the HHM region and eastern China indicate that Quer-

cus sect. Heterobalanus is an ideal model for inferring

the evolutionary response to both the geological and

environmental changes of the HHM as well as the

other regions. Given that most species that have ever

existed on earth are extinct, it stands to reason that the

evolutionary history can be better understood with fos-

sil taxa (Meng et al. 2014). Therefore, this study system

is particularly amenable to trace evolutionary history

and calibrate molecular dating for the reliable fossil

evidence is the best approach of calibrating divergence

times in molecular analyses.

There are seven species of Quercus sect. Heterobalanus

listed in Flora of China (Huang et al. 1999; i.e., Quercus

semecarpifolia, Q. guajavifolia, Q. aquifolioides, Q. rehderi-

ana, Q. spinosa, Q. monimotricha and Q. senescens), which

are mainly distributed in the HHM, and scattered

among the high mountain tops of East China (Fig. 1).

The Hengduan Mountains is a biodiversity centre of

Quercus sect. Heterobalanus as they exhibit a wide distri-

bution and large species numbers in the area, which

has been supported by rich fossil records from the
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mid-Miocene to the Pleistocene in the HHM and adja-

cent regions (Zhou et al. 2007; He et al. 2014; Huang

et al. 2016). Phylogeographic research also provides evi-

dence that the Hengduan Mountains is a distribution

centre for Q. aquifolioides (Du et al. 2016). The distinctive

distribution patterns span the HHM and eastern China,

as well as the accurate fossil records (Fig. 1), and pro-

vide an exceptional opportunity to elucidate the pro-

cesses by which biodiversity increased as a result of the

formation of the HHM, and the uplifting processes

itself. Thus, it offers a unique model to disentangle the

evolutionary processes underlying botanical evolution

in the important biodiversity hot spot.

Here, this phylogeographic objective using molecular

dating, ecological niche modelling (ENM), ancestral

range reconstructions, as well as the relative geological

events, which enable us to (i) elucidate the role of the

orogenic processes that created the HHM in shaping

the geographic distribution of plants in the surrounding

region; and in turn, to (ii) illuminate the geological his-

tory of the HHM from a biological perspective.

Materials and methods

Taxa sampling

A total of 529 foliar samples of Quercus sect. Heterobal-

anus were collected from 56 populations at elevations

between 1034 m and 4236 m (Fig. 1, Table 1). The sam-

ples included all recognized species of Quercus sect.

Heterobalanus according to Flora of China (Huang et al.

1999), and the sampling scale covered almost all distri-

bution ranges. All sampled in-group species and loca-

tions are listed in Table 1, and the geographic

distribution is depicted in Fig. 1. Chloroplast DNA

(cpDNA) sequence variation and nuclear microsatellite

(nSSR) analyses were performed using genetic material

from each sample collected.

(a)

(b)

(c)

(d)

(e)

(f) (g) (h)

(j)(i)

Fig. 1 Geographic distribution of Quercus sect. Heterobalanus. Blue dashed lines denote the geographic distribution areas of Quercus

sect. Heterobalanus; black dashed lines denote the Hengduan Mountains; red dots denote the materials collection sites; and the star

denotes where the oldest known fossils of this section reported, Namulin. (a) Q. guajavifolia, (b) Q. rehderiana, (c) Q. aquifolioides, (d)

Q. monimotricha, (e) Q. semecarpifolia, (f) Q. senescens, (g) Q. spinosa, (h) the habitats of Quercus sect. Heterobalanus, (i) the leaf architec-

ture of Quercus sect. Heterobalanus, scale bar = 1 cm, and (j) the leaf fossil of Quercus sect. Heterobalanus, scale bar = 1 cm.
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Table 1 Details of Quercus sect. Heterobalanus populations used in the study, sample sizes (n) and cpDNA haplotypes (H) observed

Species Collection site Geographical coordinates, altitude Code n H

Q. aquifolioides Lanping, Nujiang, Yunnan N 26°45.74, E 99°07.34; 3027 m D01 11 H8

Zhongdian Botanical Garden, Shangri-La, Yunnan N 26°54.01, E 99°37.57; 3332 m D02 10 H7

Rumei, Markam, Tibet N 29°44.46, E 98°26.24; 3929 m Z02 10 H6

Songduo, Batang, Sichuan N 30°11.59, E 99°13.23; 2987 m C01 9 H6

Songgui, Dengchuan, Dali, Yunnan N 26°04.57, E 100°09.37; 2508 m D09 8 H7

Xinyingpan, Ninglang, Yunnan N 27°11.79, E 100°53.83; 2473 m D11 10 H7

Q. guajavifolia Dongzhulin Monastery, Benzilan, Deqin, Yunnan N 28°14.36, E 99°18.05; 2837 m D06 10 H7

Baima Snow Mts., Deqin, Yunnan N 28°22.02, E 98°51.92; 3832 m D05 9 H7

Yading, Daocheng, Sichuan N 28°24.74, E 100°11.14; 4163 m C02 10 H17

Hongla Mts., Yanjing, Markam, Tibet N 25°54.86, E 98°40.79; 4236 m Z01 10 H6

Yulong Snow Mts., Lijiang, Yunnan N 27°01.03, E 100°15.40; 2703 m D01 10 H8

Gongga Mts., Kangding, Sichuan N 29°24.83, E 101°28.29; 3784 m C08 6 H17

Mosuo Revier, Barkam, Aba, Sichuan N 31°50.38, E 102°36.07; 2727 m C13 9 H28

Zhahui, Longzi, Tibet N 28°46.35, E 93°04.15; 2759 m Z03 9 H3

Jiuka Monastery, Lakang, Luozha, Tibet N 28°05.59, E 91°07.42; 4230 m Z04 13 H3

Lebugu Mts., Cuona, Tibet N 27°94.99, E 92°49.11; 3526 m Z05 14 H3

Liantie, Eryuan, Yunan N 25°58.95, E 99°48.41; 2009 m D12 12 H9

Eastern suburbs of Bomi, Tibet N 29°50.87, E 95°48.40; 3413 m Z06 10 H5

Yigong, Tongmai, Tibet N 30°13.46, E 94°52.09; 2745 m Z07 10 H5

Western suburbs of Nyingchi, Tibet N 29°41.70, E 94°20.86; 3074 m Z08 10 H4

Jinda, Gongbujiangda, Tibet N 29°58.33, E 93°51.77; 3930 m Z09 10 H4

Mopan Mts., Xinping, Yunnan N 23°56.26, E 101°59.20; 2506 m D21 12 H13

Q. semecarpifolia Zhangmu Port, Nyalam, Tibet N 28°10.20, E 86°05.72; 2046 m Z10 11 H2

Jilong Town, Jilong, Tibet N 28°50.03, E 85°13.22; 2607 m Z11 11 H1

Q. rehderiana Chongjiang River, Lijiang, Yunnan N 27°01.84, E 99°69.93; 2513 m D07 8 H11

Junzi Mts., Nanhua, Yunnan N 25°17.28, E 101°16.05; 2086 m D08 10 H12

Meiyu Town, Yanyuan, Sichuan N 27°28.47, E 101°02.59; 2403 m C03 10 H16

Shuiluo Town, Muli, Sichuan N 27°59.87, E 101°12.51; 2453 m C04 10 H16

Wulaxi, Jiulong, Sichuan N 28°38.50, E 101°38.39; 2007 m C07 9 H18

Weicheng, Yanyuan, Sichuan N 27°47.96, E 101°57.03; 2258 m C05 9 H16

Erlang Mts., Tianquan, Sichuan N 29°50.39, E 102°15.44; 2174 m C15 8 H27

Xide, Sichuan N 28°09.63, E 102°74.51; 1685 m C10 10 H21

Toll gate of Sichuan-Yunnan, Yongren, Yunnan N 26°08.05, E 101°17.14; 2015 m D14 2 H15

Xiaoshao, Kunming, Yunnan N 25°11.49, E 102°44.29; 2275 m D15 12 H14

Wuliping, Longchang, Xuanwei, Yunnan N 26°18.35, E 104°17.76; 2144 m D16 6 H24

Heishitou, Weining, Guizhou N 26°45.01, E 103°58.55; 2363 m Q01 9 H24

Jizu Mts., Binchuan, Yunnan N 25°55.55, E 100°23.86; 1838 m D13 12 H10

Q. spinosa Sanhe, Kangding, Sichuan N 30°19.29, E 102°09.35; 1714 m C11 10 H27

Badi, Danba, Sichuan N 31°17.40, E 102°01.20; 2116 m C12 10 H28

Muzuo, Pingwu, Sichuan N 32°42.22, E 104°24.11; 1683 m C14 10 H29

Houpig, Chengkou, Chongqing N 31°46.06, E 108°57.23; 2144 m Y01 7 H30

Hongchiba, Wuxi, Chongqing N 31°30.77, E 109°07.33; 1513 m Y02 10 H30

Tianmen Mts., Zhangjiajie, Hunan N 29°03.59, E 110°28.59; 1479 m X01 10 H30

Tianmenya, Shennongjia, Hubei N 31°43.37, E 110°28.10; 1806 m E01 6 H30

Wudang Mts., Shiyan, Hubei N 32°24.20, E 111°00.22; 1364 m E02 9 H30

Sanqing Mts., Yushan, Jiangxi N 28°54.22, E 118°03.24; 1541 m G01 3 H30

Longtantou, Danzhu, Xianju, Zhejiang N 28°33.56, E 120°32.15; 1034 m M01 2 H30

Yushan, Nantou, Taiwan N 23°59.24, E 121°01.32; 3150 m T01 10 H31

Dalengshan Mts., Shiping, Yunan N 23°27.18, E 102°28.53; 2314 m D20 11 H14

Q. monimotricha Laojunshan Mts., Jianchuan, Yunnan N 26°16.51, E 99°49.48; 2411 m D03 12 H8

Huilong, Mianning, Sichuan N 28°28.56, E 101°86.47; 1842 m C06 11 H19, H20

Jingan, Zhaotong, Yunnan N 27°28.38, E 103°43.58; 2164 m D19 11 H23

Q. senescens Yongchun, Weixi, Yunnan N 27°07.81, E 99°20.51; 2421 m D02 12 H7

Tuowu, Miangning, Sichuan N 28°87.04, E 102°15.47; 2157 m C09 10 H21

Niulanjiang, Songming, Yunnan N 28°19.53, E 103°16.09; 2182 m D17 10 H22

Zhongtian, Fuyuan, Yunnan N 25°40.58, E 104°16.20; 1985 m D18 6 H25, H26
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Laboratory protocols

Total genomic DNA of all samples was extracted using

the Plant Genomic DNAKit (Tiangen Biotech, Beijing,

China) according to the manufacturer’s protocol. Four

cpDNA regions were sequenced from each DNA extrac-

tion: psbA–trnH, a portion of the psbA region (Sang et al.

1997) and the trnH region (Fazekas et al. 2010); rps16

(Oxelman et al. 1997); trnS–trnG (Hamilton 1999); and

rpl32–trnL (Shaw et al. 2007). Because cpDNA is mater-

nally inherited, haploid and nonrecombining, these

sequences were concatenated for each individual prior

to subsequent analyses. In addition, a total of nine nSSR

loci were also amplified: ssrQrZAG30, ssrQrZAG96,

ssrQrZAG112 (Kampfer et al. 1998); ssrQpZAG36,

ssrQpZAG110, ssrQpZAG16 (Steinkellner et al. 1997);

MSQ13(TC)n (Dow et al. 1995); and quru-GA-0C11,

quru-GA-1C08 (Aldrich et al. 2002). The PCR mixtures

for cpDNA amplification reactions were described for

Lagochilus by Meng & Zhang (2011, 2013). The thermo-

cycling conditions for PCR are given as follows: for

psbA–trnH: 94 °C, 4 min; 35 9 (94 °C, 30 s; 56 °C, 60 s;

72 °C, 1 min); and 72 °C 10 min. rps16: 95 °C, 2 min;

33 9 (95 °C, 30 s; 56 °C, 60 s; 72 °C, 2 min); and 72 °C
10 min. trnS–trnG: 95 °C, 2 min; 30 9 (94 °C, 30 s;

52 °C, 30 s; 72 °C, 90 s); and 72 °C 10 min. rpl32–trnL:
94 °C, 2 min; 30 9 (94 °C, 30 s; 56 °C, 60 s; 72 °C,
2 min); and 72 °C 10 min. PCR products were purified

using the QIAquick Gel Extraction Kit (Qiagen, Hilden,

Germany). The same primers were used for sequencing

in Sangon Biotech (Shanghai) Co., Ltd., China. All

sequences are deposited in GenBank, and the Accession

nos are KU245764–KU245923 and KY249208–KY249239.
The protocols of nuclear simple sequence repeat (nSSR)

were performed by Sangon Biotech (Shanghai). In the

actions, PCR mixtures (a total volume of 25 lL) for

nSSR amplification contained: 1 lL genomic DNA,

0.5 lL of each primer, 0.5 lL dNTP (10 mM), 2.5 lL taq

buffer, 2.0 lL MgCl2 (25 mM), 0.2 lL taq DNA-polymer-

ase. The PCR amplifications were performed as follows:

95 °C, 3 min; 10 9 (95 °C, 30 s; 60 °C, 30 s; 72 °C, 30 s);

after that 20 9 (95 °C, 30 s; 55 °C, 30 s; 72 °C, 30 s);

and 72 °C, 6 min.

Data analyses

The cpDNA haplotypes (h), haplotype diversities (Hd)

and nucleotide diversities (p) were determined using

DNASP V5.1 (Librado & Rozas 2009). GST and NST were

assessed in HAPLONST and PERMUT to estimate dif-

ferentiation between populations with unordered and

ordered alleles (GST and NST, respectively) based on

1000 random permutations (Pons & Petit 1996). NST

was compared to GST using U-statistics to indicate the

presence of phylogeographic structure (i.e. when

NST > GST). The evolutionary relationships among the

haplotypes were inferred using a median-joining net-

work implemented in NETWORK V2.0 (Bandelt et al.

1999). A spatial analysis of molecular variance (SAMOVA)

was implemented to define the number of groups (K)

that are geographically homogenous and maximally

differentiated from each other (Dupanloup et al. 2002).

Additionally, an analysis of molecular variance (AMOVA)

was performed to examine the genetic variation within

and among populations according to the number of

groups (K) according to SAMOVA using ARLEQUIN V3.0

(Excoffier et al. 2005). Selective neutrality (Tajima’s D;

Fu’s FS) was tested to infer potential population

growth and expansion (Tajima 1989; Fu 1997). For

clades and subclades identified, the null hypothesis of

spatial expansion was tested using a mismatch distri-

bution analysis (MDA) in ARLEQUIN V3.0 (Excoffier et al.

2005). The goodness of fit was tested using the sum of

squared deviations between observed and expected

mismatch distributions as well as the raggedness index

(HRag) across 1000 parametric bootstrap replicates

(Harpending 1994).

Genetic subgroups in the nSSR data set were con-

verted from Genepop to Structure format with CREATE

V1.1 (Coombs et al. 2008). The repeatability of the

results and convergence of the Markov chain Monte

Carlo (MCMC) procedure were tested by carrying out

a series of 10 replicate runs for each prior value of

the number of clusters (K), set between 1 and 20 in

STRUCTURE V2.3 (Pritchard et al. 2003). Each run con-

sisted of a burn-in of 2 9 104 iterations, followed by

105 iterations. Two types of inference were performed

using the admixture model of ancestry together with

the correlated allele frequencies model (Falush et al.

2003), both with and without the use of sampling

location as prior information (Hubisz et al. 2009). Two

alternative methods were used to explore the true

number of gene pools: first by monitoring the change

in average of log-likelihood of the data, logeP(D), of

independent runs for each K and then by observing

the second-order rate of change of logeP(D) between

successive K values (Evanno et al. 2005), which is

based on the rate of change in the log-likelihood

between successive K values. The results were con-

firmed by longer runs with K sets between 1 and 5,

with 10 replicate runs at each K, 2 9 105 burn-in itera-

tions, and 106 iterations. The results of structure anal-

yses were visualized in DISTRUCT V1.0 (Rosenberg 2004).

To quantify variation in nSSRs and cpDNA sequences

among populations, AMOVA were performed in AR-

LEQUIN V3.0 using Φ- and R-statistics (Excoffier et al.

2005). The significance of fixation indices was tested

using 10 000 permutations.
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Present and past distribution modelling

Climatically suitable potential distributions for Quercus

sect. Heterobalanus at the present and during the last

glacial maximum (LGM; ca. 21 000 before present) were

modelled using ENM, which was carried out in MAXENT

V3.2 (Phillips et al. 2006). Including the distribution

records we collected in Table 1, a total of 154 collection

records were obtained from the Chinese Virtual Herbar-

ium (http://www.cvh.org.cn/). Numerous herbarium

collections from the CVH lack detailed collection

records, and the precise GPS locations of specimens

from the CVH are only given at the country level,

which does not meet the criteria of SDM analyses.

Therefore, we only selected the localities with precise

records. Meanwhile, some locality data were carefully

selected in the analyses. For example, reported localities

in Henan and Gansu, as well as some reported localities

in Shannxi were not used, because these regions do not

contain suitable habitats for the Quercus sect. Heterobal-

anus, and the species identifications in these localities

were not correct. Thus, we did not consider these

unreasonable localities data in the analyses. Based on

all records, a climatic niche model was generated using

the bioclimatic parameters from the WORLDCLIM database

(http://www.worldclim.org) for the current climate

and cross the collection localities (Hijmans et al. 2005) at

a 2.5-arc-min resolution that was used the same method

in oak species as Gugger et al. (2013). The accuracy of

each model prediction was tested by calculating the

area under the receiver operating characteristic (ROC)

curve (AUC; Fawcett 2006). The restricted bioclimatic

data set avoided highly correlated variables and thus

prevented potential overfitting (Peterson & Nakazawa

2008). This model was then projected onto the paleocli-

matic data set simulated by the COMMUNITY CLIMATE

SYSTEM MODEL V3.0 (CCSM3; http://pmip2.lsce.ipsl.fr/) to

infer the extent of suitable habitat during the LGM

(Collins et al. 2006).

Divergence time of cpDNA lineages

Bayesian inferences of divergence times among cpDNA

haplotype lineages were estimated using BEAST V1.7.5

(Drummond & Rambaut 2007). Bayesian searches for

tree topologies and node ages of the cpDNA data set

were conducted in BEAST using a GTR + G substitu-

tion model selected by JMODELTEST (Posada 2008) and an

uncorrelated lognormal relaxed clock (Dupanloup et al.

2002). A Yule process was specified as the tree prior.

Ten million generations of the MCMC chains were run,

with sampling every 1000th generation after discarding

the first 1000 trees as burn-in, and the samples were

summarized in the maximum clade credibility tree

using TREEANNOTATOR V1.4.8 (Drummond & Rambaut

2007), with the posterior probability limit set to 0.5, and

summarizing mean node heights. Final trees were eval-

uated and edited in FIGTREE V1.3.1. Statistical support for

the clades was determined by assessing Bayesian poste-

rior probabilities. Substitution rates and the 95% highest

posterior densities (HPDs) were determined with Tracer

in combined runs. Divergence times are given as the

mean and the 95% HPDs in millions of years, and the

95% HPDs intervals define the precision of estimation.

Fagus, Trigonobalanus, Cyclobalanopsis and the other ever-

green Quercus species were selected as outgroup in

accord with previous molecular studies (Manos et al.

1999, 2001; Du et al. 2016). In the divergence time esti-

mation, the accurate, oldest known fossil of Quercus

sect. Heterobalanus from the middle Miocene Namulin

Flora in Tibet (Li & Guo 1976), with an age of

15.10 � 0.49 Ma, as inferred by 40Ar-39Ar dating (Spicer

et al. 2003), was used to calibrate the divergence time of

this section from other Quercus species. The oldest-

known Quercus fossil, Q. paleocarpa, is a fruit fossil

reported from Clarno Nut Beds, OR, USA; with an age

of 43.8 Ma inferred by 40Ar-39Ar dating (Manchester

1994). Quercus includes sub. Quercus and sub. Cyclobal-

anopsis. Hence, Q. paleocarpa was used to calibrate the

divergence time of Quercus from other sister linages of

Fagaceae. Additionally, Fagus has rich fossil records of

cupules, nuts, leaves and pollens. The oldest-known

Fagus fossil, F. langevinii (Manchester and Dillhoff 2004),

with an age of 47.0–53.0 Ma inferred by K-Ar dating

(Ewing 1981), was used to constrain the stem age of the

phylogenetic tree.

Ancestral area reconstructions

To undertake ancestral area reconstruction, a Bayesian

binary MCMC (BBM) analysis was implemented in RASP

V3.0 (RASP, Reconstruct Ancestral State in Phylogenies;

http://mnh.scu.edu.cn/soft/blog/RASP) (Yu et al.

2015). A total of 10 001 trees produced from the BEAST

analysis described above were used. Floristic divisions

are generally based on the floral composition and vege-

tation types across regions (Wu & Wu 1998), as well as

the collection sites in the southern Himalayas. The geo-

graphic regions that comprise the current flora distribu-

tions were defined according to the floristic divisions of

China: (A), Sino-Japanese; (B), Sino-Himalayan; (C),

South of Himalaya-Nepal; and (D), Malaysia. The num-

ber of maximum areas occupied at each node was set to

four. To account for phylogenetic uncertainty, ten mil-

lion generations of the MCMC chains were run, with

sampling every 1000th generation. For BBM analyses,

5000 out of 20 000 post-burn-in trees from BEAST were

randomly chosen.
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Results

Population structure of cpDNA and nSSR diversity

From the sequences of all individuals of Quercus sect.

Heterobalanus in the HHM and surrounding regions, the

concatenated cpDNA comprises 3437 base pairs. A total

of 31 haplotypes were identified from all plants

sampled across the 56 populations (Table 1 and Fig. 2).

The basic genetic data for all species in the major

regions are summarized in Table 2. At the species level,

the cpDNA data revealed high haplotype diversity

(Hd = 0.942) and nucleotide diversity (p = 0.005). There

was little within-population haplotype variation, as just

two populations contained two haplotypes, D18 and

C06 (Fig. 2). The other populations were fixed for a sin-

gle haplotype, and some common haplotypes were

shared among different populations, for example H7

and H30 (Fig. 2). In the analysis of differentiation

among populations based on cpDNA variation, HAP-

LONST estimated within-population gene diversity (hS)

as 0.017 (SE 0.012) and total gene diversity (hT) as 0.963

(SE 0.010). Total cpDNA haplotype diversity (hT) was

higher than average within-population diversity (hS),

which is consistent with the generally very high inter-

population differentiation observed (GST = 0.982). Signa-

tures of phylogeographic structure (i.e. NST > GST)

among populations were also detected (NST = 0.996,

GST = 0.982; P < 0.05). Additionally, significant phylo-

geographic structure was found at the range-wide scale

as determined by PERMUT (NST = 0.856, GST = 0.839,

P < 0.05).

The parsimony network grouped the 31 cpDNA hap-

lotypes into two major clades, Clade A and Clade B

(Fig. S1, Supporting information). Clade A included the

haplotypes from the southern Himalayas, the lowlands

of East China and some adjacent areas of the Hengduan

Mountains; Clade B included the haplotypes from high-

land populations in the Himalayas, the Hengduan

Mountains. Spatial genetic analyses of cpDNA haplo-

types using SAMOVA indicated that FCT increased to a

maximal value of 0.919 when the number of population

groups was two (K = 2). Thus, the division by SAMOVA

of the chlorotypes from the 56 sampled populations into

Fig. 2 Geographic distribution of 31 cpDNA haplotypes recovered from 56 Quercus sect. Heterobalanus populations. The pie charts

reflect the frequency of haplotype occurrence in each population. Haplotype colours correspond to those shown in the panel.
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two groups (regions) is appropriate: (i) populations

belonging to the Himalayas and Hengduan Mountains,

that is, the cold highlands in high elevation of HHM

and (ii) populations belonging to the warm lowlands

next to the Hengduan Mountains, East China and the

valleys of southern Himalayas. The nonhierarchical

AMOVA (Table 3) revealed strong population structure at

the species level (ΦST = 0.917, P < 0.001). However, the

hierarchical AMOVA showed that 91.96% of the total varia-

tion in cpDNA was distributed between the two regions

(according to the results of SAMOVA), with 8.12% explained

by variation among populations within regions (Table 3).

nSSR-derived AMOVA identified significant, range-wide

population genetic differentiation (RST = 0.54, P < 0.001),

with 20.58% of the variation partitioned between the two

regions and 24.65% of the genetic variation occurring

among populations within regions (Table 3). In the Baye-

sian analysis of population structure (Fig. S2, Supporting

information), the highest likelihood of the nSSR data was

obtained when samples were clustered into two major

groups (i.e. K = 2). The geographic distribution of nSSR

(Fig. 3) was highly congruent with that of cpDNA haplo-

types (Fig. S1, Supporting information). According to the

assignment plot (Fig. S2c, Supporting information), there

are some populations (e.g. D21, Q01, C12 and D08) that

showed signs of genetic admixture (see Fig. 3).

Demographic history and ecological niche modelling

Estimates of Tajima’s D and Fu’s FS were generally sig-

nificant for all cpDNA clades and subclades of Quercus

sect. Heterobalanus (Table 2). The observed mismatch

Table 2 Molecular diversity indices, neutral tests and demographic estimates from two major regions and all regions of Quercus sect.

Heterobalanus

Group N* h† Hd
‡ p§ Tajima’s D (P) Fu’s FS (P) h0

¶ h1** s†† SSD‡‡

Warm 203 14 0.889 0.003 2.2154 (P < 0.05) 7.725 (P < 0.01) 0.00182 13 571 4.346 0.01786

Cold 326 17 0.915 0.003 1.8398 (P < 0.05) 5.256 (P < 0.01) 0.07101 13 361 3.272 0.04705

All 529 31 0.952 0.005 2.9608 (P < 0.01) 2.409 (P < 0.02) 0.08269 18 725 8.170 0.05055

*Sample size (N).
†

Number of haplotypes (h).
‡

Haplotype diversity (Hd).
§

Nucleotide diversity (p).
¶

Pre-expansion population size (h0).
**Postexpansion population size (Ɵ1).
††

Time in number of generations, elapsed since the sudden expansion episode (s).
‡‡

The sum of squared differences (SSD).

Table 3 The analysis of molecular variance (AMOVA) for cpDNA data and nSSR data among two geographic regions (Himalaya–
Hengduan Mts.; southwest, South/East China) and all populations of Quercus sect. Heterobalanus

Source of

variation

cpDNA nSSRs

d.f.

Sum of

squares

Variance

components

Percentage

of variation

(%) Φ-Statistics d.f.

Sum of

squares

Variance

components

Percentage

of variation

(%) R-Statistics

Two geographic

regions

Among

regions

1 14 606.415 58.31652 91.96 ΦCT = 0.91 1 242.398 0.85759 20.58 RCT = 0.21

Among

populations

with regions

54 2581.261 5.08868 8.02 ΦSC = 0.08 54 667.205 1.02731 24.65 RSC = 0.25

With

populations

471 3.515 0.00746 0.01 ΦST = 0.01 494 1127.333 2.28205 54.77 RST = 0.54

Total population

Among

populations

55 17 181.676 53.22748 91.68 ΦST = 0.92 55 908.603 3.36695 47.18 RST = 0.47

Within

populations

471 3.515 0.00746 8.32 494 1127.333 2.28205 52.82
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distributions of cpDNA for each clade/subclade were

multimodal and/or very ragged (Fig. S3, Supporting

information), and the spatial expansion model was

rejected in most cases. The multimodal and ragged dis-

tribution shapes generally indicate that populations are

stable, not shrinking, or expanded.

For the oaks and climate scenario (the present and

the LGM), the area under the receiver operating char-

acteristic curve (AUC) value for the current potential

climatically suitable areas of Quercus sect. Heterobal-

anus was high (>0.95), indicating good performance of

the predictive model. The predicted species distribu-

tion under current conditions (1950–2000) was gener-

ally similar to the actual species distribution (Fig. 4a),

although there were subtle changes in the distribution

densities in East China. For the LGM (ca. 21 000 yr

BP), the northern part of its potential species range

was slightly contracted, that is the northern Hengduan

Mountains; however, there was a slight expansion in

the Himalayas and the eastern parts of the Hengduan

Mountains (Fig. 4b).

Divergence time estimation

Estimation of divergence times was carried out in BEAST

on the basis of ESS values exceeding 200 across all the

nodes discussed as follows. The BEAST-derived cpDNA

(psbA–trnH, trnS–trnG, rps16 and rpl32–trnL) chronogram
of Quercus sect. Heterobalanus (Fig. 5) recovered 31 haplo-

types in six subclades. The age estimates suggested that

Quercus sect. Heterobalanus diverged from their sister lin-

eage of Quercus ca. 13.2 Ma (Fig. 5a). Detailed informa-

tion concerning the divergence of each subclade is

summarized in Fig. 5a. The estimated divergence time

for the main nodes between the warm region (lineages A-

1, A-2, A-3 and A-4) and the cold region (lineages B-1

and B-2) was ca. 9.3 Ma. The divergence time of the hap-

lotype from Taiwan, H31, was ca. 2.9 Ma.

Ancestral area reconstructions

Based on the topology of the chronogram (Fig. 5), the

BBM analysis of ancestral distribution areas (Fig. 6)

Fig. 3 Geographic distribution of the 56 Quercus sect. Heterobalanus populations and their colour-coded grouping according to the

STRUCTURE analysis.
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supported an ancient distribution of Quercus sect.

Heterobalanus in southwest and East China. Coloniza-

tion from the warm lowlands (i.e. the low elevation

areas adjacent to the eastern Hengduan Mountains,

East China, and the deep valleys in southern Hima-

layas) to cold highlands (i.e. the high elevation of

HHM) was inferred. A vicariance event, inferred from

evidence of H31, was likely followed by independent

dispersal from East China to Taiwan. Taken together

with the divergence time of the haplotypes, this illus-

trates that Quercus sect. Heterobalanus possibly dis-

persed from the mainland to Taiwan during the late

Pliocene to early Pleistocene (Fig. 5).

Discussion

Haplotype diversity and island-like population genetic
structure

In this study, remarkably high levels of genetic diver-

sity were observed among the cpDNA sequences of

Quercus sect. Heterobalanus from the HHM and neigh-

bouring region. The significant differentiation among

regions, but high homogeneity within and among popu-

lations, indicates significant genetic divergence and a

highly structured phylogeographic signal for popula-

tions and species of Quercus sect. Heterobalanus

Fig. 4 Potential distributions as probability of occurrence for Quercus sect. Heterobalanus. (a) under current conditions (1950–2000)
and (b) at the last glacial maximum (LGM; 21 000 yr before present; BP). Ecological niche models were established with current bio-

climatic variables on the basis of extant occurrence points (red dots) of the species using MAXENT.
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Fig. 5 Estimate of divergence times and the climate and geology in the region of the Himalaya–Hengduan Mountains (HHM). (a)

Bayesian divergence time estimates of Quercus sect. Heterobalanus based on the combined cpDNA sequence data from four cpDNA.

The blue bars on the nodes indicate 95% posterior credibility intervals. (b) The climatic and geological events are from Favre et al.

(2015). Climatic sequence of events including a global average d18O curve (right-hand axis) derived from benthic foraminifera which

mirrors the major global temperature trends from the Paleocene to Pleistocene (from Zachos et al. 2008; Hansen et al. 2013); geological

sequence of events related to the uplift of the HHM including a graphical representation of the extent of the uplift through time

(from Mulch & Chamberlain 2006).
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(Table 3). Quercus sect. Heterobalanus are distributed in

areas of high altitude (Fig. 1h); they are often restricted

to high elevations between 2500 m and 4300 m in the

HHM, which has likely been the cause of population

isolation in different mountain ranges. Warm lowland

habitats are restricted to mountain summits at low ele-

vation, especially in East China (e.g. there are three

individuals of Quercus sect. Heterobalanus at the summit

of the Sanqing Mountains, Jiangxi; and two oak individ-

uals in Xianju, Zhejiang observed during our field

investigation, see Table 1), where are always the ever-

green broadleaved forest and the oaks at mountain

summits are mixed. Mountains have a direct impact on

biodiversity, acting as barriers to some organisms and

Fig. 6 Ancestral area reconstructions based on the Bayesian binary Markov chain Monte Carlo (BBM) method implemented in RASP

using the BEAST-derived chronogram of Quercus sect. Heterobalanus (Fig. 5). The insert map shows major floristic divisions (A–D) in

China according to Wu & Wu (1998). (A), Sino-Japanese; (B), Sino-Himalayan; (C), South of Himalaya-Nepal; (D), Malaysia. Pie charts of

each node illustrate the marginal probabilities for each alternative ancestral area derived from BBM with the maximum area number set

to four. The colour key identifies possible ancestral ranges at different nodes. Possible dispersal events are indicated by blue arrows.
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bridges for others (Hoorn et al. 2013). As the uplift of

the HHM caused the surrounding mountain chains to

grow as barriers (geographic barriers or/and climatic

barriers), previously coherent areas and their popula-

tions may have been separated, producing ‘island-like’

distributions of the Quercus sect. Heterobalanus popula-

tions among different mountain ranges. The oaks might

have gone extinct in central regions among the moun-

tain tops during a warm phase of climate oscillation. In

that, all these mountain top populations might now

occur around the HHM because high elevation gradi-

ents served as ‘refugia’, preventing some populations

from going extinct by continuously providing a tempo-

rally favourable habitat. Thus, there are no direct

genetic connections among the island-like populations,

which explains the high diversity among regions, but

low diversity within populations (Table 3). Indeed, the

SAMOVA identified two well-defined groups correspond-

ing to the divergent cold highlands and warm lowland

populations. However, in areas where the cpDNA hap-

lotype frequency varies and genetic barriers are not

obvious, the extremely cold environment on the plateau

(e.g. the mountain range of the HHM) relative to the

lowland must be regarded as a significant climatic

barrier, rather than a geographic barrier. Based on the

pairwise correlation between genetic and geographic

distance measures (Hutchison & Templeton 1999), all

species exhibit nonequilibrium population structures.

Divergence was largely driven by the effects of genetic

drift over time, rather than currently limited gene

flow alone.

The genetic structure of Quercus sect. Heterobalanus is

consistent with the fact that its pollen dispersal is lim-

ited by thick forest and complex topography, as well as

seed dispersal is limited by the inability of transmitters

go through the deep valleys and rivers. This can

explain their highly fragmented habitats in the ‘sky-

island system’ of the HHM region and the isolated

summits of mountains in East China occurred. More-

over, the high level of total genetic diversity and low

levels of within-population diversity are typical for high

mountainous plants, especially in island-like popula-

tions (Luo et al. 2016). Previous studies have shown that

species restricted to sky islands commonly have high

levels of interpopulation genetic divergence (Shepard &

Burbrink 2009), consistent with the significant differenti-

ation between these oak populations. Although many

sky-island species in other regions show high levels of

isolation among mountain clusters, our data indicate

that Quercus sect. Heterobalanus diversification has

occurred on a broader geographic scale, spanning cold

highland (e.g. HHM) and warm lowland (e.g. East

China) regions. These mountain regions may not be

equivalent ecologically (especially with respect to

temperature), and the Quercus sect. Heterobalanus occur-

ring cross such wide ranges span different climatic

regions may therefore have experienced different selec-

tive pressures. Above all, the ecological shift from

warm lowland to cold highland environments requires

adaption to the climatic conditions. The lineage of Quer-

cus has been well documented that the sclerophyllous

leaves in response to changing climates are consistent

with the adaptive radiations under distinctly summer-

dry and winter-dry climates (Bouchal et al. 2014). The

changing climatic conditions may therefore underlie

some of the molecular differentiation and evolution

observed among the two population clusters.

Distribution and demographic history

Based on a MDA using cpDNA, each clade (or sub-

clade) exhibited a ragged multimodal distribution

(Fig. S3, Supporting information), suggesting that Quer-

cus sect. Heterobalanus has not experienced recent demo-

graphic expansion events. Additionally, we did not

detect a geographic region that could reasonably be

regarded as a glacial refugium, that is a region with a

higher haplotype diversity than elsewhere (Table 1,

Fig. 2). This is consistent with the results from the past

(LGM) and the present distribution modelling, indicat-

ing that the broadscale distributions of Quercus sect.

Heterobalanus remained fairly stable, even during the

last glacial/postglacial cycle (Fig. 4). Overall, these

results are consistent with some plant taxa in the HHM,

such as, Eriophyton wallichii, Thalictrum squamiferum,

Paraquilegia microphylla and Chionocharis hookeri (Luo

et al. 2016). This pattern may have been caused by

adaptation to the changing environment, and the popu-

lation equilibrium of Quercus sect. Heterobalanus in the

past and the present is also likely associated with the

evolution of multiple epidermis in response to the cli-

matic cooling, ultraviolet (UV) radiation and aridifica-

tion concomitant with the plateau uplift process (Sun

et al. 2015; Zhou et al. 1994). The special physiological

properties, for example, the adaptive plasticity of leaves

in response to environmental effects on the plateau (e.g.

UV-B irradiation and precipitation) at high elevations

(Sun et al. 2015); and the high efficiency of photosyn-

thetic nitrogen used at altitudes of 3240–3610 m (Zhang

et al. 2007), benefited the oaks to go through and sur-

vive during the environmental changes. Additionally,

glaciation probably did not have a profound influence

on Quercus sect. Heterobalanus in areas, although the

HHM has many snowy mountains. The overall stability

of populations may be related to the geological event

that unified the ice sheets covering the high elevation of

the HHM. Because the ice sheets never fully formed

and expanded into the plateau glaciers, being less
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uniform in the QTP than in other regions of the North-

ern Hemisphere (Shi et al. 1998; Owen et al. 2008; Kirch-

ner et al. 2011). Glacial climatic conditions were not

inherently unfavourable or restrictive for all plant spe-

cies in areas, so the HHM may not have served as ‘refu-

gia’ for the oaks. Quercus sect. Heterobalanus, with a

wider range of habitats and vegetation zones were cer-

tainly able to survive in the HHM throughout glacial

periods. Although the other warm tropical/subtropical

plants were restricted by the cold environments associ-

ated with the plateau uplifting, Quercus sect. Heterobal-

anus colonized these emerging cold highland areas.

These results show that climatic oscillations, espe-

cially during the LGM, had minimal effects on distribu-

tion ranges, suggesting that Quercus sect. Heterobalanus

adapted to cold environments by gradually colonizing

the plateau from warm evergreen broadleaf forests,

while other thermophilous plants retreated. They

subsequently became the dominant trees as the rising of

the HHM.

The HHM uplift, climatic cooling and colonization

The effects of geological and climate dynamics on spe-

cies diversification have been a central topic of debate

for several years; in particular, the uplift of the plateau

(e.g. Tibetan plateau, Himalayas, Hengduan Mountains)

likely has played an important role in the evolutionary

history of organisms (Favre et al. 2015). An increasing

number of studies have focused on the biology and

geology of this region; however, the origin and evolu-

tion of diversity hotspots associated with the HHM

uplift have remained unclear and controversial for

years. Previous studies indicated the QTP experienced

expansion during the Miocene and the Pliocene (Li &

Fang 1999; Mulch & Chamberlain 2006), particularly at

its eastern edge, which encompasses several mountain

ranges and includes the HHM biodiversity hotspot.

During the QTP uplift, the warmest interval of the Neo-

gene occurred, known as the Middle Miocene Climatic

Optimum (MMCO) (Flower & Kennett 1994), which

was followed by one of the most prominent climatic

cooling events. The East Asian monsoonal system has

been interpreted as an environmental response to a

major phase of the uplift (An et al. 2001). The molecular

dating suggests that Quercus sect. Heterobalanus initially

diverged as the climate cooled after the MMCO (Fig. 5).

The cpDNA results illustrate that Quercus sect.

Heterobalanus is comprised of six main lineages with

haplotypes from the warm and cold regions (Fig. 5a).

Additionally, together with paleobotanical evidence,

molecular dating (Fig. 5) and ancestral area reconstruc-

tion analyses (Fig. 6), the results indicate that Quercus

sect. Heterobalanus grew in the warm broadleaf mixed

forests; subsequently, they became the dominant trees

in the surrounding mountain ranges with the HHM

uplift and relevant climatic cooling. In the northeastern

Hengduan Mountains, H23 is the relatively primary lin-

eage from present-day subtropical broadleaf mixed for-

ests, and the H25 and H26 lineages are also from the

subtropical region (Fig. 5a). The oldest-known Quercus

sect. Heterobalanus fossils have been reported in the

mid-Miocene Namulin flora, where broadleaf plants in

this region have been discovered (Li & Guo 1976).

However, present-day Namulin has no broadleaf plants,

indicating the transformation from warm temperate

flora to the cold plateau flora. Mid-Miocene Quercus

sect. Heterobalanus have also been reported in the Xiao-

longtan flora where included typical subtropical vegeta-

tion, such as Leguminosae, Fagaceae, Lauraceae and

Magnoliaceae (Tao 2000). Thus, the paleobotanical evi-

dence also indicated that Quercus sect. Heterobalanus

originated from tropical or subtropical forests. The com-

mon ancestors of the section likely spread into adjacent

southwestern China no later than the start of the

MMCO (ca. 15 Ma). The clades diversified during the

progressive uplift of the Himalayas, Asian Monsoon

intensification and the Miocene climatic cooling

(Fig. 5b), as the global average temperature gradually

decreased (Zachos et al. 2008; Hansen et al. 2013). Mio-

cene fossil records from the Himalayas, and the lineages

of the southern Himalayas (i.e. H1 from Jilong and H2

from Zhangmu) clustered with lineages from warm

regions, implying that ‘warm–cold colonization’ of

Quercus sect. Heterobalanus was a response to the HHM

uplift. A phylogeographic study of the warm evergreen

oaks, Quercus glauca, revealed that two major haplotype

lineages (southwest China versus southeast China and

East China Sea) were separated by the topographic bar-

rier of the Himalayan uplift in the Miocene which

allowed the two lineages to diverge (Xu et al. 2015),

providing evidence that the colonization event was

caused by the Himalayan uplift.

The uplift of the HHM altered the climate from warm

to cold, which acted as a barrier to distribution and

resulted in lineage divergence and speciation in warm

and cold regions at approximately 9.3 Ma (Fig. 5a). This

resulted in differentiation among Quercus sect. Heter-

obalanus from the HHM (cold regions) and peripheral

regions in the lowland (warm regions). The continued

uplift of the Himalayas limited genetic exchange

between populations in the high HHM and other warm

lowlands, intensifying in the diversification of taxa in

cold regions (lineages B1 and B2) at approximately

8.5 Ma (Fig. 5a). Fossil records suggested that Quercus

sect. Heterobalanus were not the dominant species, but

rather were part of mixed evergreen broadleaf forests

as companion species in the Miocene (Zhou 1993),
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supporting the viewpoint that Quercus sect. Heterobal-

anus increased in abundance at high elevation during

the HHM uplift and climatic cooling. At that time, a

significant climatic shift from a warm subtropical cli-

mate to a cold plateau climate during the HHM uplift

triggered a split between the warm group and the cold

group, based on our ancestral area inference. On the

basis of the above-mentioned molecular analyses and

paleobotanical evidence, we hypothesize that Quercus

sect. Heterobalanus initially diverged no later than the

mid-Miocene and coexisted with species in warm ever-

green broadleaf forests, with large ranges in the Mio-

cene. They gradually colonized the plateau and became

the dominant trees during the HHM uplift. Thus, the

‘warm–cold colonization’ hypothesis is proposed to

explain the response of Quercus sect. Heterobalanus to

the HHM uplift, specifically stating that the HHM uplift

created new habitats and climate regimes for the oaks.

Implications of the geological evolution of the HHM

The highly conserved evolutionary history from the

BEAST-based phylogeny of Quercus sect. Heterobalanus

(Fig. 5a) is in accordance with climatic change over geo-

logical time (Fig. 5b). This, coupled with present distri-

bution in the cold plateau and other warm regions,

makes the oak group an ideal model for examining geo-

logical and environmental changes in the HHM since

the mid-Miocene.

According to molecular dating, Quercus sect. Heterobal-

anus initially diverged during the mid-Miocene, and

rapid divergence of the major clades occurred from the

mid-Miocene to the Pliocene (Fig. 5a), which suggest the

relevant geographic and potential paleoclimatic changes.

From the paleobotanical and lithological evidence, the

radical changes in climate and vegetation of the QTP

occurred from the Oligocene to the Miocene (Quade et al.

1989; Rea et al. 1998; An et al. 2001). Quercus sect. Heter-

obalanus co-existed with other species in evergreen

broadleaf forests in the Miocene and subsequently

became the dominant trees in evergreen sclerophyllous

forests since the Pliocene (Zhou 1993; Tao 2000).

Although the timing and mechanisms of the HHM uplift

and their effects on organisms have been uncertain, our

molecular dating is consistent with the previous studies,

for example, foliage fossil data, paleobotanical evidence

and lithological and sedimentary data (Quade et al. 1989;

Rea et al. 1998; An et al. 2001). Thus, our results suggest

the geological evolution of the HHM from a biological

perspective, that is Quercus sect. Heterobalanus adapted to

the cold environment, colonized the plateau and

diverged as the environment changed.

Geological analyses based on magnetostratigraphy,

sedimentology, 40Ar/39Ar of fission-track studies, and

isotope dating of paleosoils suggested that the QTP

arose 50 Ma ago, indicating that the central plateau hav-

ing been relatively high by 35–40 Ma (Lippert et al.

2014). Recently, an increasing number of geological

studies have made progress and illuminated events

underlying the spatiotemporal changes in different parts

of the QTP from different approaches; however, the spa-

tiotemporal scale still are debated (Harrison et al. 1992;

Yin & Harrison 2000; Tapponnier et al. 2001; Mulch &

Chamberlain 2006; Royden et al. 2008; Lippert et al.

2014; Favre et al. 2015; Li et al. 2015). From the present

study, we cannot infer detailed information about the

initial uplift of the HHM. However, the results demon-

strate that the split between populations within the two

regions was associated with a major tectonic event along

the uplift of the HHM. Therefore, we suggest that the

HHM was indeed raised to a certain height after the

mid-Miocene, thus caused the genetic discontinuities of

Quercus sect. Heterobalanus between the cold highlands

and warm lowlands. The late Miocene uplift event

began at ca. 8.5 or 9 Ma and involved the Himalayas

and possibly some southern portions of the Tibetan pla-

teau (Rea et al. 1998). Additionally, the paleoelevation of

the QTP suggested that the orogeny of the Hengduan

Mountains occurred as a final propagation of the uplift

after 10 Ma (Mulch & Chamberlain 2006). The dating of

Quercus sect. Heterobalanus supports the geological

hypothesis that a rapid uplift of eastern Tibet took place

at approximately 8 Ma (Harrison et al. 1992; Molnar

et al. 1993; An et al. 2001). The populations along the

surrounding region of the eastern Hengduan Mountains

include haplotypes observed in warm regions, for exam-

ple, H28 and H29 (Figs 2 and 5a), revealing heterozy-

gosity among chloroplast haplotypes in warm and cold

ecotones. However, most populations in the plateau

clustered as a cold-region lineage (Fig. 5a), which

diverged at ca. 8.5 Ma, suggesting that the HHM inten-

sely uplifted in the late Miocene to early Pliocene. The

results support the geological hypothesis that the Hima-

layas rose 3000 m since the Pliocene based on the dating

of Quercus semecarpifolia fossil from the Xixiabangma

(Hsu et al. 1973). Other studies based on the fossils have

also suggested that Namulin and Xixiabangma have

risen more than 2000 m since the Pliocene (e.g. Zhou

et al. 2007). The oaks inhabit altitudes of nearly 1000 m

in warm lowlands and up to 4300 m in cold plateau

regions (Table 1, Fig. 1). Members of this species group

have adapted progressively as the HHM experienced

significant increases in altitude to at least the 3000-m

level. Alternatively, paleobotanical and paleoclimatic

data suggested that the Hengduan Mountains under-

went significant uplift after the Miocene, reaching their

peak elevation shortly before the late Pliocene (Sun et al.

2011), supporting our results.
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In short, our data and analyses clarify large-scale fea-

tures of the HHM history and topography in a frame-

work which is consistent with the evolutionary history

of Quercus sect. Heterobalanus. Molecular dating reveals

that the HHM exhibited uplift during the late Miocene

to early Pliocene, providing novel insight into the spa-

tiotemporal evolutionary history of the HHM from a

biological perspective. The progressive uplift of the

Himalayas in the mid-Miocene, intensive uplift of

Hengduan Mountains and the Miocene cooling in a glo-

bal context (Fig. 5b) fit well with our model of oak bio-

geography. That is, the HHM uplift created new

habitats and climate regimes, favouring speciation in

some taxa such as Quercus sect. Heterobalanus. The low-

land region of the eastern HHM and the valleys of the

plateau continued to harbour older lineages while

accommodating more recently diverged lineages from

the nearby the HHM. Environmental effects influenced

the oaks’ geographic distribution pattern, whereas the

response of the oaks to the uplift, colonizing from the

warm region to cold plateau, which imprinted the geo-

logical evolution of the HHM. Therefore, to a certain

extent, the evolutionary history of these oaks illumi-

nates the geological uplift of the HHM.
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