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Abstract

The evergreen broadleaved forests (EBLFs) of Southwest China have a long-term stable environment and support a diverse
flora, thus forming a global biodiversity hotspot. However, the key drivers that have shaped the genetic diversity patterns of
species in these EBLFs are not well understood. Quercus delavayi, Q. schottkyana, and Q. kerrii are sympatric oak species
with different seed biological traits that are typical for these EBLFs. This study combined multilocus phylogeography and
ecological niche modeling to screen 33 Q. delavayi populations. Their population genetic structure was inferred in
comparison with previous studies on Q. schottkyana and Q. kerrii. The seed germination traits of all three species were also
investigated. cpDNAs showed a significant phylogeographic structure in Q. delavayi, which was not detected in
Q. schottkyana or Q. kerrii. Quercus delavayi, Q. kerrii, and Q. schottkyana exhibited different pollen-to-seed migration
ratios (r=219, 117, and 22, respectively), which are linked to the germination schedules of acorns. The distributions of
Q. delavayi and Q. schottkyana remained long-term stable since the last glacial maximum (LGM) with a similar nSSR
genetic gradient change along latitude. Instead, Q. kerrii experienced a prominent range expansion since the LGM with
genetic diversification between the East and the West of the Tanaka line due to environmental heterogeneity. These results
identify seed traits and environmental heterogeneity as two key drivers that shape the population genetic structure of EBLF
trees in Southwest China. These should be considered in regional forestry conservation and management.

Introduction

Southwest (SW) China is a key global biodiversity center
(Myers et al. 2000) and climate refugium for many organ-
isms; moreover, it features a high number of endemic and
relic evolutionary lineages (Lu et al. 2018; Tang et al.
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2018). This region underwent three to four fast uplifts as a
result of the collision of the Indian and Eurasian plates as
well as the lateral extrusion of Indochina since the late
Paleogene (Harrison et al. 1992; An et al. 2001; Liu et al.
2012, 2014). Furthermore, this region experienced sig-
nificant climate change at the onset the of Asian monsoon
regime since the late Oligocene (Wan et al. 2007). There-
fore, the complex interplays between tectonic activities and
climate drivers identify this region as an ideal model to
study the macro- and microevolutionary processes that
contribute to the observed high endemism and species
richness (Qiu et al. 2011; Liu et al. 2012; Wang et al. 2013).

Several biogeographic boundaries have been proposed
for SW China, which served as barriers to species dispersal
and boost the allopatric divergence of this region (Ward
1921; Tanaka 1954; Fan et al. 2013). The tectonic-related
paleodrainage basin evolution since the Neogene boosted
the contemporary diversification pattern of the biota of SW
China (Zhang et al. 2010; Yue et al. 2012). A further bio-
geographic line, the Tanaka line, is located at ~28°N, 98°E
and 18°45'N, and 108°E with a series of (sub)tropical taxon
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genealogy splits along its East and West sides (Li and Li
1997). The most widely accepted explanation for the exis-
tence of the Tanaka line is that it was caused by the pre-
sently differing monsoon regimes on either side since the
late Pleistocene, which further increased population diver-
gence (Fan et al. 2013). However, the current understanding
of the biogeographical significance of the Tanaka line is far
from sufficient, as this pattern does not universally exist in
subtropical taxa in SW China, which still leaves the for-
mation and function of the Tanaka line enigmatic.

Evergreen broadleaved forests (EBLFs) form a dominant
vegetation type in SW China, span an elevation from 800 to
2300 m, and harbor a high level of biodiversity (Tang et al.
2018). Although EBLFs in SW China form a long-term
stable refugium for many relic trees, recent phylogeographic
studies in this region indicated that past tectonic move-
ments, the onset of the East Asian monsoon, and changes in
the environment greatly impacted the contemporary
temporal-spatial diversity pattern of trees (Tian et al. 2015;
Jiang et al. 2016, 2018). Nevertheless, the genetic diversity
pattern of the EBLF biota is not identical, as different
scenarios in subtropical lineages were detected to either
agree with the paleodrainage system divergence (Zhang
et al. 2010; Zhang and Sun 2011; Yue et al. 2012) or the
divergence on each side of the Tanaka line (Zhang et al.
2006; Tian et al. 2015; Zhao and Gong 2015; Jiang et al.
2018; Ju et al. 2018). The most prevailing view suggests
that EBLFs in SW China have distributed over a wide and
stable range since the last glacial maximum (LGM), which
is generally supported by species distribution models
(SDMs) and demographic analyses (Zhao and Gong 2015;
Jiang et al. 2016). However, few plant species in SW China
experienced regional contractions and expansions (Yuan
et al. 2008; Jiang et al. 2018). Therefore, it remains unclear
whether the climatic factors universally imprint the genetic
divergence of regional trees in the EBLFs.

With regard to another aspect, the biotic factors of the
organisms are key factors that impact the temporal-spatial
divergence pattern of species. For instance, two sympatric
perennial shrubs of south-west Western Australia showed
disparate levels of haplotype diversity and historical
demographic signals. These were linked to different eco-
logical preferences, and life history traits related to seed
and pollination traits (Millar et al. 2016). However, the
role of functional traits on the genetic diversity pattern of
the organism has been largely overlooked in studies on the
subtropic region of China. Therefore, comparative popu-
lation genetic studies on multiple species of model linea-
ges in SW China EBLFs with different functional traits
and distribution patterns provide a unique chance to
understand the underlying mechanisms that contribute to
the genetic diversity pattern of forest trees at this biodi-
versity hotspot.
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Oaks (genus Quercus) form a model clade and offer
important ecosystem service and ecological functions
(Cavender-Bares 2019). Moreover, oaks offer fundamental
insights into the intersection of ecology and evolution, and
specifically, the role of diversification in community
assembly processes (Cavender-Bares 2019). They can be
used to study the importance of flexibility in key functional
traits when adapting to new environments. Seed traits of
oaks regulate predation, hoarding strategies of rodents,
seedling establishment, and the dispersal of seeds, which
further impact the plant gene flow and results in different
genetic structure (Nathan and Muller-Landau 2000; Jordano
and Godoy 2002). Among seed traits that tightly link to
their dispersal, seed size, and germination schedule have the
most profound impacts on the regulation of the predation
and hoarding behaviors of frugivores and their preference
(Vander Wall 1995, 2001; Forget et al. 1998; Xiao et al.
2005, 2006). In general, larger acorns often contain more
nutrients, but their consumption also requires more time; as
a result they are often hoarded and dispersed farther away
than smaller seeds (this summarizes the seed size hypoth-
esis: Hadj-Chikh et al. 1996; Jansen et al. 2004; Xiao et al.
2005). In addition to the seed size hypothesis, the food
perishability hypothesis reasons that frugivores often scatter
and hoard acorns with delayed germination schedules, while
consuming fast germinating seeds immediately (Hadj-Chikh
et al. 1996; Steele et al. 2001a, 2001b, 2006; Chang et al.
2009; Xiao et al. 2013). Seed traits are diversified in oaks
and their roles on the dispersal and adaptation of oaks have
been controversial for a long time (Steele et al. 2006; Chang
et al. 2009), let alone the impact of seed traits on the
population genetic structure.

Quercus delavayi, Q. schottkyana, and Q. kerrii of sec-
tion Cyclobalanopsis are dominant evergreen trees in the
EBLFs of SW China. Q. delavayi and Q. schottkyana are
sympatric species on the Yun-Gui Plateau (YGP, which
encompasses the plateau and the surrounding regions) (Fig.
S1). They commonly occur in mixed Lauraceous and pines
forests at elevations of 1000-2800 m and 1500-2500 m,
respectively (Huang et al. 1999). Q. kerrii is an Indo-China
species commonly found in pine oak forests or river gorges
at low-middle elevation (50-1300 m). Its northernmost
distribution range overlaps with the southern distribution
ranges of Q. delavayi and Q. schottkyana (Fig. S1). Among
the three oaks, Q. delavayi and Q. kerrii are genetically
closer (Deng et al. 2018). They have similar basal embryos
close to the seed scars (Fig. 1) and typical rapidly germi-
nating seeds. Q.schottkyana with apex embryo is geneti-
cally distant to Q. delavayi and Q. kerrii (Deng et al. 2018).
Its seeds have a 3—4 months temperature dormancy before
germination (Xia et al. 2015). Among these three species,
Q. kerrii bears the largest acorns with diameters of ca.
20-28 mm, while Q. delavayi has acorns with diameters of
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Fig. 1 Morphologies of acorn germination of (a) Quercus delavayi, (b) Q. schottkyana, and (c) Q. kerrii

10-15 mm and the acorns of Q. schottkyana are 7-10 mm
(Huang et al. 1999).

Our previous studies on SDM and the phylogeography of
Q. kerrii and Q. schottkyana showed that the distribution
range of Q. schottkyana remained long-term stable after the
LGM (Jiang et al. 2016), while Q. kerrii showed a northern
range expansion during the interglacial period (Jiang et al.
2018). Moreover, the populations of Q. kerrii diverged
along the Tanaka line due to longitudinal environmental
heterogeneity (Jiang et al. 2018), while the population
genetic structure of Q. schottkyana was mainly impacted by
the climate gradient along the latitudinal cline (Jiang et al.
2016). Whether these observed differences on population
genetic structures were caused by the climatic/geological
factors or by biological traits (e.g., seed traits in particular)
remains poorly understood.

This study coupled SDM and multilocus phylogeography
to examine the population genetic structure and demo-
graphic dynamics of Q. delavayi, and compared these with
Q. schottkyana and Q. kerrii. In addition, acorn sizes and
germination traits of the three oaks were assessed. The
objectives were: (1) to test whether these evergreen oaks of
SW China responded to historical environmental changes in
a similar or different manner; (2) to identify the key drivers
that shaped the genetic diversity pattern of evergreen oaks
in EBLFs of SW China; and (3), to explore the roles of
acorn traits for the population genetic structure of regional
woody species. This study presents the first case to disen-
tangle the roles of biotic and abiotic factors for the

population genetic structures of forest trees. The results may
provide comprehensive insight toward better conservation
management and sustainable use of the EBLFs in
SW China.

Materials and methods

Acorn size measurement and observation of
germination traits

Mature acorns of Q. delavayi, Q. schottkyana, and Q. kerrii
were collected from one population each in autumn 2015
(Table S1). The length (k) and width (d) (maximum dia-
meter) of acorns were measured for 30 fruits per species.
Scatter plots of the length and width of acorns were gen-
erated using R v3.3.3. The acorn volume (V) was estimated
by the formula: V= ndzh/4, where nt represents the ratio of
the perimeter of the circle to the diameter of the circle.
Mature acorns of Q. delavayi and Q. kerrii were col-
lected during 2014-2015 for germination tests during
November and October, respectively (Table 1). The har-
vested seeds were X-ray scanned to identify aborted acorns
and acorns that were infested with larvae. In total, 60 acorns
of each species were planted in a tray with vermiculite, and
kept in a growth chamber at temperatures of 15, 20, and
25°C with a humidity of about 85-95%. Acorns were
observed every 2 days until seedlings were established.
Germination was defined as the emergence of a radicle of at
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Table 1 Collection information

. . L. Species Collection date (month/yr)  Collection location (altitude)  Time to 50%
and times until germination for ermination (Tsy) (d)
Quercus delavayi, Q. kerrii, and g 30
Q. schottkyana 15°C  20°C 25°C
Q. delavayi 11115 Puer, Yunnan (1500 m) 244 134 104
Q. kerrii 10/14 Jinghong, Yunnan (1064m) 18" 104 6"
Q. schottkyana  11/06 Kunming, Yunnan (1900 m) 142* 119* 55%

The superscript letter (*) indicated a statistical significance; the same letters mean P> 0.05

“Data from Xia et al. (2015)

least 2mm in length. The time to germination was the
number of days acorns needed to reach 50% of maximum
germination (T50 (d)) as described by Daws et al. (2008).
The seed germination patterns were observed using a Canon
G15 camera. The germination data of Q. schottkyana were
obtained from Xia et al. (2015). One-way analyses of var-
iance (ANOV As) were used to test the differences in time to
germination between Q. delavayi and Q. kerrii. However,
this could not be used for the germination data of
Q. schottkyana, since only the mean value of time to ger-
mination was available for this species. Therefore,
Q. schottkyana was not included in ANOVAs. ANOVAs
were also conducted to test the differences in acorn size
among the three oak species. The statistical analyses were
performed in R v3.3.3, and the significance level was set to
P<0.05.

Population sampling

A total of 493 samples, representing 33 populations and
covering all major distribution sites of Q. delavayi, were
collected at elevations of 1013-2760 m (Fig. 2 and Table 2).
Each sampled tree was at least 30 m away from any other
sampled trees. Sampled leaves were rapidly dried in silica gel
until DNA extraction. Voucher specimens of each population
were deposited in the herbarium of the Shanghai Chenshan
(CSH) Botanical Garden. Provenance data on populations
and their abbreviations are summarized in Table 2.

DNA extraction, sequencing, and microsatellite
genotyping

Total genomic DNA was extracted using the modified
CTAB method (Doyle and Doyle 1987). In total, the three
cpDNA loci trnH-psbA (Shaw et al. 2005), trnT-trnL
(Taberlet et al. 1991), and petG-trnP (Huang et al. 2002) of
330 individuals from 33 populations were sequenced. The
primers used to amplify cpDNAs are listed in Table S2. All
493 individuals were also genotyped at eight nSSR loci
(Table S4). PCR were conducted to amplify the cpDNA and
nSSR loci as described by Xu et al. (2016b) and An et al.
(2016), respectively. PCR products of nSSR markers were
mixed with fluorescence size standards at a ratio of 6-FAM:
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Fig. 2 Distribution of 33 populations of Quercus delavayi (abbrevia-
tions listed in Table 2) and 24 cpDNA haplotypes. The blue (North-
central YGP) and yellow (Southwest YGP and South YGP) dashed
lines delimit both population groups detected by BI analysis

HEX:ROX = 1:1:2. The PCR products of cpDNA and
nSSR markers were bidirectionally sequenced or genotyped
by Shanghai Majorbio Bio-pharm Technology Co., Ltd
(Shanghai, China). All sequences obtained in this study
have been deposited in GenBank (Table S3).

Analysis of cpDNAs

The sequence files of the bidirectionally sequenced
cpDNAs were assembled and manually verified using
SEQUENCHER 4.01 (Gene Codes Corp., Ann Arbor, MI,
USA). Sequences were aligned with CLUSTAL_W using
MEGA 6.06 (Tamura et al. 2013) and alignments were
manually adjusted, where substitutions and indels were
assumed to have evolved with equal weight. A 3-bp
inversion was found in the petG-trnP region and a 32-bp
inversion was found in the #rnH-psbA region. These were
replaced with their reverse complements to maximize
homology in the phylogenetic analyses. The inversions
were coded as two single binary characters, comparable
with an indel (Whitlock et al. 2010). Substitutions and
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indels were assumed to have evolved with equal weight and
chloroplast haplotypes were extracted by DnaSP 5 (Librado
and Rozas 2009).

Genetic variation was measured by the average pairwise
differences per base-pair between sequences (nucleotide
diversity, ) (Nei and Li 1979) and haplotype diversity (Hy)
using DnaSP version 5 (Librado and Rozas 2009). Total
haplotype diversity (Hr), within-population diversity (Hs)
(Nei 1975), and population differentiation indexes (Gsr and
Ng1) were calculated by PERMUT 2.0 (Pons and Petit
1996). Population differentiation indexes (Gst and Ngt) of
Q. schottkyana were also calculated by PERMUT using
data from a previous publication (Jiang et al. 2016). A
haplotype network was constructed using the Median
Joining model in NETWORK 5.0.0.0 (Bandelt et al. 1999).
According to the geographic distribution of Q. delavayi and
the network results, all 33 populations of Q. delavayi were
divided into three groups (Table 2): (1) four populations
from the North-Central YGP region, (2) 13 populations
from the Northwest YGP region, and (3) 16 populations
from the South YGP region. The variations within and
among defined groups and populations were calculated
using the hierarchical analysis of molecular variance
(AMOVA) framework with 1000 permutations, using
ARLEQUIN 3.5 (Excoffier and Lischer 2010). To examine
the effect of geographic distance on the genetic structure
and the relative contribution of both gene flow and drift to
genetic structure (Hutchison and Templeton 1999),
isolation-by-distance (IBD) was tested by Mantel tests in
GENALEX 6.5 (Peakall and Smouse 2012). Possible
genetic barriers were estimated using Monmonier’s max-
imum difference algorithm (Monmonier 1973) based on the
generated haplotype network, along with residual genetic
distances among locations (Supplementary File S1).

The demographic history of Q. delavayi populations on
the YGP was investigated using mismatch distribution
analysis in ARLEQUIN 3.5 (Excoffier and Lischer 2010) to
assess whether Q. delavayi populations experienced
expansion in the past. Multimodal mismatch distributions of
pairwise differences between haplotypes are expected for
populations at a demographic equilibrium with a relatively
stable size over time, while unimodal distributions are
expected for populations that experienced demographic
expansions (Harpending 1994). The sum of square devia-
tions (SSD) between observed and expected distributions
and the raggedness index (Hg,g) were used to validate the
goodness of fit (Harpending 1994; Rogers and Harpending
1992) across 1000 parametric bootstrap replicates. Tajima's
D (Tajima 1989) and Fu's Fg (Fu 1997) tests were calcu-
lated to discriminate mutations from drift equilibrium, and
to evaluate population expansion via significant excess of
low-frequency haplotypes. Significant negative values of
D and Fg can be expected in expanding populations. All
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aforementioned demographic analyses were performed in
ARLEQUIN 3.5 (Excoffier and Lischer 2010).

Phylogenetic relationships of sampled haplotypes were
reconstructed using Bayesian inference (BI). Q. variabilis,
Lithocarpus litseifolius, and Lithocarpus longinux were
used as outgroups, and MrBayes 3.2 (Ronquist et al. 2012)
was used to perform the BI analysis. A detailed description
of the analytical procedure and utilized parameters is pro-
vided in the Supplementary File S1.

A Bayesian search for tree topologies and node ages of
the cpDNA dataset was conducted in BEAST 1.8 (Drum-
mond et al. 2012). A Hasegawa-Kishino-Yano (HKY)
substitution model and an uncorrelated lognormal relaxed
clock setting were used. The constant-size coalescent was
applied as tree prior. The earliest acorn fossil of Q. sect.
Cerris found in the Lower Miocene (15-17.5Ma, Linqu
County, Shandong Province, China; Song et al. 2000) was
used as minimal age to constraint the stem of the haplotype
tree with a median of 18 Ma and 95% highest probability
density (HPD) from 14.88-34.12 Ma. For BEAST analysis,
MCMC runs were performed for 1x 10% generations and
were sampled every 1000 generation, followed by a burn-in
of the initial 20% cycles. MCMC samples were inspected in
TRACER 1.6 (http://tree.bio.ed.ac.uk/software/tracer/) to
confirm sampling adequacy and convergence of chains. The
resulting chronograms were visualized and edited in Fig-
Tree 1.43 (http://tree.bio.ed.ac.uk/software/figtree/).

nSSR analysis

Descriptive statistics of nSSRs, including the number of
alleles (N,) and observed (H,) and expected heterozygosity
(H.), were estimated using GENALEX 6.5 (Peakall and
Smouse 2012). Allelic richness (A;) was estimated using
FSTAT 2.9.3.2. The genetic diversity indexes (A, H,, and
H.) were also calculated at the group level using the Tanaka
line as boundary to assess its western and eastern popula-
tions. The above-mentioned analyses were also conducted
for Q. schottkyana based on data from a previous study
(Jiang et al. 2016). IBD was tested by Mantel tests using
GenAlEx 6.5 for the correlation of Fgp/(1 — Fgp) with
geographic distance for all pairs of populations. Fg/(1 —
Fgr) was calculated using GenePop 4.6.9 (Rousset 2008).
AMOVA analysis with 1000 permutations was conducted
in ARLEQUIN 3.5 (Excoffier and Lischer 2010). The ratios
(r) of pollen-to-seed flow of Q. delavayi, Q. schottkyana,
and Q. kerrii were estimated using the following formula by
Ennos (]994) r= mp/ms = [(I/FST(b) — 1) — 2(1/FST(m) —
DI/[1/Fgrgn — 1]. The Fsp values for nuclear and mater-
nally inherited organelle markers of Q. schottkyana and
Q. kerrii were calculated based on data obtained from pre-
vious studies (Jiang et al. 2016, 2018). To determine the
spatial genetic structure (Supplementary File S1), the number
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of genetic Bayesian clusters was inferred using STRUC-
TURE 2.3.4 (Pritchard et al. 2000; Falush et al. 2003).

A general linear model was run in R 3.3.3 (http://www.r-
project.org/) to estimate the correlation of genetic diversity
(Ar and He) and genetic structure (cluster A, C,) with the
habitat and geographic location of populations. The habitat
suitability of present (Np.) and LGM (Npgm) periods,
habitat stability (Nsp), latitude, and longitude were used as
explanatory covariates. Habitat stability (Ngq,) was esti-
mated as Nggp, = 1 —INp — N gml (Ortego et al. 2012). The
initial model contained all five explanatory variables related
to habitat and geographic factors, and the final models were
selected following a backward eliminating procedure.

Ecological distribution modeling

MAXENT 3.3.3 (Phillips et al. 2004, 2006) was used to
estimate the distributions of Q. delavayi at present, and at
the LGM (~21Ka). In total, 61 occurrence points of Q.
delavayi were obtained from field collections and from the
Chinese Virtual Herbarium (http://www.cvh.ac.cn). After
eliminating highly correlated variables (r> 0.8) (Kumar and
Stohlgren 2009), eight climate variables, that were related to
temperature and precipitation, were obtained from World-
Clim (http://www.worldclim.org) at 2.5-arcmin resolution
for both present and LGM (MIROC 3.2 scenario) time
points. The mean value of 10 replicate results with random
seeds was assumed as the potential distributions of species.
The area under the curve (AUC) was used to evaluate model
performance: 1 is the maximum prediction and 0.5 is con-
sidered a random prediction. The logistic output of MAX-
ENT consists of a grid map where each cell has an index of
habitat suitability between 0 and 1. Low values indicate that
conditions are unsuitable for the species, while high values
indicate suitable conditions. To quantitatively analyze the
extent of species expansion, the ratio (Na) of the LGM was
calculated and potential distribution areas are presented
based on the maximum sensitivity plus specificity value as
species presence/absence threshold. Na = (distribution areas
of present)/(distribution areas of LGM) represents the extent
of the distribution area change: a value close to 1 represents
a scenario where the species distribution remains steady,
while values below or above 1 represent scenarios where
the species distribution area underwent contraction or
expansion, respectively, from LGM to the present day. The
annual mean temperatures (biol) of sampling locations for
the three oak species were extracted and used to construct a
density plot in R v3.3.3. The sample locations of Q.
schottkyana and Q. kerrii were obtained from Jiang et al.
(2016) and Jiang et al. (2018), respectively. The differences
between the niches that are occupied by the three oaks were
evaluated using the niche overlap and niche identity test
indexes: Schoener’D (D) and I statistic (I) as available in

ENMTools v1.3 (Warren et al. 2010). A detailed description
of the analytical procedure is provided in Supplementary
File S1.

Results
Acorn size and germination traits

The acorn width of Q. kerrii significantly exceeded that of
Q. delavayi and Q. schottkyana (P <0.05) (Q. kerrii=
21.64+0.77Tmm; Q. delavayi=1491+1.05mm; Q.
schottkyana = 14.98 + 0.58 mm; Table S1 and Fig. S2). Q.
kerrii acorns were significantly shorter than the other two
species (P <0.05) (Q. kerrii=13.75+1.07 mm; Q. dela-
vayi =15.12 +0.81 mm; 0. schottkyana = 17.01 =
0.81 mm; Table S1 and Fig. S2). The volume of Q. kerrii
acorns was largest, followed by that of Q. schottkyana, and
that of Q. delavayi (Q. kerrii =5071.22 +595.47 mm>; Q.
delavayi = 2667.48 +483.80 mm®; Q.  schottkyana =
3008.01 + 337.50 mm®; Table S1).

The TS50 of the three species at the three temperature
treatments showed great differences (Fig. S3 and Table 1).
The germination pattern of Q. schottkyana was significantly
different compared with Q. delavayi and Q. kerrii (Fig. 1).
The germination schedule of Q. schottkyana was much later
for all three temperature treatments compared with those of
Q. delavayi and Q. kerrii (Fig. S3 and Table 1). Q.
schottkyana has dormant seeds that germinated after
2 months at 25 °C, and 4-5 months at 20 °C and 15 °C. Q.
delavayi and Q. kerrii germinated within 1 month under all
three temperatures without significant difference in the time
to germination (P> 0.05) (Table 1).

Phylogeny and network of haplotypes

The combined lengths of the three cpDNA fragments varied
from 1792 to 1825 bp, with a consensus alignment length of
1827 bp. A total of 24 haplotypes with 23 nucleotide sub-
stitutions, five indels, and two inversions were identified
from 330 samples in Q. delavayi (Table S5).

The phylogenetic network showed two distinct clades
with nonoverlapping geographical ranges of Q. delavayi
(Figs. 2 and 3). Clade I was distributed in North-Central
YGP, and clade II was mainly distributed in Northwest and
South YGP. Five median vectors were identified in the
network frame. Haplotype H3 was the most common hap-
lotype, which was found in 82 individuals from nine
populations. Haplotype H11 was the second-most common
haplotype, and occurred in 54 individuals from eight
populations. Haplotypes H3 and HI11 occurred across
Northwest YGP, and haplotype H3 was also distributed in
Central YGP. In total, 13 unique haplotypes were identified
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South YGP

Fig. 3 Networks of 24 cpDNA haplotypes identified in Quercus
delavayi. The circle size is proportional to the frequency of a haplotype
over all populations. Each line between haplotypes represents a

(Table 2 and Fig. 2) and the haplotype network had a
similar haplotype structure as BEAST analysis (Fig. 4).

The BI topology (Fig. S4) was congruent with the result
of the phylogenetic network. All 24 haplotypes were
monophyletic with posterior probabilities (PP) of 1.00.
Haplotypes from North-Central YGP (H12, H13, H15, H16,
H20, and H22) were divergent and paraphyletic to a well-
supported monophyletic clade of haplotypes from North-
west and South YGP (PP = 1.00).

Mismatch analysis and neutrality test

The observed mismatch distributions of pairwise nucleotide
differences showed multimodal distributions for all popu-
lations (Fig. S5). The values of D and Fs were positive for
Q. delavayi (D =0.675, P =0.693; F5=0.196, P = 0.626),
suggesting that this species did not experience recent
demographic expansion. However, nonsignificant SSD and
Hgyg (SSD =0.022, P=0.195; Hg,, =0.030, P=0.195)
indicated that this species might conform to a model of
sudden population expansion. In summary, weak support
for a model of sudden population expansion was obtained
for Q. delavayi.

Divergence time of cpDNA haplotypes

The BEAST tree of cpDNAs showed two main clades of
Q. delavayi haplotypes: North-Central YGP and Northwest
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Clade I

North-Central YGP

Clade II

Northwest YGP

mutational step. Numbers at the middle of the line indicate the number
of hypothetically missing haplotypes. Solid diamonds represent
hypothetically unsampled haplotypes or extinct ancestral haplotypes

and South YGP (Fig. 4). The divergence time of the most
recent common ancestor (TMRCA) of Q. delavayi haplo-
types was dated to 10.92Ma (95% HPD 5.30-17.98 Ma).
The estimated crown age of clade I was dated to 4.98 Ma
(95% HPD 1.80-9.49 Ma), and clade II was dated to
7.02Ma (95% HPD 3.19-12.46 Ma).

Genetic diversity and differentiation
cpDNA results

Total nucleotide diversity (7) and haplotype diversity (Hy) of
Q. delavayi were 3.32 x 10> and 0.882, respectively (Table
2). The cpDNA was most diverse in the South populations,
followed by the North-Central populations, and then the
Northwest populations. Populations LCD, KM, and SJ
(population abbreviations are summarized in
Table 2) had the highest haplotype diversity (Hq = 0.8000,
0.7556, and 0.6222, respectively) and nucleotide diversity
(n=13.03x10722.18 x 107>, and 0.60 x 1073, respectively;
see Table 2). Total haplotype diversity (Hy) and within-
population diversity (Hs) were 0.907 and 0.197, respec-
tively. A significant phylogeographic signal was detected in
the cpDNA of Q. delavayi (Nst=0.912> Gsy=0.782; P<
0.05). Hierarchical AMOVA of the cpDNA showed that
63.28% of the variation was partitioned among three geo-
graphic regions (North-Central, Northwest, and South
populations), 30.77% among populations within groups, and
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Fig. 4 Bayesian analysis chronogram of Quercus delavayi cpDNA
haplotypes and three outgroups from genera Quercus s.l. and Litho-
carpus. Fossil calibration point is marked with a letter (A) in the circle.
Numbers on the right side of branches are posterior probabilities (PP).

5.95% within populations (Table 3). A Mantel test was
conducted on the genetic and geographical distance matrices
and a significant correlation was found (R=0.587; P=
0.001), indicating a significant IBD level for cpDNA. A
genetic barrier was detected for the cpDNA between North-
Central YGP and Northwest and South YGP (Fig. 2).

nSSR results

All eight nSSR loci were highly variable, with 7-24 alleles
per locus across 33 populations. In total, 114 alleles were
identified. The diversity estimates of microsatellites differed
among populations (Table S6). The lowest diversity was
found for the PE population (in South YGP) and the highest
diversity was found for the YUM population (in North-
Central YGP). The genetic diversity indexes (Ar, Ho, and
He) of the eastern group of Q. delavayi were slightly higher
than in the western group of this species (Table S7). The
genetic diversity indexes (Ar, Ho, and He) of both groups of
Q. schottkyana were similar (Table S7). The largest varia-
tion in the nSSR loci (93.67%; Fsr = 0.064 in Table 3) was
found within populations, and a small fraction of this var-
iation was among populations, within lineages, and among
lineages (Table 3). IBD was also detected for nSSR data
(R=0.365, P=0.001).

Bayesian clustering analysis of the genetic structure
demonstrated that the model had the highest In Pr(XIK) and
AK value for K=2 (Fig. S6), indicating that the most
probable number of groups was two. The Northwest
populations (JC1, DL, BC, EY1, JC2, L1J, SGL, HLT, ZD,

10 5 0 Ma

The divergence time (in Ma) and 95% highest probability density
(HPD) for the most recent common ancestor (TMRCA) of sampled
Q. delavayi populations and the two clades with 100% PP supports are
shown above the node

SGD, YL, EY2, and YS) were primarily assigned to Cluster
I (green), whereas other populations (North-Central and
South populations) were assigned to Cluster II (red)
(Fig. S7). STRUCTURE plots (K = 2-5) are shown in Fig.
S8. When K=4 and 5, the populations JC1 and DL dif-
ferentiated from other populations in the northwestern
group (Fig. S8). Ar or He was not associated with Np,
NroMm, Nsup, latitude, or longitude (P> 0.15 for all). How-
ever, the proportion of cluster A (C,) was negatively
associated with latitude (estimate+SE: —0.226 +0.026,
t=-8.711, P<0.001).

Pollen-to-seed migration ratio

The pollen-to-seed migration ratios were 219 for Q. dela-
vayi, 22 for Q. schottkyana, and 117 for Q. kerrii (Table 4).
For comparison, Table S8 lists the pollen-to-seed migration
ratios (r) of several oak species from the literature. A wide
variation was found across species with r values ranging
from 6.6 (Q. rubra) to 649 (Q. aquifolioides) (Table S8).

Ecological niche modeling

Model evaluation in MAXENT showed high performance
scores (AUC = 0.9965, standard deviation (SD) = 0.0009).
The predicted distribution, based on the model, was similar
to the present-day distribution of Q. delavayi (Fig. 5a),
containing extensive suitable ranges for the species across
the YGP. The potential range of Q. delavayi shrank slightly
and shifted to the south and east during the LGM (Fig. 5b).
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Fig. 5 Simulated distribution ranges of Quercus delavayi in the (a)
present periods and (b) last glacial maximum (LGM). The different
gray tones in rectangles in the lower right refer to different ranges of

presented results suggest that the germination schedules of
acorn influence seed dispersal by potentially altering fru-
givore behavior, thus affecting the population genetic
structure of evergreen oaks on the YGP. However, this
hypothesis requires the identification of the ecological
functions of the different acorn germination patterns by
increasing sampling from different populations and by set-
ting up food trap experiments in the future.

Moreover, differences in the nSSR population genetic
structure were found between Q. delavayi, Q. kerrii, and Q.
schottkyana. Q. delavayi and Q. schottkyana showed a
similar genetic gradient change along latitude, suggesting
that environmental changes along latitude similarly impac-
ted the population genetic structure of their nuclear gen-
omes. However, the nSSR population genetic structure of
Q. kerrii was significantly impacted by the Tanaka line. Q.
kerrii is a low-elevation species and is adapted to a warmer
climate (Fig. S9). Since the YGP is mostly at intermediate
elevation, its available habitats are rather rare and highly
fragmented on the YGP. The middle-elevation mountain
chain along the Tanaka line can efficiently block gene flow
among populations of Q. kerrii, resulting in genetic differ-
entiation. In contrast, Q. delavayi and Q. schottkyana are
both regionally widespread dominant trees at middle ele-
vation on the YGP with large effective population sizes.
The Tanaka line does not form a barrier for their nuclear
gene flow. Therefore, the biogeographic significance of the
Tanaka line is a phylogeographic barrier to the tropical
organisms on the YGP.

Q. delavayi and Q. kerrii have relatively closely related
phylogenetic relationships and share a similar germination
schedule; however, they have different phylogeographic
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structures. This phenomenon is likely caused by three fac-
tors: first, Q. kerrii is a late Miocene derived species, while
Q. delavayi derived at the early Miocene (Deng et al. 2018).
The ancestral lineage of Q. delavayi might once have had a
much wider distribution during the Miocene than at present,
since fossils were found even on areas with high elevation
(ca. 4000 m) of the East Tibet plateau (Mangkang), where
Q. delavayi no longer exists (Xu et al. 2016a). During the
long evolutionary time and wide distribution range, a large
number of mutations could have accumulated in different
regional populations. This may underlie the high genetic
diversity and significant population differentiation observed
for Q. delavayi. Second, the evolution rate of the chloroplast
genome of Fagaceae is lower than that of other angiosperm
lineages (Frascaria et al. 1993; Graur and Li 2000; Simeone
et al. 2013). The high sequence conservation of the cpDNA
genome may lead to a difficulty to detect population-level
differentiation in Q. kerrii. Third, a previous study on
phylogeography of Q. kerrii mainly sampled populations
from its northern distribution range. These populations may
have been established via relatively recent demographic
expansion. These factors likely cause a lack of phylogeo-
graphic structure in the cpDNAs of Q. kerrii.

Different demographic dynamics of sympatric
evergreen oaks in section Cyclobalanopsis on the
YGP

SDM analysis, neutrality tests, and mismatch distribution
analysis of Q. delavayi indicated that this species did not
experience recent demographic expansion (Table 4 and Fig.
S5). Similarly, Q. schottkyana had a relatively stable
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distribution since the LGM (Table 4). Although neutral test
for the cpDNA sequences of Q. kerrii suggested that this
species did not undergo significant demographic expansion,
the star-shaped haplotype network and unimodal distribu-
tion of the mismatch distribution analysis implied demo-
graphic expansion (Table 4).

Quantitative analysis for the SDM results indicated that
Q. kerrii underwent a larger expansion of its potential dis-
tribution range since the LGM compared with Q. delavayi
and Q. schottkyana (Table 4). Q. kerrii has a significantly
different ecological niche compared with Q. delavayi and Q.
schottkyana (Figs. S10 and S11). During glacial-interglacial
periods, the two mid-elevation oak species were able to
move to suitable habitats by shifting their distribution ele-
vation into montane regions. In contrast, during the glacial
period, suitable habitats for Q. kerrii moved to lower ele-
vations, or retreated to southern refugia, then expanded
northward during interglaciation. Due to their different
ecological tolerances, these three species may have
experienced different demographic dynamics during the
Quaternary glacial cycles.

This study demonstrated that both the climatic hetero-
geneity and biological functional traits play important roles
for the population genetic structure and demographic
dynamics of trees of EBLFs of the YGP. The
latitude—longitude climate gradient universally imprinted
the nuclear population genetic structure of evergreen oaks
on the YGP. The pollen-mediated gene flow of middle-
elevation oaks was not strongly impacted by regional
topological barriers, except for the lowland tropical species,
due to limited habitat availability. Furthermore, the seed
germination pattern plays a key role that restricts their seed
dispersal distance, and might regulate predation, hoarding,
and seed preference by frugivores, which impacts the
cpDNA divergence pattern. The interaction between seed
germination and both distance- and density-dependent
mortality on seedling recruitment patterns needs to be
investigated at a finer scale to better understand the ecolo-
gical functions of different germination patterns in sympa-
tric oaks. This study provides important information on how
tree genetic diversity was maintained within the EBLFs on
the YGP.
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