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Past and current climatic changes have affected the demography, patterns of genetic
diversity, and genetic structure of extant species. The study of these processes provides
valuable information to forecast evolutionary changes and to identify conservation
priorities. Here, we sequenced two functional nuclear genes and four chloroplast
DNA regions for 105 samples from 21 populations of Quercus liaotungensis across
its distribution range. Coalescent-based Bayesian analysis, approximate Bayesian
computation (ABC), and ecological niche modeling (ENM) were integrated to investigate
the genetic patterns and demographical history of this species. Association estimates
including Mantel tests and multiple linear regressions were used to infer the effects of
geographical and ecological factors on temporal genetic variation and diversity of this
oak species. Based on multiple loci, Q. liaotungensis populations clustered into two
phylogenetic groups; this grouping pattern could be the result of adaptation to habitats
with different temperature and precipitation seasonality conditions. Demographical
reconstructions and ENMs suggest an expansion decline trend of this species during the
Quaternary climatic oscillations. Association analyses based on nuclear data indicated
that intraspecific genetic differentiation of Q. liaotungensis was clearly correlated with
ecological distance; specifically, the genetic diversity of this species was significantly
correlated with temperature seasonality and soil pH, but negatively correlated with
precipitation. Our study highlights the impact of Pleistocene climate oscillations on the
demographic history of a tree species in Northern China, and suggests that climatic
and soil conditions are the major factors shaping the genetic diversity and population
structure of Q. liaotungensis.

Keywords: demographic history, genetic variation, environmental changes, glacial refugia, temperate tree,
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INTRODUCTION

Past environmental changes, such as orographic events and
climatic oscillations during the Quaternary, have left complex
imprints on the structure and genetic diversity of present day
species (e.g., Petit et al., 2002; Chen et al., 2008; Bai et al.,
2010; Zeng et al., 2015; Bagnoli et al., 2016). Additional factors
that impact genetic variation are life history traits and effective
population sizes (Ortego et al., 2015; Sun et al., 2015; Bai et al.,
2018). The genetic diversity and structure of organisms with long
generation times, large effective population sizes, and limited
dispersal to new environments (e.g., changes caused by glacial-
interglacial climatic fluctuations during the Quaternary) tend to
show time lags (Gugger et al., 2013; Ortego et al., 2015). By
contrast, species with high dispersal potential respond faster to
new environments and have the ability to reach early equilibrium
(Landguth et al., 2010; Kremer et al., 2012).

Insights from phylogeography and population genetics
suggest that stable regions during the glacial period act as
species shelters (e.g., refugia) and play an important role in
post-glaciation recolonization because some glacial populations
may harbor high levels of genetic diversity (Bennett and Provan,
2008; Stewart et al., 2010); in these cases, refugia are ideal
habitats to conserve plant genetic diversity and generate unique
alleles (Hewitt, 2000; Gugger et al., 2013). During the interglacial
period, genetic diversity of any given species could be shaped
by population expansion and/or migration to new habitats
(e.g., a diffusion toward the high latitude) (Petit et al., 2002;
Hewitt, 2004) resulting in different genetic structure scenarios.
In one scenario, genetic differentiation between locally adapted
and newly established populations, due to a reduction of
intraspecific gene flow, would be observed; this pattern would
follow a center-periphery model and the relationship between
genetic differentiation and geographical distance would show a
monotonic increase. Moreover, an isolation-by-distance (IBD)
pattern would be expected if populations are in migration-
drift equilibrium (Ribera et al., 2011; Ortego et al., 2012). In a
second scenario, the spatial genetic structure among populations
would be erased via homogenization due to high levels of gene
flow between locally adapted and newly established populations,
provided that species maintained stable population sizes or
expanded gradually (Bai et al., 2010). In a third scenario,
an increase in local genetic diversity would be expected if
genetic admixture from immigrants of genetically differentiated
populations took place (He et al., 2013; Ortego et al., 2015).
In a last scenario, increased population differentiation and
reproductive isolation would be the result of temporal barriers
that limit gene flow; this scenario falls under the “asynchrony
of seasons hypothesis” where heterogeneous microenvironments
or variation in climate seasonality represent the barriers that
cause reproduction isolation (Martin et al., 2009; Quintero et al.,
2014). In this situation, local adaptation among conspecific
populations could happen due to asynchronous phenologies,
and an isolation-by-ecology (IBE) pattern would be expected
to account for contemporary patterns of intraspecific genetic
differentiation and population structure (Elias et al., 2012; Orsini
et al., 2013).

In Northern China, paleogeological evidence suggests the
absence of extensive ice sheets during the Quaternary glaciation;
however, very cold and dry conditions with a strong winter
monsoon occurred during the glacial period and had a
remarkable impact on the demographic history and genetic
variation of temperate tree species (Yu et al., 2000; Liu
et al., 2012). Palaeovegetation reconstructions and limited
phylogeographical studies have documented in detail the sites
of glacial refugia and the response patterns of temperate trees
distributed in Northern China during Quaternary climatic
changes (Qian and Ricklefs, 2000; Harrison et al., 2001; Chen
et al., 2008; Bai et al., 2010; Zeng et al., 2015; Yang et al.,
2016). However, few studies have focused on the effect of past
environmental changes on species demography (but see Bai et al.,
2018 who estimated the population dynamics of several walnut
species based on genomic data including a species distributed in
Northern China).

Northern China is a mega-diverse area characterized by
complex topography and relatively mild Pleistocene climates. The
Yanshan, Taihang, and Qinling mountains form a north–south
vegetation transect with many microclimates (Bai et al., 2010);
thus, this region offers an excellent opportunity to study the
role of environmental changes on species demography and on
temporal genetic structure and diversity.

Quercus liaotungensis Koidz. (Quercus L.) is an important
economic and dominant deciduous tree species in Northern
China (Du et al., 2007; Wang and Zhang, 2011; Li et al., 2012).
Populations of this species are mainly distributed in mountainous
areas at the north of the Qinling Mountains, the Liupan
Mountain, the Taihang Mountains, and the Changbai Mountains
at elevations of ca. 1000-2200 m; however, current populations
of this oak species are largely fragmented due to anthropogenic
interference. Previous studies based on genetic data suggest
that Q. liaotungensis and its close relative Q. mongolica
diverged recently, probably at the Pliocene/Pleistocene boundary
(Yang et al., 2016). Also, several studies propose that genetic
introgression took place between these species; however, distinct
gene pools and clear species boundaries between the two oaks
have been found (Zeng et al., 2010, 2011; Li et al., 2012;
Yang et al., 2016). Prior phylogeographical studies indicate
that Q. liaotungensis migrated to the Qinling Mountains and
adjacent areas during the LGM (Zeng et al., 2011; Yang et al.,
2016); during this period, these mountains were considered
suitable plant refugia due to their heterogeneous topography
and climate (Ying, 1994). Consequently, climate changes during
the glacial-interglacial period have affected the distribution of
Q. liaotungensis; this situation provides an excellent opportunity
to understand the effects of extrinsic factors on the population
structure and genetic diversity of this species, as well as the
demographic response of temperate tree species to environmental
changes in Northern China.

In this study, we integrated genetic information from
chloroplast and nuclear sequences, coalescent-based simulations,
and ecological niche modeling (ENM) to reconstruct
demography patterns of Q. liaotungensis. We also estimated
the association between effective population size changes and
past climatic oscillations. Additionally, we used correlation
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analyses to seek potential relationships between temporal genetic
structure and genetic diversity, and geographical and ecological
factors (under the assumption of recent speciation, Yang et al.,
2016). We also tested the relative importance of habitat status on
species genetic turnover and population differentiation.

MATERIALS AND METHODS

Sample Information and Sequencing of
Multiple Loci
To ensure representation of genetic information and diverse
habitats, we collected 105 individuals from 21 populations
throughout the geographical distribution of Q. liaotungensis
in Northern China (Figure 1 and Supplementary Table S1).
All samples from each population were spaced at least 100 m
apart, and fresh leaves were collected for DNA extraction. Total
genomic DNA was extracted using the Plant Genomic DNA Kit
from TIANGEN (TIANGEN, Beijing, China).

We sequenced two single-copy nuclear genes: the CC-NBS-
LRR gene involved in resistance to Phytophthora cinnamomi
(RPc) and a predicted stress-associated protein gene (SAP).
These two nuclear genes were selected based on a comparative
transcriptome work in three Chinese oak species (Sun and
Yang et al., unpublished results). Sequences of four chloroplast
regions (psbA-trnH, trnL-trnF, ycf 1, and matK) for the same
samples were compiled from our previous research (Yang
et al., 2016). PCR protocols were the same as in Yang
et al. (2016) and primers used are listed in Supplementary
Table S2. All sequences were checked and aligned in BioEdit
7.0.9.0 (Hall, 1999). Potential indels found in the chloroplast
regions were treated as informative with exception of the
approximate Bayesian computation (ABC) analysis where gaps
were discarded. Polymorphic sites of the two nuclear genes
were phased using a Bayesian statistical method (Stephens and
Donnelly, 2003) for haplotype calculation; recombination events
detected with DnaSP 5.0 (Rozas et al., 2003) were removed from
subsequent analyses.

Genetic Diversity and Structure
Genetic diversity of Q. liaotungensis, such as haplotype diversity
(Hd), nucleotide diversity (π) and variance of segregating sites
(the Watterson’s estimator per site, θ-W) was calculated for each
locus using DnaSP 5.0; a neutrality test using the maximum
frequency of derived mutations (MFDM) method (Li, 2011) was
conducted to detect selection at each locus with a 5% significance
level. Haplotypes were identified in nuclear genes and the
concatenated chloroplast region and used to construct networks
in PopART using the integer neighbor-joining (NJ) method
(Leigh and Bryant, 2015). Haplotype results were visualized on
maps with ArcGIS 10.2 (ESRI, Redlands, CA, United States).
Analysis of molecular variance (AMOVA) was performed to
estimate genetic variation among and within populations, and for
phylogenetic groups (see results of population structure) using
F-statistics with 1000 permutations in Arlequin 3.5 (Excoffier and
Lischer, 2010).

The neighbor-net method (NN network) in SplitsTree4
(Bryant and Moulton, 2004) was used to visualize the genetic
relationships among all samples. Unphased sequences of the two
nuclear genes were concatenated with plastid data to estimate
the NN network; the NN method is an extension of the NJ
algorithm (Saitou and Nei, 1987) that represents and quantifies
conflicting signals and systematic errors among multiple loci. All
ambiguous sites were treated by averaging all possible resolutions
with Uncorrected P-distance and 1000 bootstrap simulations.

Phylogenetic relationships among populations of
Q. liaotungensis were estimated using the Bayesian method
in BEAST 2 (Bouckaert et al., 2014). The Akaike Information
Criterion (AIC) with a “greedy” algorithm in PartitionFinder
2.1.1 (Lanfear et al., 2012) was used to select the best-fit
partitioning schemes and evolutionary models for the six loci.
Based on the AIC results, the dataset was partitioned into
five groups (psbA-trnH, trnL-trnF + matK, ycf 1, RPc, and
SAP) and phylogenetic relationships were inferred based on
the best evolutionary models (Supplementary Table S2) with
the coalescent-based Bayesian skyline method and the relaxed
clock model in lognormal distribution. Preliminary analyses,
assuming all three models of population size (linear, constant,
and linear with constant), were run with 5.0 × 107 Markov
chain Monte Carlo (MCMC) generations and sampled every
20,000 generations to ensure effective sample size (ESS > 200).
Each population size model was performed with four different
time seeds and checked for convergence. Molecular dating of
divergence among populations and major groups was estimated
with selected mutation rates of chloroplast (7.905 ± 0.3 × 10−10

per site per year) and nuclear genes (2.20 ± 0.2 × 10−9 per
site per year) following a previous study (Yang et al., 2016).
Four runs of each population size model were combined using
LogCombiner. To select the best model that explains population
size changes, the three models were compared using Bayes factor
(BF) and AIC following MCMC (AICM) methods (Newton and
Raftery, 1994; Baele et al., 2012). The best model (linear model,
see Supplementary Table S3) was executed with 2.0 × 108

MCMC generations and three independent runs; simulations
were combined using LogCombiner. We calculated an unrooted
maximum clade credibility (MCC) tree with posterior probability
(PP) limit >0.5 using TreeAnnotator of the BEAST 2 package
after removing the first 20% of trees as burn-in. The MCC tree
was edited and visualized in FigTree 1.4.2.

Approximate Bayesian Computation
To assess global Q. liaotungensis population size changes
during the Quaternary, we applied ABC in DIY-ABC 2.1.0
(Cornuet et al., 2014) to seven plausible scenarios. Hierarchical
structure (see results of population structure) was ignored
because a preliminary analysis, under an isolation-with-
migration model with divisions of population structures, did
not generate convergent simulations due to limited sampling
of each population group. The first three scenarios assumed
simple population changes with constant population size (S1),
exponential population decline (S2), and exponential population
growth (S3). Scenarios 4 and 5 were modifications of S2 and
assumed an expansion event before population decline during
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FIGURE 1 | Haplotype distributions (a) and networks (b,c) of the RPc (above) and SAP (below) genes for Quercus liaotungensis in Northern China. Black dots in (a)
indicate locations of the 21 collected populations of Q. liaotungensis. Pie charts are proportional to the numbers of samples in each population (five individuals per
site). Colors of pie charts correspond to different haplotypes in the network. Area of the pie in the network is proportional to the number of haplotypes identified.

the Quaternary glacial-interglacial transitions. Considering
the complex impact of large effective population sizes and
evolutionary time lags in oak species response to environmental
changes (Gugger et al., 2013), we assumed either a pre-glacial
(from the last interglacial to last glacial maximum, LIG-LGM)
(S4) or a post-glacial response (from the LGM to Holocene) (S5)
to population decline. By comparison, scenarios 6 and 7 were
modifications of scenario 3 and postulated a population decline
pre- (LIG to LGM) (S6) or post- (LGM to Holocene) (S7) glacial
period before an expansion of population size occurred based
on the exponential population change model; each scenario was
simulated with a uniform prior probability (Supplementary
Figure S1 and Supplementary Table S4). For Scenarios 4 to 7,
the current effective population size parameter (Ne) was not
constrained against the ancestral population size (Na), as little is
known about the ancestral population sizes of Q. liaotungensis.
Current population sizes were assumed as 103

−105 according to
a maximum likelihood analysis, while the estimated age of the
ancestor was 1−3 Ma across the Pliocene/Pleistocene boundary
and the generation time of Q. liaotungensis was set at 80 years
(Yang et al., 2016).

For the ABC simulation, multiple loci were partitioned into
plastid and nuclear datasets. The mutation rates of chloroplast
and nuclear genes were the same as those used in the phylogenetic
analysis, and the Hasegawa–Kishino–Yano (HKY) mutation
model was used for both datasets. We generated a reference
table using 7 × 106 simulations and selected five summary
statistics (variance of pairwise difference, Tajima’s D, private
segregating sites, mean of numbers of the rarest nucleotide at
segregating sites, and variance of numbers of the rarest nucleotide
at segregating sites). To select the most likely model under direct
and logistic approaches, we selected 1% of the simulated datasets

closest to the observed data to evaluate model accuracy and
estimate the relative PP with 95% confidence intervals (95% CI)
for each scenario. To estimate type I and II errors on the power of
model selection, we assessed confidence in scenario choice with
500 simulated pseudo-observed data sets (PODs) for the seven
plausible scenarios. For the best-supported model, performance
of all parameter estimations was determined by evaluating the
relative median of absolute errors (RMAE) with 500 PODs from
the simulated datasets. To assess whether the chosen scenario
could explain the observed data correctly under the five summary
statistics, we conducted a goodness-of-fit analysis with 1000
PODs of the simulated data by using a principal component
analysis (PCA) (Cornuet et al., 2010).

Ecological Niche Modeling
Occurrence data for Q. liaotungensis were retrieved from the
Chinese Virtual Herbarium (CVH)1. We retained 41 records for
ENM analyses after removing duplicate and anomalous sites.
For the climatic variables, the following six bioclimatic factors
from global climate models (GCMs) were selected due to their
relative importance in shaping plant phylogenetic patterns and
geographical distribution of Quercus (Xu et al., 2013, 2016;
Qian and Sandel, 2017): annual mean temperature (BIO1),
temperature seasonality (BIO4), mean temperature of coldest
quarter (BIO11), annual precipitation (BIO12), precipitation
seasonality (BIO15), and precipitation of driest quarter (BIO17).
Climatic variables at 2.5 arc-min resolution were obtained from
the WorldClim database2.

1http://www.cvh.ac.cn
2http://www.worldclim.org
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To check for multicollinearity, a Pearson correlation analysis
was performed on the six climatic factors, and BIO11 was
removed due its strong correlations (r > 0.8) with BIO1 and
BIO4. Initially, eight simulations of the current geographic
distribution of Q. liaotungensis were conducted based on present
climatic conditions; the regularization multiplier was set from 0.8
to 1.5 and the threshold rule of maximum training sensitivity
plus specificity in Maxent v3.3.3k was applied (Phillips et al.,
2006). For subsequent simulations, the values of the area under
a receiver-operating characteristic curve (AUC) were compared
and then an optimal regularization multiplier (1.2) was selected.
Suitable current habitats, the LIG (∼120−140 ka), the LGM
(∼21 ka) and the mid-Holocene (MH, ∼6 ka) were projected
with 10 replicates and 80/20% (train/test) samples for cross-
validation. For the LGM and MH periods, we used two different
bioclimatic models (Community Climate System Model and
Model for Interdisciplinary Research on Climate-Earth System
Model, CCSM4 and MIROC-ESM). AUC values of each projected
period were used to evaluate model accuracy. We also measured
the areas of suitable Q. liaotungensis habitat for each period with
distributional probability thresholds above 0.6 (moderate) and
0.8 (optimum) in ArcGIS 10.2.

Climatic distributions of the two phylogenetic groups (see
results of population structure) were described based on current
bioclimatic variables (BIO4 and BIO15) using two dimensional
kernel density estimation with the kde2d function of the MASS
package (Venables and Ripley, 2002) in R 3.4 (R Core Team,
2011); the two climatic factors showed significantly statistical
differentiation (for BIO4, Wilcoxon rank sum test: W = 9.00,
P = 0.0060, one-way ANOVA: R2 = 0.2958, P = 0.0064; for
BIO15, Wilcoxon rank sum test: W = 17.50, P = 0.0350, one-way
ANOVA: R2 = 0.2555, P = 0.0113) between the two phylogenetic
groups.

Associations Between Genetic Variation
and Geographical/Ecological Factors
We used correlation and regression analyses to test whether
there was a relationship between genetic variation of two
nuclear genes and Q. liaotungensis habitat. Chloroplast region
genetic data was not used due to relatively low genetic diversity
and differentiation. Potential patterns of IBD or IBE among
Q. liaotungensis populations were assessed with Mantel tests,
which were used to evaluate the correlation between genetic
and geographical/ecological distances. Pairwise FST distance
calculated in Arlequin 3.5 was used as genetic distance. A matrix
of geographical distances among locations was estimated using
the Geographic Distance Matrix Generator 1.2.3 (Ersts, 2011).
The ecological factors included the five bioclimatic variables
used in the ENM and three ecological variables representing
soil characteristics (carbon density, soil moisture and soil
pH); the latter variables were selected because they seem to
play important roles in Q. liaotungensis habitat suitability (Li
et al., 2012). Ecological distance was calculated using a scaled
Euclidean method in PASSaGE v2 (Rosenberg and Anderson,
2011). To estimate the correlations among distance matrices
we used a two-tailed test with 999 permutations. Because

a significant correlation between geographical and ecological
distances (r = 0.4005, P = 0.0030) was found, a partial Mantel
test was also performed to evaluate correlations between genetic
differentiation and geographical/ecological distances when one
of the abiotic matrices was controlled. All Mantel tests were
performed using PASSaGE v2.

Associations of genetic diversity (Hd, π and θ-W) with
geographical factors (latitude and longitude) and ecological
variables (bioclimatic and soil factors) were assessed using
multiple linear regression analysis. Two linear regressions
including the generalized linear model (GLM) and the robust
linear model (RLM) were used to fit genetic data with each
variable and variable combinations. A stepwise method (stepAIC)
with forward and backward search was used to estimate the
best-fit model based on the AIC algorithm. The two linear
models generated a total of 3096 regressions for the geographical
factors (36) and ecological variables (3060) in relation to genetic
diversity of Q. liaotungensis. Variables with the lowest AIC
value and significant correlation were retained and considered
as appropriate explanatory factors. All linear regressions were
performed in R 3.4 using the MASS package.

RESULTS

Sequence Information and Genetic
Diversity
Six loci were sequenced in 105 individuals from 21 populations of
Q. liaotungensis (Supplementary Table S1). We detected seven
minimum recombination events in the RPc gene and two in
the SAP gene. After deleting the recombinant sites, the aligned
lengths of the nuclear genes RPc and SAP were 336 and 434 bp,
respectively. The aligned chloroplast regions (psbA-trnH, trnL-
trnF, ycf 1, and matK) compiled from our previous study were
404, 308, 713, and 389 bp long, respectively. Concatenation of
the four chloroplast regions resulted in an 1814 bp alignment
with five indels located in the psbA-trnH (three) and trnL-trnF
(two) regions (Supplementary Table S2). All new sequences were
deposited in GenBank (MH232547-MH232601).

Twenty-seven haplotypes were identified in all samples of the
phased RPc gene while fourteen haplotypes were revealed in the
phased SAP gene. For the RPc gene, the most frequent haplotype
H1 was found in all populations and was located toward the
center of the network (Figure 1). Eighteen private RPc haplotypes
were identified in 10 populations across the distribution range
of Q. liaotungensis. Population GQ had the highest haplotype
diversity (Hd = 0.9333) among the 21 populations for the RPc
data (Supplementary Table S1). For the SAP gene, a star-like
network suggests that H1 is an ancient haplotype given that it
was found in all populations; also, the rest of the SAP haplotypes
were derived from H1 through one or two genetic mutations.
Furthermore, seven private SAP haplotypes were found in seven
populations distributed mainly around the western periphery
and central areas of the species distribution range (Figure 1).
The highest SAP haplotype diversity was found in the NW
population (Hd = 0.7778) (Supplementary Table S1). The
concatenated chloroplast region revealed eight haplotypes and
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each population was represented by one haplotype; of these, five
were private haplotypes mainly found in central areas. The low
genetic diversity of the chloroplast region may be due, in part,
to the limited number of samples used in the present study
(Supplementary Figure S2 and Supplementary Table S1).

Compared to the chloroplast data, the RPc and SAP data
showed higher haplotype (Hd) and nucleotide diversity (π); also,
variance of segregating sites (θ-W) in the chloroplast data was
lower than in the two nuclear genes. For the nuclear data, the
summary statistics revealed higher genetic diversity for the RPc
gene than for the SAP gene for all Q. liaotungensis populations, as
well as for the two genetic clusters (Table 1). No loci significantly
deviated from the expectation of neutrality based on neutrality
tests with the MFDM method (Table 1).

Genetic Structure and Differentiation
Genetic clustering of Q. liaotungensis populations, based on
multiple loci, revealed two highly divergent groups, each with
two subclades showing low branch support (Figures 2A,B).
A neighbor-net network showed that individuals from
populations GQ and ZS in cluster 1, as well as samples from
populations QYH and CY in cluster 2 had low genetic distances,
thus they were confined to the same area in the network; samples
from other populations were mixed together and displayed a
complex reticular structure (Supplementary Figure S3).

AMOVA analyses for the SAP gene and chloroplast regions
revealed significant differentiation among populations of
Q. liaotungensis within clusters 1 and 2, as well as between
populations in these clusters. However, analyses of the RPc gene
did not support significant differentiation within or between
clusters (Table 2).

Demographical History and Effective
Population Size
The unrooted evolutionary tree based on multiple loci suggests
that the mean estimated divergence time of the two major clusters
is 0.29 Ma with 95% highest posterior density (HPD) across
0.10−0.53 Ma. Population diversification in each cluster was
almost synchronous and the mean split time of each group was
around 0.15 Ma (95% HPD: 0.05−0.30 Ma), while establishment
of the present populations began at ca. 0.07 Ma (95% HPD:
0.02−0.17 Ma) (Supplementary Figure S4).

Based on multiple loci, ABC analyses revealed that scenario
4 provided the best fit model to explain Q. liaotungensis global
population changes under direct estimate (0.2099, 95% CI:
0.1798−0.2401) and logistic regression tests (0.2275, 95% CI:
0.2131−0.2419) (Supplementary Figure S5); furthermore, 95%
CI of the PP for this scenario did not overlap with other scenarios
(except for the second best supported scenario 5) under logistic
estimation (Supplementary Table S4). Model checking analysis
of ABC simulations showed that the summary statistics from the
observed data produced eigenvectors that were within or at the
margins of 1000 simulated PODs from the posterior distribution
for all seven plausible scenarios (Supplementary Figure S6).
Also, most of the summary statistics were not significantly
different when the observed and simulated data (P value > 0.1)

for the best-supported scenario 4 were compared, suggesting
reliable results for the ABC simulation. For the best supported
scenario 4, power analyses of confidence scenario choice showed
low values of type I (direct estimate: 0.096; logistic estimate:
0.110) and type II errors (direct estimate: 0.084; logistic estimate:
0.093) based on 500 PODs; the RMAE values for all parameters
of scenario 4 were moderately low (Table 3), indicating reliable
estimates of posterior parameters from our ABC simulations.
Lower support was found for scenario 5 (direct estimate: 0.2061;
logistic estimate: 0.2072), which also assumed an expansion
decline trend for the population dynamics of Q. liaotungensis
as revealed by scenario 4, while the rest scenarios had relatively
low posterior supports (PP < 0.2) (Supplementary Figure S5).
Given the assumption of 80 years for the generation time of
Q. liaotungensis, the best fit model (S4) of the ABC simulation
indicated that the ancestor of Q. liaotungensis could, at least
date back to ca. 1.92 Ma (95% HPD: 1.09−2.87 Ma) with a
relatively low population size (16,600). Under these conditions,
the effective population size of the ancestral population expanded
by ca. five times (73,500) from 1.92 Ma until 70.2 ka (95% HPD:
25−115 ka), and was later followed by a population decline
to nearly half the largest population size (34,800), which has
continued up to the present (Figure 3A and Table 3).

Ecological Niche Modeling and Climatic
Distribution
The high AUC values for each period indicate accurate
simulations of the ecological niche models for Q. liaotungensis.
For the LGM and MH periods, the CCSM4 and MIROC-ESM
models showed consistent AUC values (Supplementary
Table S5). Prediction for the LIG period showed that
Q. liaotungensis occurred at low latitudes (around 25−30◦N)
and occupied the largest suitable habitat areas compared to
LGM, MH and the present. During the LGM, the species moved
northward to the Qinling Mountains and its distribution range
decreased, consistent with the shrinkage of suitable habitat areas.
The predicted distribution of Q. liaotungensis during the MH and
the present suggest that this species had a relatively stable habitat
after the LGM; however, the estimated habitat areas increased
from the LGM to the MH. Also, the areas of current habitat are
slightly smaller than those estimated for the MH (Figures 3B–E
and Supplementary Table S5).

Statistical analyses suggest that the two Q. liaotungensis
phylogenetic clusters have significant differences in ecological
adaptation to temperature seasonality (BIO4) and precipitation
seasonality (BIO15). Populations in cluster 1 seem to have
adapted to low levels of temperature and precipitation
seasonality, while populations in cluster 2 might have adapted to
habitats with higher temperature seasonality and broader niche
breadth of precipitation seasonality (Figures 2C,D).

Associations Between Genetic Variation
and Geographical/Ecological Factors
The results of Mantel tests based on SAP gene data showed
a significant and positive correlation (r = 0.3057, P = 0.0280)
between genetic and ecological distance for Q. liaotungensis;
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TABLE 1 | Summary statistics of molecular analyses in nuclear and chloroplast loci for Quercus liaotungensis and two phylogenetic clusters.

Locus Group N S Nh Hd π θ-W MFDM

RPc Species 105 21 27 0.7150 0.0080 0.0105 1.0000

Cluster 1 75 17 22 0.7400 0.0080 0.0091 0.8859

Cluster 2 30 15 11 0.6510 0.0079 0.0096 1.0000

SAP Species 105 14 14 0.3420 0.0009 0.0054 1.0000

Cluster 1 75 11 11 0.2480 0.0007 0.0045 1.0000

Cluster 2 30 6 7 0.5370 0.0014 0.0029 1.0000

Chloroplast Species 105 9 8 0.7280 0.0013 0.0009 0.3883

Cluster 1 75 4 4 0.5140 0.0005 0.0004 0.2703

Cluster 2 30 3 4 0.6900 0.0007 0.0004 NA

N, number of sequences; S, number of polymorphic sites; Nh, number of haplotypes; Hd, haplotype diversity; π , nucleotide diversity; θ-W, variance of segregating sites.
MFDM, maximum frequency of derived mutations; NA, samples less than 41 were not tested.

FIGURE 2 | Genetic structure and climatic distributions among populations of Quercus liaotungensis. Genetic relationships of individuals (A) and populations (B)
indicate consistent population structures for Q. liaotungensis. Climatic distributions of temperature and precipitation seasonality (C,D) using two-dimensional kernel
density estimation show distinct ecological adaptation among populations from Cluster 1 and Cluster 2. Blue squares and branches represent individuals and
populations of Cluster 1, while orange squares and branches indicate individuals and populations from Cluster 2. Red color in climatic distributions indicates climatic
regions with the highest density of populations from each cluster.

interestingly, when geographical distance was controlled using a
partial Mantel test, the correlation between genetic differentiation
and ecological distance was enhanced (r = 0.3245, P = 0.0310).
Separate analysis of SAP data for cluster 1 revealed marginal
significant correlations between genetic and ecological distances
when Mantel and partial Mantel tests were conducted; by
contrast, no significant correlations were found for cluster
2. Similarly, the RPc data showed no correlations between
genetic and ecological/geographical distances for clusters 1 and
2 (Table 4).

Multiple linear regressions indicated consistent results
between the GLM and the RLM simulations based on stepAIC

estimation (Supplementary Table S6). Based on RPc data,
GLM regressions revealed significant correlations between
distribution of genetic diversity and abiotic factors. Specifically,
(log) latitude showed significant positive correlation with
variance of segregating sites (θ-W) (R2 = 0.3245, P = 0.0070)
for the 21 locations tested (Figure 4). Of the eight ecological
factors evaluated, the optimum model selected with the
AIC method suggested a combination of five variables
(BIO4 + BIO12 + BIO15 + BIO17 + soil pH) (AIC = −201.22,
R2 = 0.6227, P = 0.0071) to explain the differentiation of θ-W
among Q. liaotungensis populations (Supplementary Table S6).
Regressions on each of these five ecological factors indicated
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TABLE 2 | Analysis of molecular variance (AMOVA) among populations of species and two phylogenetic clusters for Quercus liaotungensis.

Locus Group Source of variation Sum of squares Percentage of variation (%) FST/CT

RPc Species Among populations 9.15 3.08 0.0303∗∗

Within populations 65.60 96.92

Cluster 1 Among populations 6.54 2.89 0.0289 ns

Within populations 48.60 97.11

Cluster 2 Among populations 2.20 3.82 0.0382 ns

Within populations 17.00 96.18

Cluster 1–Cluster 2 Among groups 0.41 0.17 0.0017 ns

Within groups 8.74 3.16

Within populations 65.60 97.01

SAP Species Among populations 6.20 8.98 0.0898∗∗∗

Within populations 29.50 91.02

Cluster 1 Among populations 2.59 5.38 0.0538∗∗

Within populations 15.90 94.62

Cluster 2 Among populations 2.25 7.29 0.0729∗∗

Within populations 13.60 92.71

Cluster 1–Cluster 2 Among groups 1.36 7.23 0.0723∗∗

Within groups 4.84 5.51

Within populations 29.50 87.26

Chloroplast Species Among populations 37.86 100.00 1.0000∗∗∗

Within populations 0.00 0.00

Cluster 1 Among populations 19.00 100.00 1.0000∗∗∗

Within populations 0.00 0.00

Cluster 2 Among populations 10.00 100.00 1.0000∗∗∗

Within populations 0.00 0.00

Cluster 1–Cluster 2 Among groups 8.86 35.91 0.3591∗∗∗

Within groups 29.00 64.09

Within populations 0.00 0.00

∗∗∗P < 0.001; ∗∗P < 0.05; ns, not significant.

FIGURE 3 | (A) Inferred demographical history of Quercus liaotungensis from the best simulated model (scenario 4) in approximate Bayesian computation and
potential habitats of Q. liaotungensis during the (B) last interglacial, (C) the last glacial maximum, (D) the mid-Holocene, and (E) present estimated with ecological
niche modeling.

that θ-W showed significant positive relationships with BIO4
(temperature seasonality) (R2 = 0.2290, P = 0.0282) and soil
pH (R2 = 0.2446, P = 0.0227), and a negative correlation with
BIO17 (precipitation of driest quarter) (R2 = 0.2855, P = 0.0126)

(Figures 5A,C). Moreover, a marginally significant and negative
relationship was observed between θ-W and BIO12 (annual
precipitation) (Figure 5D). By comparison, no significant
associations were found among all regression models for the
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TABLE 3 | Prior settings and estimations of posterior distributions of parameters for the best supported scenario (S4) of demographical history of Quercus liaotungensis
with approximate Bayesian computation.

Parameter Prior value Mean Median Mode 95% low 95% high RMAE

Ne 1E3∼1E5 3.48E + 04 3.29E + 04 2.87E + 04 1.69E + 04 5.98E + 04 0.204

Ta (year) 1.25E4∼3.75E4 1.92E + 06 1.88E + 06 1.22E + 06 1.09E + 06 2.87E + 06 0.217

Tdb (year) 2.5E2∼1.5E3 7.02E + 04 7.02E + 04 9.60E + 04 2.50E + 04 1.15E + 05 0.297

Ndb 1E3∼1E5 7.35E + 04 7.63E + 04 9.60E + 04 3.97E + 04 9.78E + 04 0.143

Na 1E3∼1E5 1.66E + 04 1.19E + 04 1.69E + 03 1.81E + 03 4.82E + 04 0.373

µcpDNA 5E−8∼7E−8 5.93E−08 5.92E−08 5.00E−08 5.07E−08 6.85E−08 0.089

µnrDNA 1E−7∼3E−7 1.78E−07 1.70E−07 1.26E−07 1.07E−07 2.74E−07 0.181

Ne, current effective population size; Na, ancestral effective population size; Ndb, effective population size after expansion or decline; Ta, time of ancestral effective
population; Tdb, time of effective population changes; µ, mutation rate of genetic loci; RMAE, relative median absolute error.

TABLE 4 | Results of Mantel tests between genetic (GeD) and geographical (GD), and genetic (GeD) and ecological (ED) distances for Quercus liaotungensis and two
phylogenetic clusters based on two nuclear data.

RPc SAP

Group Matrix r P r P

Species GeD-GD 0.0201 0.8730 0.0212 0.8670

GeD-ED 0.1737 0.1840 0.3057 0.0280

GeD-GD (ED partial) −0.0871 0.4710 −0.1160 0.3130

GeD-ED (GD partial) 0.1927 0.1420 0.3245 0.0310

Cluster 1 GeD-GD −0.1216 0.4290 0.1354 0.3540

GeD-ED 0.0315 0.8320 0.4288 0.0550

GeD-GD (ED partial) −0.1511 0.3170 −0.0661 0.6960

GeD-ED (GD partial) 0.0956 0.5270 0.4151 0.0520

Cluster 2 GeD-GD −0.1443 0.7130 −0.3320 0.2330

GeD-ED 0.1463 0.6420 −0.2303 0.4250

GeD-GD (ED partial) −0.2887 0.3490 −0.2698 0.4050

GeD-ED (GD partial) 0.2896 0.3280 −0.1150 0.6620

SAP gene (Supplementary Table S6), suggesting that none of
abiotic factors tested could provide a good explanation for the
distribution of the genetic diversity of this gene.

DISCUSSION

Demographical History of
Q. liaotungensis
Using chloroplast and nuclear data from 21 populations and ABC
simulations, we estimate that under the best supported scenario
4 the most recent common ancestor of Q. liaotungensis could
date back, at least, to the early Pleistocene (1.92 Ma, 95% HPD:
1.09−2.87 Ma) (Figure 3A and Table 3); this possible recent
speciation event for Q. liaotungensis is highly consistent with our
previous research using an isolation-with-migration model for
Q. liaotungensis and Q. mongolica (Yang et al., 2016), and with
the proximity to the Largest Glaciation at ca. 0.6−1.2 Ma and
the deformed uplift of the Qinghai-Tibetan Plateau (QTP) during
ca. 1.3−3 Ma (Zheng et al., 2002; Sun et al., 2015). Furthermore,
recent studies also suggest that Pleistocene climatic fluctuations
played an important role triggering plant speciation in members
of Roscoea in the Hengduan Mountain regions, as well as in
some closely related tree species with long generation times in the

genera Quercus, Populus, and Juglans (Levsen et al., 2012; Zhao
et al., 2016; Leroy et al., 2017; Bai et al., 2018).

Coalescent-based ABC analyses of multiple loci indicate
a recent population expansion of Q. liaotungensis, which
seems to have been predated by a small effective population
size (Figure 3A); this expansion possibly began in the early
Pleistocene around 1.92 Ma (Figure 3A and Table 3). This
increase in effective population sizes could have been the
result of rapid adaptation of Q. liaotungensis to glacial cycles
during the Pleistocene via genetic differentiation and/or local
adaptation. Support for this scenario comes from the fact
that Q. liaotungensis populations are genetically differentiated
into two major clusters with a deep divergence at ca.
0.29 Ma according to the unrooted Bayesian evolutionary tree
(Supplementary Figure S4). Furthermore, considering the niche
conservatism of recently diverged lineages (Wiens, 2004), the
distinct climatic distributions (in terms of temperature and
precipitation seasonality, Figures 2C,D) of these two clusters may
indicate rapid adaptation of this oak species to different climatic
elements during an early stage of intraspecific differentiation
(Hipp et al., 2018). Estimates of divergence time for clusters 1 and
2 suggest that ancestral populations of each cluster were initially
differentiated during ca. 150−130 ka, followed by synchronously
increased population diversification from ∼70 ka to present
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FIGURE 4 | Relationship between variance of segregating sites (Watterson’s
estimator, θ-W) and latitude in 21 locations of Quercus liaotungensis based on
two nuclear genes.

(Supplementary Figure S4). At the same time, the best supported
scenario 4 of ABC simulations revealed a decline in the effective
population size of Q. liaotungensis from this time period (70.2 ka)
to present time (Figure 3A), corresponding closely with a rapid
increase in global ice volume of Marine Isotope Stage 4 (∼76 ka)
(Landais, 2004) and the Baiyu Glaciation (70−10 ka) recognized
on the QTP during the Quaternary glacial cycles (Zheng et al.,
2002). This result is further supported by ENM simulations,
which show that suitable habitat areas were remarkably small
during the LGM in contrast to the LIG period (Figures 3B,D and
Supplementary Table S5) when ancestral populations of each
phylogenetic cluster were initially differentiated (Supplementary
Figure S4). Thus, it is plausible that glaciation events from∼70 ka
had a severe impact on Q. liaotungensis resulting in decreased
population sizes and isolation. Moreover, during this time period,
intraspecific genetic differentiation could have been enhanced by
limited gene flow among isolated populations (Hewitt, 2004).

Different lines of evidence from the ABC simulations and
ENMs suggest a trend of expansion-decline of Q. liaotungensis
populations during the Quaternary. However, a caveat of
the estimated time of effective population changes is the
relatively low posterior probabilities obtained for the models
compared in the ABC simulations (Supplementary Figure S5
and Supplementary Table S4). Furthermore, to explain the
demography of this oak species, we only considered seven
simple scenarios with global population changes during the
ABC analyses (Supplementary Figure S1 and Supplementary
Table S4); also, the genetic structure of populations was not
simulated due to small sample size and insufficient genetic
information of the individuals in each phylogenetic cluster.
Considering the potential variability of responses to climate
change and environmental disturbance across intraspecific

levels (Maguire et al., 2018), the two genetic clusters of
Q. liaotungensis (Figure 2) might be the result of differences
in spatial and temporal responses during the glacial-interglacial
transitions of the Quaternary. Moreover, gene flow between
the two phylogenetic clusters and closely related species (e.g.,
Q. mongolica, Zeng et al., 2011) were not accounted for
in our ABC simulation; all of these factors could lead to
an underestimation of effective population sizes and time of
population changes for Q. liaotungensis. For ENM analyses,
model projections of the four time periods only indicated
discrete population distributions of Q. liaotungensis since the
LIG (Figures 3B–E). However, a plausible scenario of rapid
adaptation with population expansion after establishment of the
oak species (Figure 3A) was not confirmed by the ENMs due to
the lack of ecological niche models during the early Pleistocene
(around 1.92 Ma). Thus, further work with sufficient genomic
data and available bioclimatic models is necessary to improve our
understanding on the intraspecific divergence and demography
of Q. liaotungensis.

Associations Between Genetic Variation
and Abiotic Factors
Ecological niche modeling projections suggest that suitable
habitats for Q. liaotungensis have remained relatively stable
after the LGM (Figures 3C–E). Furthermore, ENMs and
genetic results (Figures 1, 3B–E, Supplementary Figure S2,
and Supplementary Table S1) indicate that central areas of
Q. liaotungensis’ current distribution range, such as the Qinling
Mountains and Taihang Mountains, could have been potential
refugia during glacial periods (Zeng et al., 2011; Yang et al.,
2016). The ENMs showed that this species contracted toward
the central regions (e.g., Qinling Mountains) of its distribution
range during the LGM and then increased its distribution when
temperature ascended after the glacial period (Figures 3C–E
and Supplementary Table S5). Under these circumstances, a
possible outcome could be increased genetic differentiation
between central and peripheral populations, as well as low
genetic diversity of peripheral populations due to the center-
peripheral effect (Ortego et al., 2012). However, association
analyses did not support the refuge model because the RPc
data showed a significant positive correlation between the
variance of segregating sites (θ-W) and latitude (Figure 4).
Moreover, Mantel tests based on the two nuclear genes did not
detect IBD patterns, suggesting that the spatial genetic structure
of Q. liaotungensis is independent of geographical distance
among locations (Table 4). Also, it is possible that intraspecific
population structure (Figure 2) may have been erased via efficient
and long-distance gene flow during gradual expansion and
migration (Moyle, 2006). In addition, interspecific hybridization
could have impacted our association analyses in spite of our
rigorous sampling strategy to exclude hybrids and introgressants.
In general, hybridization would add more complexity to the
distribution of genetic variation across the species distribution
range.

Multiple linear regression analyses of RPc data showed
significant relationships between variance of segregating sites
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FIGURE 5 | Linear regressions for relationships between variance of segregating sites (θ-W) and four ecological variables (A, temperature seasonality; B precipitation
of driest quarter; C, soil pH; D, annual precipitation) in two nuclear data for Quercus liaotungensis.

(θ-W) and temperature seasonality, and precipitation of the
driest quarter (Figure 5 and Supplementary Table S6). By
contrast, the SAP data did not support a significant correlation
between these variables; however, Mantel tests with SAP data
showed significant correlations between genetic differentiation
and ecological distances (Table 4).

Regarding neutrality tests, the MFDM results indicated that
the two nuclear genes and the concatenated chloroplast region

showed no significant deviation from neutrality (Table 1).
Given that genetic variation of neutral genes may be associated
with rapid climatic changes due to genetic linkage and/or
recombination with loci under selection through divergence
hitchhiking (Via and West, 2008), it is plausible that Quaternary
climatic fluctuations left deep signatures on the genetic
differentiation of Q. liaotungensis and that the adaptive
differentiation among populations could be mirrored by the
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neutral loci used in this study. However, as neutral markers
are less affected by intraspecific gene flow during ecological
divergence, this hypothesis will require further investigation
using markers from divergently selected genomic regions (Via
and West, 2008).

Climate seasonality, as a prevailing condition that shapes
organisms’ phenology (e.g., flowering time and growing season),
is a prerequisite for stabilization of ecological systems (Quintero
et al., 2014). Our results suggest that the two main phylogenetic
groups split prior to the LGM and have adapted to distinct
ecological niches with unique temperature and precipitation
seasonality resulting in high genetic differentiation (Figures 2,
Supplementary Figure S4, and Table 2). Also, these two
phylogenetic clusters seem to be less correlated with the
geographical location of the sampled populations. This result
is different from the population genetic structure found in a
previous research using neutral genetic markers (Zeng et al.,
2011). A possible explanation is that functional genomic regions
might display different introgression patterns in contrast to
the neutral loci, and reinforce ecological divergence among
closely related oaks, even in a contact zone (Leroy et al., 2017).
Moreover, it is possible that gene flow between populations
of clusters 1 and 2 is limited due to potential reproductive
isolation caused by asynchronous phenology; however, testing
of this scenario will require further studies using sufficient
genomic data and phenological observations. Nevertheless,
the aforementioned results support the scenario that unstable
regions with moderate levels of environmental disturbance
(climate seasonality) effectively impact the genetic differentiation
and turnover among populations (the asynchrony of seasons
hypothesis) (Martin et al., 2009). A similar situation was
detected in the Californian canyon live oak (Quercus chrysolepis),
suggesting that habitat instability mediated by climate seasonality
is a major factor in driving historical range shifts and shaping
genetic variation of tree species having long distance gene flow
(Ortego et al., 2015; Bemmels et al., 2016).

A previous study using variation partitioning simulations
indicated that precipitation is one of the most important
environmental factors determining the geographical ranges of
Q. liaotungensis (Li et al., 2012). Similarly, based on RPc data,
our results also predict a significant negative correlation between
genetic diversity (θ-W) and precipitation of the driest quarter
(P = 0.0126), and suggest a marginally significant negative
correlation of θ-W with annual precipitation (P = 0.0597)
(Figure 5), possibly reflecting a drought-tolerance characteristic
of Q. liaotungensis populations. This pattern appears to be
supported by population GQ, which is located at the center of
the Loess Plateau, where extreme and arid climate may have
induced local adaptation resulting in high levels of genetic
diversity and the presence of private haplotypes (Figure 1,
Supplementary Figure S2, and Supplementary Table S1).
Additionally, soil conditions may influence plant growth and
establishment through their effect on the activity of symbiotic
microorganisms, which may drive genetic differences among
populations (Figure 5C) as well as shape the demographical
history of plant species by coevolutionary interactions (Piculell
et al., 2008; Bai et al., 2018; Hipp et al., 2018).

CONCLUSION

This investigation explores the demographical history and
genetic variation of Q. liaotungensis in the face of climate
changes during the Quaternary using multiple loci and
coalescent-based simulations and ENMs. Our results suggest
that climatic oscillations during the Pleistocene have greatly
affected the effective population sizes and genetic structure of
Q. liaotungensis. Habitat stability can maintain species genetic
diversity but might not act as a direct factor in generating
population differentiation of this oak during the glacial-
interglacial periods. By comparison, ecological factors, such as
the variation of climate seasonality and soil conditions seem to
be more important in shaping the genetic structure and genetic
diversity of Q. liaotungensis. Based on these results, our study
highlights the effects of past and present ecological factors on the
historical population dynamics and temporal genetic properties
of tree species in North China.
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FIGURE S1 | Scenarios tested using approximate Bayesian computation (ABC)
for global changes in population sizes of Q. liaotungensis. Na, ancestral
population size; Ne, current population size; Ndb, population changes between
Na and Ne; Tdb, transfer time between Ndb and Ne; Ta, established time of
ancestral populations.

FIGURE S2 | Haplotype distributions and network of concatenated chloroplast
regions for Quercus liaotungensis in Northern China. Pie charts are proportional to
the numbers of samples in each population (five individuals per site), and different
pie colors correspond to different haplotypes in the network.

FIGURE S3 | Detailed neighbor-net network of all individuals indicates genetic
relationships of Quercus liaotungensis. Blue and orange squares represent
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samples identified in clusters 1 and 2, respectively. Bootstrap values >50 are
shown near the branch.

FIGURE S4 | Time-estimated phylogenetic tree of 21 populations from Quercus
liaotungensis reveals two major clusters using coalescent-based Bayesian
analysis. Branches in blue and orange indicate populations belonging to
phylogenetic clusters 1 and 2, respectively. Values of posterior probability >0.6 are
shown on the branch.

FIGURE S5 | Comparison of posterior probabilities of seven
simulated scenarios obtained with direct estimate and logistic regression
from 1% of closest datasets for approximate Bayesian
computation.

FIGURE S6 | Panels of principal component analysis along the first three axes for
five summary statistics of seven simulated scenarios for model checking in
approximate Bayesian computation.
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