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A B ST R A CT 

Inferring the geographic mode of speciation is essential for explaining the generation and assembly of biodiversity, but has been rarely applied 
to the temperate flora of China. Fagus longipetiolata and F. lucida are a sister pair of beech species with largely overlapping ranges in subtropical 
China, however, little is known about the geographic mode of speciation and the formation of their sympatric distributions. In this study, we 
used IMa2 and fastsimcoal2 to simulate the speciation history of the two sisters. On the basis of 11 nuclear loci screened for 27 populations/
species, their divergence time was estimated to 8.37 Mya by IMa2, and weak interspecific gene flow was detected. The simulation by fastsimcoal2 
found that F. longipetiolata and F. lucida diverged ~8.53 Mya, then came into contact and hybridized at 0.8 Mya. The extended Bayesian skyline 
plots indicated that F. lucida began demographic expansion prior to the Pleistocene at 3 Mya, whereas F. longipetiolata increased its effective 
population size during the Quaternary, between 0.8 and 0.5 Mya. Ecological niche analysis and niche modelling showed that the two beeches 
had subtle niche differentiation and their projected distributions were largely overlapped across the late Quaternary. These results, coupled 
with well-studied fossil records in Fagus, demonstrate that these two beech species diverged allopatrically at the high latitudes of the Northern 
Hemisphere, and came into contact and hybridized with each other after successive migrations into subtropical (i.e. warm temperate) China re-
cently. However, the two beeches may have developed strong intrinsic reproductive barriers due to long-term allopatry, allowing them to coexist 
in subtropical China. Our results illuminate the assembly history of the temperate woody flora in subtropical China, supporting that many relict 
temperate lineages in subtropical China may have established their populations recently.

Keywords: allopatric speciation; coalescent simulation; Fagus lucida; Fagus longipetiolata; secondary sympatry; subtropical China.

I N T RO D U CT I O N
Understanding the sympatry/coexistence of closely related 
species lies at the nexus of disentangling how historical and 
ecological factors govern patterns of biodiversity (Weber and 
Strauss 2016). Sympatry or coexistence of closely related spe-
cies can either result from a sympatric speciation process or 
from secondary contact due to range expansion after speci-
ation (Ricklefs 2010, Mittelbach and Schemske 2015). Thus, 
inferring the geographic mode of speciation could be instru-
mental in revealing the evolutionary and ecological mechan-
isms that underlie the generation and assembly of biodiversity 

(Mittelbach and Schemske 2015, Skeels and Cardillo 2019). 
Allopatric speciation is the most common mode of speciation, 
when incipient divergence between populations is fostered 
by geographic isolation that precludes interspecific gene flow 
(Mayr 1942, Coyne and Orr 2004). Although some evidence 
suggests that sympatric speciation exists in nature (Schliewen 
et al. 1994, Savolainen et al. 2006, Papadopulos et al. 2011), the 
requirements for sympatric speciation are very stringent (spe-
cies largely sympatric, reproductive isolation, sister relation-
ships, and allopatric phases are unlikely, Coyne and Orr 2004, 
Foote 2018). In addition, sympatric speciation necessitates that 
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populations establish sufficient ecological differences to coexist 
before and after reproductive isolation developed except for the 
case of allopolyploidization and resultant genetic incompati-
bility (Coyne and Orr 2004, Schuler et al. 2016).

Traditionally, a common approach to examine geographic 
mode of speciation is to apply age range correlations, in which 
time since divergence is regressed against range overlap (e.g. 
Barraclough and Vogler 2000, Losos and Glor 2003, Fitzpatrick 
and Turelli 2006, Anacker and Strauss 2014, Hodge and 
Bellwood 2016). A similar framework examines the correlation 
of the age and niche divergence of sister pairs (e.g. Tobias et al. 
2014). However, such approaches cannot distinguish sympatric 
speciation from secondary contact after allopatric speciation, 
providing mixed evidence for the geographic mode of speci-
ation (Losos and Glor 2003, Dong et al. 2020 but see Skeels 
and Cardillo 2019). Ideally, studies that attempt to disentangle 
mechanisms driving the formation of sympatry should expli-
citly test for the modes of geographic speciation (Warren et al. 
2014). One of the most rigorous approaches is to apply a full 
phylogeographic framework to reconstruct the speciation his-
tory of closely related species (e.g. Pettengill and Moeller 2012, 
Dong et al. 2020). In those studies, coalescent-based simulations 
such as the isolation with migration model (IM; Hey 2010a, b), 
Approximate Bayesian computation (Csilléry et al. 2010), and 
faster continuous-time sequential Markovian coalescent algo-
rithm (fastsimcoal2; Excofffier et al. 2021) have been used to dis-
tinguish various geographic speciation modes by assessing the 
presence of gene flow. Such studies, when complemented with 
ecological niche modelling or species distribution modelling 
(SDM), which identifies potential historical geographic ranges 
without inferring genealogical relationships, can provide deep 
insights into the speciation geography and the formation of sec-
ondary sympatry (Carstens and Richards 2007, Chan et al. 2011, 
Pettengill and Moeller 2012).

China is one of the richest countries regarding temperate plant 
diversity and one of the world’s 17 mega-diversity countries 
(Mittermeier et al. 1997, Lu et al. 2018, Ding et al. 2020). One 
plausible explanation for the high temperate species richness 
is that China (especially subtropical China or warm temperate 
China) serves as a museum for many relict temperate woody 
lineages derived from the ancient Arcto-Tertiary flora that once 
inhabited in high latitudes of the Northern Hemisphere (Wolfe 
1980, Manchester and Tiffney 2001). However, recent studies 
suggest that east China (central and southeast China) may 
have served as both a museum and a cradle for woody genera 
(López-Pujol et al. 2011, Lu et al. 2018). Therefore, how and 
when the major components of the temperate woody flora of 
China assembled to form the present-day vegetation remains a 
hot issue debated among biogeographers and botanists (Chen 
et al. 2018). To our knowledge, however, the approach of speci-
ation geography has been rarely applied to elucidating the evolu-
tionary history of the temperate woody flora of China.

Fagus L. (Fagaceae), a small group containing at least 11 broad-
leaved deciduous tree species, is one of the most typical genera 
in perhumid temperate forests of the Northern Hemisphere 
(Shen 1992, Fang and Lechowicz 2006, Jiang et al. 2022). China 
is one of the distribution centre of the genus, comprising four 
species (Li et al. 2023). They often grow in the moist warm tem-
perate forests of mountainous areas in subtropical China (Liu et 

al. 2003, Guo and Werger 2010, Li et al. 2023). The high species 
richness of Fagus in China has been interpreted as a refuge accu-
mulation (museum) of lineages that had once inhabited higher 
latitudes of the Northern Hemisphere before the Miocene global 
cooling (Denk and Grimm 2009, Jiang et al. 2022). This notion 
implies that the precursors of Chinese beech species might have 
speciated allopatrically and their sympatric distributions might 
have established through southward migration into subtropical 
China and subsequent range expansion during the late Cenozoic. 
However, mountains in China have always been considered to 
be cradles of biological species (López-Pujol et al. 2011, Ding 
et al. 2020). Sympatric speciation has been proved to be highly 
likely in mountainous areas for plant species (Osborne et al. 
2020) because mountains are characterized by steep changes 
of the physical and biotic environment that can promote adap-
tive divergence and ecological speciation (Abbott and Brennan 
2014). It remains plausible that the overlapping distributions of 
Chinese beeches might be accomplished through sympatric (or 
parapatric) speciation and subsequent range expansions.

To elucidate the speciation history of Chinese beech spe-
cies and shed new light on the assembly of the temperate flora 
of China, we chose to study the speciation history of two 
co-distributed beeches in China: Fagus longipetiolata and F. lu-
cida. Morphologically, F. longipetiolata and F. lucida differ mainly 
in the size of cupule (1.29–2.45 vs. 0.52–1.26 cm), the length 
of peduncle (3.61–8.29 vs. 0.32–1.02 cm), the size and shape 
of bract of cupule (0.34–0.74 cm long linear vs. 0.05–0.08 cm 
short tuberculate and closely appressed) (Li et al. 2023). Little 
morphological difference has been observed in their flowers and 
catkins and the two species bloom in April and May synchron-
ously. While F. longipetiolata always grows at lower altitudes 
mixed with evergreen broad-leaved trees, F. lucida is the dom-
inant species in deciduous broad-leaved forests at higher eleva-
tions. However, they occur occasionally in mixed stands (Zhang 
et al. 2013). Our previous phylogeographic study found that 
the two species share cpDNA haplotypes extensively (Zhang 
et al. 2013), suggestive of the possibility of interspecific hybrid-
ization and introgression between the two species (Zhou et al. 
2022). In addition, our phylogenetic investigation found that 
F. longipetiolata and F. lucida are the only sister species with 
overlapping distributions within Fagus ( Jiang et al. 2022). Given 
their close phylogenetic affinity, sympatric distribution, and a 
possible complex hybridization history, this system may rep-
resent an ideal system for studying the beech’s speciation and 
the assembly of beech communities in China. In this study, we 
simulated the speciation history of F. longipetiolata and F. lucida 
across their entire ranges based on multilocus nuclear sequences. 
Combined with ecological niche analysis and niche modelling, 
we address two questions: (i) what is the geographic mode of 
speciation of these two sister beeches? (ii) How did their sym-
patric distribution form?

M AT E R I A L S  A N D  M ET H O D S

Sampling and DNA sequencing
We collected 157 individuals from 27 populations of Fagus 
longipetiolata and 154 individuals from 27 populations of F. lu-
cida across their geographic ranges in subtropical China, each 
species containing 13 sympatric and 14 allopatric populations 
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(Fig. 1, Table S1, Supporting Information). Fresh leaves or bark 
tissues (only six individuals from SNJ) of six individuals were 
collected for each population except for those with very small 
population sizes. The samples were then dried in silica gel im-
mediately. All sampled individuals from each population were 
spaced at least 50–100 m apart, and all voucher specimens were 
deposited in the Herbarium of Jiangxi Agricultural University 
(Table S1, Supporting Information).

Total DNA was extracted from leaves or bark tissues using a 
modified cetyltrimethylammonium bromide protocol (Doyle 
and Doyle 1987). Eleven low-copy nuclear genes (F138, 
F159, F253, F286, F289, P4, P49, P50, P52, P54, and P97, 
Table S2, Supporting Information) from a 28-gene set that had 

been developed in our previous study ( Jiang et al. 2022) were 
screened and sequenced. The markers were selected to ensure 
the highest possible discrimination capacity between the two 
species. Protocols of DNA extraction, PCR amplification, and 
DNA sequencing are detailed in Jiang et al. (2022).

Raw chromatograms were checked and edited using 
Sequencher v.5.4.6 (GeneCodes Corporation, Ann Arbor, MI, 
USA), aligned using BioEdit v.7.2 (Hall 1999), and then refined 
manually in MEGA v.7.0 (Kumar et al. 2016). The sequences 
were phased in DNAsp v.5.10 (Librado and Rozas 2009) for 
performing downstream analyses. All sequences have been de-
posited in GenBank under the accession numbers OR106156–
OR112581.

Figure 1. Distribution of genetic components (orange/light and blue/dark colours) of Fagus longipetiolata and F. lucida (top) revealed by 
STRUCTURE analysis when K = 2 (bottom), which was determined to be the optimal K value using the ΔK method. Black/dark cycle: F. 
longipetiolata; pink/light cycle: F. lucida; bi-coloured cycle (black and pink): sympatric populations of the two species. The red lettering on the 
map indicates the locations of sympatric populations.
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Sequence variation, genetic diversity, and neutrality test
After sequence phasing using the phase algorithm in DNAsp 
v.5.10 (Librado and Rozas 2009), we used this program to esti-
mate the population genetic parameters of both species for each 
nuclear locus, including nucleotide diversity (π) (Tajima 1983), 
Watterson’s parameter (θw) (Watterson 1975), the number of 
segregating sites (S), haplotype diversity (Hd), the number of 
haplotypes (Nh), and the minimum number of recombinant 
events (Rm).

Neutrality tests were performed for each nuclear locus using 
Tajima’s D (Tajima 1989), Fu and Li’s D* and F* (Fu and Li 
1993), and Fay and Wu’s H (Fay and Wu 2000) test in DNAsp 
v.5.10. We further performed multilocus Hudson–Kreitman–
Aguadé (HKA) (Hudson et al. 1987) test to assess the fit of data 
to neutral equilibrium in DNAsp v.5.10. Finally, the maximum 
frequency of derived mutations (MFDM) (Li 2011) test was 
used to examined the likelihood of natural selection occurred 
at individual locus. Sequences of F. engleriana belong to subgen. 
Engleriana were downloaded from Jiang et al. (2022) and were 
used as an outgroup when performing Fay and Wu’s H, HKA, 
and MFDM tests.

Genetic differentiation and population structure
Wright’s fixation index (FST) and hierarchical analysis of mo-
lecular variance between Fagus longipetiolata and F. lucida were 
estimated for each locus in Arlequin v.3.5 (Excoffier and Lischer 
2010). Genetic differentiation (FST) within species and among 
sympatric and allopatric populations of the two species was also 
estimated separately. The significance of FST was tested by 10 000 
permutations of sequences among species and populations. 
Furthermore, the genealogical relationships of nuclear haplo-
types at each locus were constructed using the median-joining 
network method in POPART v.1.7 (Leigh and Bryant 2015).

To examined the genetic structure of two beech species 
and to detect possible hybridization events, we implemented 
the Bayesian assignment algorithm in STRUCTURE v.2.3.4 
(Hubisz et al. 2009) with the admixture model using segregating 
sites without significant linkage disequilibrium after Bonferroni 
correction. Twenty independent runs were performed for each 
number of clusters (K) from 1 to 27 with burn-ins of 20 000 and 
200 000 iterations, respectively. The most likely number of clus-
ters was estimated using LnP(D) (Pritchard et al. 2000) and ΔK 
statistics (Evanno et al. 2005). The population cluster graphics 
were visualized by DISTRUCT v.1.1 (Rosenberg 2004).

Inference of speciation and demographic history
Before these analyses, we omitted the admixed individuals de-
tected in STRUCTURE analysis (those with the ancestry co-
efficient, q, below 0.05 or above 0.95). To transform the time 
estimates into years, we calculated the mutation rate according to 
μ = KS/2T, where KS is the average divergence at silent sites be-
tween Fagus longipetiolata/F. lucida and outgroup F. engleriana, 
and T is the divergence time between subgen. Fagus and subgen. 
Engleriana (~32.7 Mya) based on fossil record (F. pacifica 
Chaney, which has affinity to modern taxa of subgen. Fagus 
Meyer and Manchester 1997, Denk and Grimm 2009, Jiang et 
al. 2022). Ultimately, the resulting geometric average mutation 
rate was 2.56 × 10−10 per site per year and the generation time of 
beeches was set to 50 (Merzeau et al. 1994).

The demographic history of F. longipetiolata and F. lucida 
was each estimated using the Extended Bayesian skyline plot 
(EBSP) analysis in BEAST v.2.6.2 (Bouckaert et al. 2014). We 
used JC substitution model determined by jModeltest v.2.1.7 
(Darriba et al. 2012) and set the MCMC to 100 million steps 
with sampling every 100 000 steps, then set the burn-in at 20%. 
The program Tracer v.1.7.1 (Rambaut et al. 2018) was used to 
check and ensure the effective sample size not less than 200. The 
result was visualized in R v.4.1.0 (R Core Team 2021) using the 
‘plotEBSP.R’ script download from the Beast2 website (http://
www.beast2.org/tutorials/).

We first used the IM model in the IMa2 software (Hey 
2010a, b) to infer the speciation history between the two spe-
cies. After extracting the non-recombining region of each locus 
using DNAsp v.5.10 (Librado and Rozas 2009, Strasburg and 
Rieseberg 2010), the simulations ran in different random seeds 
with 2 000 000 steps and 100 000 burn-in steps under the 
HKY mutation model. Second, speciation history was further 
explored using the fastsimcoal2 (Excofffier et al. 2021) with 
the two-dimensional joint site frequency spectrum (2D-SFS) 
as input file generated by Arlequin v.3.5. We inferred the best 
speciation model among the four classical models proposed 
by Nielsen and Wakeley (2001): the ancestral population of 
size NA split in the past to form two populations of size Nlo (F. 
longipetiolata) and Nlu (F. lucida) at time t1, then (i) there is no 
gene flow between species (Model 1, divergence without gene 
flow); (ii) there is continuous bi-direction gene flow (Model 2, 
isolation with gene flow); (iii) incipient bi-directional gene flow 
ceases at time t2 (Model 3, incipient gene flow followed by iso-
lation); and (iv) secondary contact and bi-directional gene flow 
starts at time t3 (Model 4, secondary contact following isolation; 
Fig. S1, Supporting Information). Then, 100 000 coalescent 
simulations and 20 loops of the likelihood for a set of models 
were performed in 100 independent runs. The best model was 
identified by the Akaike’s information criterion (AIC) and the 
maximum Akaike’s weight (wi) (Excoffier et al. 2013), and 95% 
confidence intervals (CIs) for the parameters were estimated by 
bootstrapping 100 2D-SFS.

Ecological divergence and niche modelling
A total of 107 occurrence records of Fagus longipetiolata and 62 
of F. lucida retrieved from Chinese Virtual Herbarium (https://
www.cvh.ac.cn/) and our previous research (Zhang et al. 2013) 
were used for niche divergence analysis and niche modelling 
(Table S3, Supporting Information). We performed a principal 
component analysis (PCA) on 19 climate variables of the occur-
rence sites obtained from WorldClim database (http://www.
worldclim.org/) (Table S4, Supporting Information). Then, a 
non-parametric Kruskal–Wallis test was used to assess the differ-
ences of each ecological variable of the two species and displayed 
in kernel density plots by R v.4.1.0 (RCoreTeam 2021).

Nineteen bioclimatic variables were downloaded from the 
WorldClim database, with a 2.5 arc minute resolution in four 
periods: the present, the Last Glacial Maximum (LGM), the 
Mid-Holocene (MH), and the Last Interglacial (LIG). For MH 
and LGM, we used paleoclimate data based on the MIROC-
ESM model. Only environmental variables with a pairwise 
Pearson correlation coefficient r ≤ 0.7 were retained in niche 
modelling. We used the default parameters in MAXENT v.3.4.1 
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(Phillips et al. 2006) and included 80% of the species records for 
training and 20% for testing the model. The model with an area 
under the ROC curve (AUC) value above 0.9 was considered 
better discrimination. The tool ‘Distribution changes between 
binary SDMs’ in SDM toolbox v.2.5 (Brown et al. 2017) was 
used to calculate the co-distribution and private distribution 
areas between these two species for different periods. The stat-
istics of Schoener’s D and standardized Hellinger distance (I) 
(Schoener 1968) were calculated by niche overlap and identity 
tests in ENMTools v.1.4.4 (Warren et al. 2010).

R E SU LTS

Genetic diversity and neutrality test
Eleven low-copy nuclear genes were sequenced and aligned 
for 311 individuals from 54 populations of Fagus longipetiolata 
and F. lucida. The total length of the aligned genes was 4858 bp 
with 325 SNPs. A 4 bp long indel was detected in P97 and ex-
cluded in subsequent analyses. The average nucleotide diver-
sity (π), Watterson’s parameter (θw), number of segregating 
sites (S), haplotype diversity (Hd), the number of haplotypes 
(Nh), and the minimum number of recombinant events (Rm) 
across 11 nuclear genes were similar between these two spe-
cies (π = 0.00416, θw = 0.00732, S = 20, Hd = 0.604, Nh = 23, 
Rm = 3 in F. longipetiolata, and π = 0.00454, θw = 0.00693, 
S = 18, Hd = 0.659, Nh = 25, Rm = 4 in F. lucida) (Table S5, 
Supporting Information).

In each species, negative values of Tajima’s D, Fu and Li’s D* 
and F* were detected at most of the 11 nuclear loci and several 
showed a significant level (Table S6, Supporting Information). 
MFDM tests detected the likelihood of natural selection acting 
on four loci (F159, P4, P50, and P54), but the multilocus HKA 
test found no loci deviated from neutrality in both species. Taken 
together, no loci deviated from neutral model in all neutrality 
tests, thus were not considered to be under selection pressure.

Interspecific differentiation and genetic structure
Overall interspecific genetic differentiation across the 11 nuclear 
loci was highly variable, with the lowest of FST = 0.116 for F286 
and the highest of FST = 0.832 for P50 (Table S7, Supporting 
Information). The intraspecific genetic differentiation was rela-
tively moderate, with FST = 0.061–0.213 in F. longipetiolata 
and FST = 0.049–0.385 in F. lucida (Table S8, Supporting 
Information). Furthermore, interspecific genetic differentiation 
was slightly higher in sympatric populations (FST = 0.410) than 
in allopatric populations (FST = 0.393; Table S8, Supporting 
Information). Haplotype genealogies constructed by median-
joining network showed that haplotype sharing was ubiquitous 
between Fagus longipetiolata and F. lucida in all 11 loci (Fig. 
S2, Supporting Information). However, most shared haplo-
types positioned centrally, indicating they are retained ances-
tral polymorphisms. Occasional sharing of derived haplotypes 
occurred in some loci (e.g. F138, F159, F286, F289, P4, P49, 
P54; Fig. S2, Supporting Information), which could derive from 
introgressive hybridization between the two species.

STRUCTURE analyses showed that ΔK was the highest 
when K = 2 but LnP(D) increased slowly after K > 2 (Fig. S3A, 
Supporting Information). Therefore, K = 2 may be the most 

likely number of genetic clusters, which clearly corresponds to 
the two species. Some individuals displayed admixed ancestry 
and this pattern was a bit more frequent in sympatric popula-
tions (6.3% for F. longipetiolata and 3.5% for F. lucida) than in 
allopatric populations (1.8% for F. longipetiolata and 2.2% for F. 
lucida) (Fig. 1). No meaningful substructure was detected within 
each species (Fig. S3B, Supporting Information), possibly due 
to the small number of SNPs or prevalent pollen-mediated gene 
flow in wind-pollinated tree species (e.g. Bai et al. 2014, Kou et 
al. 2020).

Demographic history and speciation history
The EBSP analyses showed that the two species experienced dif-
ferent demographic histories. The effective population size of F. 
longipetiolata began to increase abruptly at 0.8 Mya and followed 
by a sharp decrease from 0.5 Mya to the present day. However, 
the effective population size of F. lucida increased steadily since 
c. 3 Mya (Fig. 2).

The initial divergence time between F. longipetiolata and F. lu-
cida was estimated to the Late Miocene (8.37 Mya, 95% HPD: 
5.89–11.20 Mya) by IMa2 (Table S9, Supporting Information). 
The effective population size (Ne) of F. lucida (2.47 × 105, 95% 
HPD: 2.08–2.87 × 105) was estimated as 25% larger than that 
of F. longipetiolata (1.95 × 105, 95% HPD: 1.63–2.28 × 105) 
and both were about twice as large as their ancestral popula-
tions (0.74 × 105, 95% HPD: 0.38–1.13 × 105). Migration rate 
(2Nm) was asymmetrical, with gene flow higher from F. lucida 
to F. longipetiolata (0.85, 95% HPD: 0.55–1.15) than that in the 
reverse direction (0.52, 95% HPD: 0.24–0.82) (Fig. 3D, Table 
S9, Supporting Information).

Among the four speciation models, the fastsimcoal2 simula-
tion found that model 4 (secondary contact following isolation) 
had the lowest AIC values (AIC = 2224.08 and wi = 1; Table 
S10, Supporting Information), The simulation gave the same 
Late Miocene estimate for the initial divergence (8.53 Mya, 95% 
CI: 8.46–8.60), then secondary contact and hybridization oc-
curred in mid-Pleistocene at 0.8 Mya (95% CI: 0.77–0.83) fol-
lowing a long period of isolation (Fig. 3D, Table 1). Migration 
rate (m) from F. lucida to F. longipetiolata (4.15 × 10−6, 95% CI: 
4.03–4.27 × 10−6) were higher than vice versa (3.22 × 10−6, 95% 
CI: 3.12–3.32 × 10−6). The estimated effective population size 
was smaller for F. lucida (1.91 × 105, 95% CI: 1.89–1.93 × 105) 
and only slightly larger than that of F. longipetiolata (1.69 × 105, 
95% CI: 1.67–1.71 × 105). Both species had greater Ne than their 
ancestral populations (1.38 × 105, 95% CI: 1.34–1.41 × 105).

Niche similarity between F. longipetiolata and F. lucida and 
distribution changes over time

The non-parametric Kruskal–Wallis tests indicated that only 
seven temperature-related bioclimatic variables (Bio01, annual 
mean temperature; Bio05, max temperature of warmest month; 
Bio06, min temperature of coldest month; Bio08, mean tem-
perature of wettest quarter; Bio09, mean temperature of driest 
quarter; Bio10, mean temperature of warmest quarter; and 
Bio11, mean temperature of coldest quarter) showed signifi-
cant differences between F. longipetiolata and F. lucida (Fig. S4, 
Supporting Information). The first two components explained 
68.7% of the total bioclimatic variance (PC1 37.9% and PC2 
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6  •  Li et al.

Figure 2. Extended Bayesian skyline plot (EBSP) representing historical changes in effective population size (Ne) of A, Fagus longipetiolata 
and B, F. lucida. The x-axis represents time in units of million years; the y-axis represents the effective population size. Mean estimates of Ne are 
indicated by a dashed line; the thin solid lines delineate the 95% highest posterior density.
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30.8%), however, PCA did not find obvious climatic niche dif-
ferentiation between F. longipetiolata and F. lucida in the first two 
components (Fig. S5, Supporting Information).

In the MAXENT, seven bioclimatic variables with r ≤ 0.7 
(Bio02, mean diurnal range; Bio04, temperature season-
ality; Bio06, min temperature of coldest month; Bio08, mean 
temperature of wettest quarter; Bio10, mean temperature of 
warmest quarter; Bio14, precipitation of driest month; and 
Bio16, precipitation of wettest quarter) were retained in each 
species and all niche models with high AUC values (> 0.97). 
The models predicted that the distributions of F. longipetiolata 
and F. lucida were relatively stable across all periods (present 
day, MH, LGM, and LIG) (Fig. S6, Supporting Information). In 
each period, their distributions were overlapped to some extent 
(Fig. 4). The results of ENMTOOLS showed that the observed 
measures of niche similarity (D and I) were consistent with 
null distributions for F. longipetiolata and F. lucida, suggesting 

niche differentiation between the two species is weak (Fig. S7, 
Supporting Information).

D I S C U S S I O N

Allopatric speciation and secondary sympatry are the most 
likely scenario for Fagus longipetiolata and F. lucida

Estimating the extent and timing of gene flow during divergence is 
crucial to understand the geographic model of speciation (Dong 
et al. 2020, Muto and Kai 2023, Qin et al 2023). The presence of 
gene flow at the initial stage suggests that speciation was initially 
driven by divergent selection without a geographic barrier (sym-
patric or parapatric speciation), whereas the complete absence 
of gene flow suggests allopatric speciation with or without the 
effect of selection (Nosil 2012, Sousa and Hey 2013). Allopatric 
divergence can be confounded by secondary sympatry due to 
range shift, however, the two scenarios can be distinguished from 

Figure 3. Posterior probability distribution of divergence time, effective population size, and migration rate of Fagus longipetiolata and F. lucida 
estimated in IMa2 (A–D) and schematic representation of the best demographic model simulated by fastsimcoal2 (E). A, Divergence time 
between two species. B, Effective population size for F. longipetiolata (θlo), F. lucida (θlu), and their common ancestor (θA). C, Migration rate 
(m). D, Population migration rate (2Nm) from F. longipetiolata to F. lucida (from lo to lu), and the reverse migration rate (from lu to lo). E, 
Dashed lines are time points at which populations split (8.53 Mya) and secondary contact and gene flow started (0.80 Mya). Arrows represent 
migration rate per generation from F. longipetiolata to F. lucida (mlu_lo) and the revise direction (mlo_lu). The vertical solid black lines represent 
strict isolation. The current population sizes of Fagus longipetiolata and F. lucida are represented by Nlo and Nlu, respectively, and population size 
of their ancestor is denoted by NA. Divergence and secondary contact times, effective population sizes, and migration rates corresponding to 
95% CIs obtained from this model are shown in Table 1.

Table 1. Demographic parameters and their 95% confidence intervals (CIs) from the best model (model 4) for the two Fagus species by 
fastsimcoal2.

Parameter Nlo Nlu NA mlo_lu mlu_lo TA (Ma) Trecent (Ma)

Mode 1.69 × 105 1.91 × 105 1.38 × 105 4.15 × 10−6 3.22 × 10−6 8.53 0.80
95% CI lower 1.67 × 105 1.89 × 105 1.34 × 105 4.03 × 10−6 3.12 × 10−6 8.46 0.77
95% CI upper 1.71 × 105 1.93 × 105 1.41 × 105 4.27 × 10−6 3.32 × 10−6 8.60 0.83

Nlo, effective population size of F. longipetiolata.
Nlu, effective population size of F. lucida.
NA, effective population size of ancestral population.
mlo_lu, migration rate from F. lucida to F. longipetiolata.
mlu_lo, migration rate from F. longipetiolata to F. lucida.
TA, time since species divergence.
Trecent, time of secondary contact starts.
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each other by the late timing of gene flow (Sousa and Hey 2013). 
In this study, we found that Fagus longipetiolata and F. lucida ini-
tially diverged in the Late Miocene (~8.5 Mya by fastsimcoal2 
and IMa2) (Fig. 3; Tables 1, S9, Supporting Information), how-
ever, gene flow between the two sympatric beeches only hap-
pened during the mid-Pleistocene (0.8 Mya by fastsimcoal2) 
(Fig. 3D; Table 1). These results suggest that the two species 
could have speciated allopatrically and came into contact with 
each other recently. This finding is consistent with the estimation 
of Weir and Price (2011) that secondary sympatry generally re-
quires millions of years to achieve before complete reproductive 
isolation evolves in allopatry. Note that the divergence time of F. 
longipetiolata and F. lucida estimated in this study is older than 
that (5.8 Mya) estimated in our phylogenetic study ( Jiang et al. 
2022) but much younger than the late Eocene/early Oligocene 
estimates of Renner et al. (2016) using a fossilized birth-death 
dating approach and a set of 53 fossils. The younger age in Jiang 
et al. (2022) can be explained by secondary gene flow during the 
secondary contact and lack of discriminative signals in some nu-
clear loci (Cardoni et al. 2022). The much higher estimates in 
Renner et al. (2016) may be caused by the two moderately to 
high-divergent noncoding regions, one of which shows a deep, 
profound dimorphism (cf. Denk et al. 2005). In spite of this 

incongruence, our phylogenetic and population genetic studies 
reconcile with each other that F. longipetiolata and F. lucida rep-
resent relatively deep diverged lineages.

Although a scenario of allopatric speciation and secondary 
sympatry is indicated in this study, it is interesting to determine 
where the two species originated because of the ubiquitous range 
shift during the late Cenozoic climate changes (Davis and Shaw 
2001). It is equally possible that present sympatric distribution 
of the two species is achieved through range expansion after 
in situ allopatric speciation by vicariance within the mountain 
ranges of subtropical China, or through immigrations after allo-
patric speciation outside this region. Fortunately, beeches have 
an exceptionally well-studied fossil record extending back to the 
early Cenozoic (Denk and Grimm 2009, Renner et al. 2016), 
which offers an exceptional opportunity to examine the histor-
ical biogeography (Denk and Grimm 2009, Jiang et al. 2022) 
as well as the speciation geography of the genus. By integrating 
fossil records into historical biogeography, Denk and Grimm 
(2009) and Jiang et al. (2022) concluded that Fagus could have 
originated in the high latitudes of the Northern Hemisphere 
(North Pacific region) in late early Eocene. In the Miocene, 
Fagus is found throughout the Northern Hemisphere up to very 
high latitudes. However, modern lineages could have originated 

Figure 4. The distribution overlapping of Fagus longipetiolata and F. lucida across different periods inferred from niche modelling in MAXENT: 
A, the Last Interglacial; B, the LGM; C, the MH; and D, present day.
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during the global cooling since mid-Miocene at high latitudes 
where Fagus underwent range reduction and extinction in its ori-
ginal areas. Later, the Late Miocene accelerated global cooling 
and the Pleistocene glaciations could have driven beeches into 
lower latitudes of East Asia and North America. The present 
high beech species richness in China can be explained as young 
relics resulting from several migrations from central Asia and 
north-eastern Asia (see fig. 10 in Denk and Grimm 2009). In 
support of these conclusions, there are no fossil records of Fagus 
recovered in subtropical China prior to the mid-Miocene (Table 
1 and Fig. 3 in Denk and Grimm 2009), except for late Eocene 
to early Oligocene fossil (Fagus sp. 1 in Southcentral China, Liu 
et al. 1996) that cannot unambiguously be placed within Fagus. 
Therefore, F. longipetiolata and F. lucida could have undergone 
divergence allopatrically at higher latitudes due to range frag-
mentation of their common ancestor during the Late Miocene 
global cooling and Quaternary glacial periods, and then acquired 
sympatry in subtropical China through immigrations from cen-
tral Asia (F. lucida) and north-eastern Asia (F. longipetiolata) 
during the late Cenozoic.

The EBSP analyses indicated that F. lucida began demographic 
expansion since 3 Mya whereas F. longipetiolata increased its ef-
fective population size only between 0.8 and 0.5 Mya (Fig. 2), 
notably, coinciding with the estimated secondary gene flow. The 
distinct demographic histories of the two beech species have sev-
eral implications for their speciation geography. First, it is most 
likely that F. lucida colonized subtropical China and enlarged its 
population size earlier than F. longipetiolata, although the begin-
ning of Ne increase cannot be translated into the arrival in sub-
tropical China directly. It is also plausible that F. longipetiolata 
colonized subtropical China prior to F. lucida but expanded its 
range recently because post-dispersal establishment and expan-
sion are a process with large uncertainties and their success is 
influenced by many factors (Wu et al. 2023). Second, the sudden 
increase of the effective population size coinciding with the time 
of gene flow between the two species (0.8 Mya; Fig. 3E, Table 1) 
suggests that the immigration of F. longipetiolata and subsequent 
range expansion during the mid-Pleistocene resulted in sec-
ondary contact and gene flow with F. lucida in subtropical China. 
If we are reminiscent of the historical biogeography of Fagus, our 
inference of secondary sympatry history sounds more reason-
able. As discussed before, F. lucida could have immigrated from 
central Asia, however, no beech grows there right now because 
central Asia is covered by an extensive dryland (Gobi and other 
deserts, cold steppes in the lowlands). Therefore, the ancestors 
of F. lucida must have been driven to subtropical China before 
the climate of central Asia became inhospitable for beeches. In 
fact, the level of aridity in central Asia remained at moderate 
levels throughout the Miocene and major increases in aridity 
occurred only after ~3.5 Mya (Guo et al. 2002). This major in-
creases in aridity corresponds well to the beginning time of Ne 
increase of F. lucida (3 Mya), indicating that F. lucida could have 
been driven to subtropical China during the Pliocene by the in-
tensified aridity in central Asia. On the contrary, north-eastern 
Asia has not undergone any long-term aridification, beech for-
ests can still be found as high as 42° N of Japan now (Okaura 
and Harada 2002). The entering into subtropical China of F. 
longipetiolata might be associated with the mid-Pleistocene tran-
sition (MPT, 0.8–1.2 Mya), a period characterized by an increase 

in the severity of glaciations and the emergence of the ~100-kyr 
glacial cycles (Liu et al. 2003, Clark et al. 2006).

Sympatric speciation is unlikely for F. longipetiolata and  
F. lucida

Recently, the recognition that speciation can also occur in the 
absence of geographic barriers (under sympatric conditions) has 
increased. Despite extensive searches for examples of sympatric 
speciation in the wild, only a few cases have been convinced in 
a small space or isolated islands, where ruling out historical allo-
patric scenarios is relatively easy (Richards et al. 2019, Wang 
et al. 2022). For species thriving across large open areas such 
as F. longipetiolata and F. lucida, it is extremely difficult to fulfil 
the requirement of the nonexistence of an allopatric phase be-
cause they could have experienced extensive range shifts over the 
thousands or millions of years required to attain reproductive 
isolation, especially during the Quaternary glacial-interglacial 
periods (Fig. 4 and Fig. S6, Supporting Information).

More importantly, sympatric speciation necessitates that 
populations establish reproductive isolation through divergent 
natural selection and strong assortative mating to counteract 
the eroding force of gene flow and recombination (Dieckmann 
and Doebeli 1999, Coyne and Orr 2004, Schuler et al. 2016). 
However, this study found that most bioclimatic variables (12 
out of 19) of F. longipetiolata and F. lucida overlapped in kernel 
density plots (Fig. S4, Supporting Information). PCA ana-
lysis and ENMTOOLS also detected weak niche differenti-
ation between them (Figs S5 and S7, Supporting Information). 
Meanwhile, the MAXENT model predicted that the distribu-
tions of F. longipetiolata and F. lucida are widely overlapped across 
different periods of the late Quaternary (Fig. 4), suggesting they 
tend to track similar ecological environments, thus could have 
experienced weak disruptive selection (Cai et al. 2021).

Moreover, sympatric speciation is always associated with pol-
lination syndromes in plants (such as flower time, Savolainen 
et al. 2006; pollinator specificity) that is subject to divergent 
selection also controls non-random mating (Gavrilets 2004, 
Hernández-Hernández et al. 2021). However, beeches are out-
crossing and anemophilous plants with little variation in their 
pollination syndrome (Shen 1992). Our field observations in-
dicate that the flowering time of F. longipetiolata and F. lucida is 
largely synchronous. Still, speciation in sympatry or parapatry 
may be enabled by the incidence of ploidy shifts in plants 
(Weber and Strauss 2016). However, beech species are all dip-
loids with 24 chromosomes as far as studied, sympatric speci-
ation through polyploidization and subsequent mitotic-genetic 
incompatibility can be ruled out. Taken together, different lines 
of evidence suggest that it is unlikely for F. longipetiolata and F. 
lucida to initiate sympatric and even parapatric divergence by 
disruptive selection or through polyploidization. Rather, allo-
patric speciation caused by long-term geographic separation 
may be more likely for the two beeches owing to the high phylo-
genetic niche conservatism in Fagus (Wiens 2004).

The implications for the assembly of the relict temperate 
woody flora of China

Subtropical China is the core area of so called ‘Metasequoia flora’ 
(i.e. the Sino-Japanese forest subkingdom), where many relict 
temperate woody lineages (living fossils) such as Tetracentron 
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Oliv., Cercidiphyllum Sieb. & Zucc., Davidia Baill., Trochodendron 
Sieb. & Zucc., Euptelea Sieb. & Zucc., Ginkgo L., Cathaya Chun & 
Kuang, and Metasequoia Hu & W. C. Cheng locate (Wu and Wu 
1996, Chen et al. 2018). The accumulation history of this mu-
seum flora has been addressed by ancestral area reconstruction 
of specific taxa based on dated phylogeny (see a meta-analysis 
by Chen et al. 2018 and references therein), or by examining 
the dated phylogeny of the entire flora (Lu et al. 2018, Ding et 
al. 2020). There is a growing consensus that the flora may be 
much younger than the stem ages of the living fossils suggest, 
with most of its clades occurring in subtropical China since the 
Miocene (13.6 Mya for ‘Metasequoia flora’, Chen et al. 2018; 
22.04–25.4 Mya for the flora of eastern China, Lu et al. 2018). 
However, most of these studies have focused on the stem ages 
or crown ages of a specific lineage (always a genus or a group of 
species within a genus, Chen et al. 2018) rather than the time 
of population divergence and hybridization within a species or 
closely related species, which may overestimate the origin time 
of a specific species or the whole flora. For example, Pseudotaxus 
W. C. Cheng, a relict genus with only one species in subtropical 
China, diverged from Taxus L. 54–65 Mya, however, population 
genetic investigations suggested that the last common ancestor 
of its extant populations appeared in subtropical China only after 
3.7 Mya (Kou et al. 2020). Similar situations have been also ob-
served in other living fossils such as Ginkgo, Taiwania Hayata, 
and among others (Chou et al. 2011, Hohmann et al. 2018). This 
incongruence calls for more population genetic investigations 
into relict woody species to complement the evolutionary his-
tory of the temperate flora of China.

In this study, we found that F. longipetiolata and F. lucida, a 
species pair belonging to one of the most representative woody 
genera in temperate forests of China, were diverged allopatrically 
by the Late Miocene and hybridized during the mid-Pleistocene 
(Fig. 3E). In addition, F. lucida began demographic expansion 
since 3 Mya whereas F. longipetiolata increased its effective popu-
lation size between 0.8 and 0.5 Mya (Fig. 2). These findings, 
coupled with extensive fossil records of Fagus, strengthen the 
point of view that the relict lineages that originated in high lati-
tudes of the Northern Hemisphere may be very ancient, whereas 
their extant populations could have become established in sub-
tropical China more recently (‘old lineage(s) young populations’, 
Kou et al. 2020). In addition, these findings suggest that the 
geological and climatic events during the Pliocene (5.33–2.58 
Mya) such as the abrupt global cooling (Zachos et al. 2001), the 
sharp increase in aridification in central Asia (~3.5 Ma, Guo et 
al. 2002), the major uplift of the eastern Qinghai-Tibetan Plateau 
(~3.4 Ma, Sun et al. 2011, Favre et al. 2015; but see Su et al. 2019 
and Ding et al. 2022), and the intensification of Asian mon-
soon (3.6–2.6 Mya, An et al. 2001), as well as the glacial climate 
changes during the Quaternary, may be the major driving forces 
for the colonization of relict woody lineages into subtropical 
China from higher latitudes. This time frame is largely consistent 
with the idea that ‘Metasequoia flora’ are relatively young (Chen 
et al. 2018), however, it further implies that ‘Metasequoia flora’ 
might be younger than the estimated age based on the dated 
phylogenies. Interestingly, the evolutionary scenario of ‘old lin-
eages young populations’ provides a reasonable explanation for 
the coexistence of genetically discrete sibling that belong to the 
morphologically and ecologically conservative woody genera 

(Wen 1999, Milne and Abbott 2002), because these lineages 
may have developed strong intrinsic reproductive barriers due 
to long-term isolation in allopatry as suggested by ancient diver-
gence and weak gene flow in this study and other species pairs 
(e.g. Pinus massoniana Lamb. and P. hwangshanensis W. Y. Hsia, 
Zhou et al. 2017).

CO N CLU S I O N S
By investigating the geographic mode of speciation using 
population genetic analyses, coupled with well-studied beech’s 
fossil records, this study clearly suggests that F. longipetiolata 
and F. lucida diverged allopatrically at the high latitudes of the 
Northern Hemisphere, and then came into contact and hybrid-
ized with each other after successive migrations into subtropical 
China (by Pliocene for F. lucida and by mid-Pleistocene for F. 
longipetiolata). Although more studies are needed, this study 
exemplifies that the study of speciation geography may pro-
vide an insightful perspective into the assembly and coexistence 
of the rich temperate woody plant species of China. However, 
this study did not detect meaningful substructure within each 
beech species possibly due to the small amount of SNPs and/or 
strong pollen-mediated gene flow, preventing from detailing the 
secondary sympatry history by reconstructing the ancestral area 
within species (e.g. Schneeweiss et al. 2017) and by analysing 
the spatial and temporal extent of gene flow (e.g. Grummer et al. 
2015). Such studies using high-resolution genome-scale SNPs 
(such as whole-genome resequencing data) are critically needed 
to offer more historical details about the speciation geography of 
the two beech species.
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