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Abstract Subtropical evergreen broad‐leaved forest (EBLF) is the predominant vegetation type in eastern China.
However, the majority of the region it covers in eastern China was an arid area during the Paleogene. The temporal
history and essential factors involved in the evolution of subtropical EBLFs in eastern China remain enigmatic. Here we
report on the niche evolution of Quercus section Cyclobalanopsis, which appeared in south China and Japan during the
Eocene and became a dominant component of subtropical EBLFs since the Miocene in eastern Asia, using integrative
analysis of occurrences, climate data and a dated phylogeny of 35 species in Cyclobalanopsis. Species within clades
Cyclobalanoides, Lamellosa, and Helferiana mainly habitat in the Himalaya–Hengduan region, adapting to a plateau
climate, while species within the other clades mainly live in eastern China under the control of the East Asian monsoon.
Reconstructed history showed that significant divergence of climatic tolerance in Cyclobalanopsis began around 19 million
years ago (Ma) in the early Miocene. Simultaneously, the disparity in precipitation of wettest/warmest quarter and annual
precipitation was markedly enhanced in Cyclobalanopsis, especially in the recent eastern clades. During the Miocene, the
marked radiation of Cyclobalanopsis and many other dominant taxa of subtropical EBLFs strongly suggest the rapid
formation and expansion of subtropical EBLFs in eastern China. Our research highlights that the intensification of the East
Asian monsoon and subsequent occupation of new niches by the ancient clades already present in the south may have
jointly promoted the formation of subtropical EBLFs in eastern China since the early Miocene.
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1 Introduction
The evolution of subtropical evergreen broad‐leaved forests
(EBLFs) in eastern China has attracted much attention from
ecologists and biogeographers during the last decades (Song,
2013; Yu et al., 2017; Chen et al., 2018; Deng et al., 2018; Hai et al.,
2022). Subtropical EBLFs, the warm temperate laurophyll forests
in the IUCN Global Ecosystem Typology (Keith et al., 2022), are
the predominant forest type under the monsoon climate in
eastern Asia. They range 23–33° N, 98–123° E in China, covering
the south edge of the Himalayas, Hengduan Mountains and
eastern China (Song, 2013), and range 26.5–37.5° N in southern
Japan (Fujiwara & Box, 1998). However, evidence from
palaeobotanical and lithological data across China revealed that
in the Paleogene (66.0–23.0 million years ago [Ma]), there was a
broad belt of aridity (annual precipitation< 200mm) stretching
across China from west to east; while in the Neogene

(23.0–2.6Ma), the humid zone (annual precipitation> 500mm)
greatly expanded in eastern China (Wang, 1990; Sun & Wang,
2005; Guo, 2017). The reorganization of the climate system and
vegetation pattern in eastern China have been linked to the uplift
of the Himalayas during the Cenozoic, strengthened East Asian
monsoon during the Miocene (23.0–5.3Ma), and global cooling
after the climatic optimum in the middle Miocene (Guo et al.,
2008; Farnsworth et al., 2019). However, the temporal history
and main driver of the formation of subtropical EBLFs in eastern
China remain mysterious.
The history of subtropical EBLFs can be partially inferred

from the phylogeny of their dominant components and the
fossils of ancient floras. Reconstruction of time‐calibrated
phylogenies of some dominant taxa in subtropical EBLFs has
shown that most genera had derived before the Miocene,
followed by an across‐the‐board acceleration in net
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diversification rates during the Miocene, among which were
the family Theaceae (Yu et al., 2017), the Perseeae tribe of
the family Lauraceae (Xiao et al., 2022), section Michelia of
the genus Magnolia (Magnoliaceae) (Zhao et al., 2022), and
section Cyclobalanopsis of the genus Quercus (Fagaceae)
(Deng et al., 2018). On a larger scale, by investigating the
divergence patterns of the Chinese flora, Lu et al. (2018)
found that with mean divergence times of 24.1–27.6 Ma,
woody genera in eastern China (annual precipitation> 500
mm) were derived mostly in the Oligocene and experienced
remarkable acceleration in diversification rates during the
Miocene. On the other side, fossils of ancient floras have
shown that subtropical or tropical EBLFs already existed in
south China during the Eocene, such as Changchang in
Hainan, Maoming in Guangdong (Spicer et al., 2014; Herman
et al., 2017; Ling et al., 2021), and in southwest China during
the early Oligocene, for example, Lvhe Basin, Wenshan Basin
in Yunnan, and Ningming in Guangxi (Su et al., 2019; Ling
et al., 2021; Tian et al., 2021). In east China, fossil floras from
the middle Miocene in Jiangxi (He & Wang, 2021) and from
the late Miocene in Zhejiang (Jia et al., 2015; Li et al., 2015;
Ding et al., 2021) indicate that subtropical EBLFs existed in

east China during the Miocene. As phylogenies do not
directly reflect their relationships with climate elements, and
fossil records can only record the history of a few sites, the
linkage between species diversification, climate change and
the evolution of subtropical EBLFs in eastern China has not
been well established.
As a lineage, the Cyclobalanopsis, or ring‐cupped oaks,

have historically been considered either as a genus, or as a
subgenus of Quercus. Today, based on molecular phylogeny
(Denk et al., 2017; Deng et al., 2018), Cyclobalanopsis is
considered as a section in the subgenus Cerris of the genus
Quercus. Covering about 100 extant species, ring‐cupped
oaks are evergreen, woody species often dominant in EBLFs
in eastern Asia and on Pacific islands (Luo & Zhou, 2001; Denk
et al., 2017). With 69 indigenous species, of which 43 are
endemic, China is a major center of diversity for Cyclo-
balanopsis (Huang et al., 1999). In Asia, early fossils of
Cyclobalanopsis were found in Japan (southwest Honshu)
from the middle Eocene (Huzioka & Takahasi, 1970), and in
south China (Changchang, Hainan), dated to 48.6–37.2 Ma
(Liu et al., 2020) (Fig. 1). Cyclobalanopsis fossils dated to the
Miocene were found as dominant elements in many eastern

Fig. 1. Fossil records of Quercus section Cyclobalanopsis in eastern Asia. Abbreviations of fossil sites, HN, Hainan (Spicer et al.,
2014; Liu et al., 2020); SH, Southwest Honshu (Huzioka & Takahasi, 1970); GD, Guangdong (Liu et al., 2019); GX, Guangxi (Liu
et al., 2023); JX, Jiangxi (He & Wang, 2021); ZJ, Zhejiang (Jia et al., 2015; Jia et al., 2009). The remaining fossil records were
compiled from the following references: Gourbet et al. (2017), Guo (1978), Guo (2011), Su et al. (2019), Tanai (1995), Xing et al.
(2013), Xu et al. (2016), Yabe (2008), and Zhou (1999).
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Asian floras, including eastern China and southern Japan
(Zhou, 1999; Jia et al., 2015). The diversity and importance of
Cyclobalanopsis in subtropical EBLFs, and their long history in
China, make it an ideal taxon to study the evolution of
subtropical EBLFs in eastern China.
Here we take Quercus section Cyclobalanopsis as a representer

to clarify the history of subtropical EBLFs in eastern China. When
and how did Cyclobalanopsis evolve, and what are the key
elements that have driven its evolution? To address these
questions, we integrated the occurrence data, climate data, and
dated phylogeny of 35 Cyclobalanopsis species, and applied

ecological niche models and climatic niche analysis. We
examined: (i) where Cyclobalanopsis species live and how the
clades differ in climatic preference, and (ii) when and how the
climate tolerances of Cyclobalanopsis evolved.

2 Material and Methods
2.1 Phylogeny
In this study we have used the phylogeny of Quercus section
Cyclobalanopsis published by Deng et al. (2018), which was

Fig. 2. Quercus Gilva as a representative of Quercus section Cyclobalanopsis (A), recalibrated phylogeny of section
Cyclobalanopsis from Deng et al. (2018) (B), and the historical change in deep ocean temperatures (Zachos et al., 2008)
and modelled mean annual precipitation in eastern Asia (Farnsworth et al., 2019) (C).
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constructed based on the restriction site‐associated DNA
sequencing (RAD‐seq) with divergence times estimated using
a relaxed clock model. This phylogeny has proportionally
presented the diversity of Cyclobalanopsis and covered the
main clades. It includes 35 Cyclobalanopsis species from seven
clades, namely Semiserrata, Acuta, Glauca, Lamellosa, Cyclo-
balanoides, Gilva, and Helferiana. Considering that the crown
age of Cyclobalanopsis in Deng et al. (2018) is 26.26 Ma, which
was much more recent than many fossil Cyclobalanopsis
species dated to the middle Eocene (Huzioka & Takahasi,
1970; Manchester, 1994; Liu et al., 2020), we recalibrated this
phylogeny using 48.32 Ma as the crown age instead
(Manchester, 1994; Hipp et al., 2020). The recalibrated
phylogeny of Quercus section Cyclobalanopsis is shown in
Fig. 2, along with the modeled histories of temperature and
precipitation of eastern Asia since the Paleocene (Zachos
et al., 2008; Farnsworth et al., 2019).

2.2 Species occurrence and the climate data
Occurrence data of the 35 Cyclobalanopsis species in the
phylogeny were compiled from species occurrences from
the Global Biodiversity Information Facility (GBIF), records
of our fieldwork, as well as specimen information from the
Chinese Virtual Herbarium (CVH) and the Chinese Field
Herbarium (CFH). We checked the data for each species,
and removed duplicates, artificial plantations, and other
unlikely locations. No more than one occurrence was kept
in each grid of 2.5 × 2.5 arc min. Finally, we got 2924
occurrences of the 35 Cyclobalanopsis species for analysis
(Data S1).

We downloaded 19 bioclimatic factors of WorldClim
(version 2.1) for 1970–2000 with a spatial resolution of
2.5 arc min (Fick & Hijmans, 2017). All the 19 climatic factors
and elevation for each of the 2924 occurrences were queried
by location (Data S1).

2.3 Niche modeling
Climatic niche modeling for each of the 35 Cyclobalanopsis
species (Fig. S1) was carried out using MaxEnt (version 3.4.4)
(Phillips & Dudik, 2008), setting autofeatures with 10
replicates. Seven bioclimatic layers with pairwise Pearson's
correlation coefficients less than 0.8 were kept for niche
modeling: (i) mean diurnal range (bio2); (ii) temperature
seasonality (bio4); (iii) max temperature of warmest month
(bio5); (iv) minimum temperature of coldest month (bio6);
(v) mean temperature of wettest quarter (bio8); (vi)
precipitation of wettest quarter (bio16); and (vii) precip-
itation of driest quarter (bio17). The average area under the
curve under the receiver operating characteristic curve for
niche modeling of the 35 species was 0.96 with the range
0.89–0.98 (Table S1). Permutation importance and predicted
niche occupancy of each climatic variable for each species
were acquired from the results of niche modeling.

2.4 Analysis of climatic niche evolution
To determine the essential climatic factors in the evolution of
Cyclobalanopsis, all 19 factors were analyzed for niche
evolution. We applied disparity through time and the
morphological disparity index (MDI) to describe the history
of climatic niche evolution of Quercus section Cyclobala-

Fig. 3. Geographical distributions of Cyclobalanopsis and its seven clades. Occurrence points and species density of each clade
were overlapped from occurrences of each species within the clades, and corresponding occurrence possibility predicted by
MaxEnt.
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nopsis. Disparity, representing average squared Euclidean
distance among all pairs of terminal taxa at each node of the
phylogeny, was compared with the mean disparity of an
unconstrained model of Brownian evolution. MDI represents
the overall difference in disparity between the observed and
the unconstrained null hypothesis for each climatic factor.
Disparity through time with MDI for each climatic factor was
analyzed using “dtt” in the geiger package (Pennell et al.,
2014). We also calculated Blomberg′s K of phylogenetic signal
for each climatic factors with “phylosignal” in package
picante (Kembel et al., 2010). For ancestral climatic
tolerances, we calculated the generalized‐least‐squares
estimate for each climate variable at each interior node
and repeated this process using 1000 random samples from
the niche occupancy profiles for the extant taxa. Ancestral
climatic tolerances were estimated using “anc.clim” in the
phyloclim package (Evans et al., 2009). All these analyses
were carried out in R (version 4.3.0) (R Core Team, 2023).

3 Results
3.1 The western and eastern groups in Cyclobalanopsis
Overlapped occurrences and niche modeling of Cyclo-
balanopsis (Fig. 3) are consistent with the range of
subtropical and tropical EBLFs in eastern Asia, covering
the south edge of the Himalayas, the Hengduan
Mountains, Indochina Peninsula, eastern China, the
southernmost part of the Korean Peninsula, and southern

Japan. Clades Cyclobalanoides, Lamellosa, and Helferiana
occur mainly in the west, with a mean elevation at
occurrence sites of 1659 m.a.s.l., they mainly inhabit the
south edge of the Himalayas, the Hengduan Mountains,
and Indochina Peninsula. Clades Semiserrata, Acuta,
Glauca, and Gilva occupy a vast area in the east, with a
mean elevation at occurrence sites of 674 m.a.s.l., they
are mainly distributed in eastern China, and southern
Japan. Principal component analysis of seven climatic
factors of 35 species (Fig. 4A; Table S2) also showed that
all the occurrences can be roughly divided into two
groups, corresponding to the western and the eastern
groups. By comparing the climatic factors among clades
using Tukey's honestly significant difference (Tukey HSD;
Figs. 4B, S2), we found that habitats of the eastern clades
were higher in precipitation of driest/coldest quarter and
maximum temperature of warmest month/quarter but
were lower in mean diurnal range, precipitation season-
ality, and isothermality than that of the western clades
(P < 0.05). For precipitation of the wettest/warmest
quarter, there was no such obvious difference between
the eastern and western groups.

3.2 Disparities of climatic tolerances of Cyclobalanopsis since
the early Miocene
Disparities of 19 climatic tolerances of Cyclobalanopsis in
comparison with simulated patterns under Brownian
motion through evolutionary history are shown in Figs.

Fig. 4. Three‐dimensional principal component analysis (3D‐PCA) for Quercus section Cyclobalanopsis using six climatic factors
and 2924 occurrences of 35 species (A) and comparisons of the climatic tolerances among seven clades using Turkey HSD (B).
Clades with the same letter are not significantly different at P< 0.05 level. MDR, mean diurnal range; MTCM, min temperature
of coldest month; MTWM, max temperature of warmest month; PDQ, precipitation of driest quarter; PWQ, precipitation of
wettest quarter; TS, temperature seasonality. Loadings of each climatic factor on the first three principal components are
shown in Table S1.
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5A, S3, and Table 1. Four precipitation‐related factors
(precipitation of warmest quarter, wettest quarter,
wettest month, and annual precipitation) showed sig-
nificantly larger disparities than those under Brownian
motion (P < 0.05). These disparities of precipitation
elements were remarkably enhanced during the Miocene.
When we removed all but three clades, Semiserrata,
Acuta, and Glauca, in the phylogeny, the above pattern
did not change (Table 1). The mean temperature of the
driest/coldest quarter also showed enhanced disparities
in the Cyclobalanopsis section. Unlike the above elements,
factors, such as mean diurnal range, isothermality, mean
temperature of warmest quarter, precipitation season-
ality, and precipitation of the driest/coldest quarter,
showed a larger Blomberg's K and significant phyloge-
netic signal (P < 0.05).

3.3 Divergence of climatic tolerance of Cyclobalanopsis since
the early Miocene
Reconstruction of the evolutionary history of climatic
tolerances in Quercus section Cyclobalanopsis, see Figs. 5B
and S4, showed that significant divergence occurred mainly
in the past 19Ma, since the early Miocene. The eastern clades
Semiserrata, Acuta, and Glauca showed strong innovation in
climate tolerance to a higher precipitation in the driest/
coldest quarter, to a lower precipitation seasonality, and to a
lower mean diurnal range. For precipitations of the warmest

quarter and annual precipitation, intersections among the
clades are very common.

4 Discussion
4.1 The origin of Quercus section Cyclobalanopsis in Asia
Our niche modeling of extant species has shown that early
derived clades and species in Cyclobalanopsis, for example,
clades Cyclobalanoides and Lamellosa (Fig. 3), species
Quercus patelliformis, and Quercus rex (Fig. S1) are usually
inhabitants of the Himalaya–Hengduan region of southwest
China, south China, and the coastal region of the west Pacific.
This result is in accordance with the fossil records (Fig. 1) that
ancient Cyclobalanopsis occurred in south China, Japan, and
the Himalaya–Hengduan region in the Eocene and the
Oligocene (Huzioka & Takahasi, 1970; Zhou, 1999; Xu et al.,
2016; Liu et al., 2019, 2023). Although the modern
Himalaya–Hengduan region is a mountainous area, it was
on the coast of the Tethys Ocean before the collision of the
Indian and Eurasian Plates (Royden et al., 2008; Ding et al.,
2017). We infer that ancient Cyclobalanopsis may have been
widely distributed in the coastal regions of the western
Pacific and the Tethys Ocean during the Eocene, which is
similar to its sister clade Quercus section Ilex (Jiang et al.,
2019), when the climate was much warmer than both during
the Miocene and today (Sun & Wang, 2005; Zachos
et al., 2008).

Fig. 5. Disparity through time (A) and reconstructed ancestral tolerances (B) of three precipitation elements and three
temperature elements of Quercus section Cyclobalanopsis. In (A), the solid line shows the disparity among all pairs of terminal
taxa at each node of the phylogeny, the dashed line shows mean disparity of an unconstrained model of Brownian evolution
and the gray cloud shows 95% confidence interval. The morphological disparity index (MDI) value represents the overall
difference in disparity between the observed and the unconstrained null hypothesis. In (B), names of extant species were
abbreviated using the first four letters in the same color with the clade as in Fig. 2.
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4.2 Divergence between the western and eastern groups in
Cyclobalanopsis
Cyclobalanopsis species can be divided into two groups with
significant divergence in both geological distribution and
climatic tolerance. Along with the uplift of the Himalaya
orogen, the western clades, Lamellosa, Cyclobalanoides, and
Helferiana, may have gradually adapted to the plateau
climate under the control of the South Asian monsoon
(Gupta et al., 2015; Spicer, 2017), which is characterized by a
wide range of daily temperatures, a cooler summer, and high

precipitation seasonality. For the eastern clades, which
occupy a vast area under the influence of the East Asian
monsoon in summer and the Siberian Cold Current in winter,
they have adapted to a climate of hot summers, wet winters,
and low precipitation seasonality. In addition, we observed
that for both ancient and extant species, Cyclobalanopsis can
grow at latitudes about 5° higher in Japan than in eastern
China. This phenomenon is largely due to the Kuroshio
Current, the biggest current in the western Pacific, that
transports large amounts of heat to southern Japan (Nagai
et al., 2019).

4.3 Diversification of subtropical EBLFs in eastern China
since the early Miocene
The rapid Cyclobalanopsis speciation (especially in the eastern
clades) that began 19Ma in the early Miocene has been
accompanied by climatic niche innovation and divergence in
climate tolerance, which is supported by the disparity of
climatic tolerances through the history and the recon-
structed ancestral tolerances in Cyclobalanopsis (Fig. 5). For
other dominant clades in subtropical EBLFs, the family
Theaceae showed sharp rises around 20Ma in both
speciation rate and net diversification rate (Yu et al., 2017);
the Perseeae tribe of the family Lauraceae began to colonize
the subtropical EBLFs in the early Miocene (Xiao et al., 2022);
and section Michelia of the genus Magnolia diversified in their
subtropical clades mainly since the late Miocene (Zhao et al.,
2022). As the major clades of subtropical EBLFs in eastern
China, such as Quercus section Cyclobalanopsis, occupied new
niche space in eastern China and expanded their range in
local habitats, species diversification and climatic tolerance
innovation occurred simultaneously.

4.4 Enhanced precipitation as the essential driver for
subtropical EBLFs in eastern China
The enhanced MDIs (Figs. 5A, S3; Table 1) and the
reconstructed evolutionary history (Figs. 5B, S4) indicated
that Cyclobalanopsis clades, especially the recent eastern
clades, radiated simultaneously to precipitation of the
warmest/wettest quarter and to annual precipitation during
the Miocene. Meanwhile, with relatively higher K values and
significant phylogeny signals (Table 1), Cyclobalanopsis
species showed phylogenetically conservative in some
climatic factors, for example, mean diurnal range, isother-
mality and precipitation seasonality. In the context of the
dramatic transition from the arid Paleogene to the humid
Neogene in eastern China as revealed by paleobotanic
records (Sun & Wang, 2005; Guo et al., 2008), and the
significant enhancement of mean annual precipitation in
eastern Asia during the Miocene (Farnsworth et al., 2019), we
may infer that the strengthened East Asian monsoon had
radically changed the environment in eastern China, creating
vast, vacant niche space for various evergreen woody species
during the early Miocene. The establishment of the East
Asian monsoon system at the Oligocene–Miocene boundary
(Sun & Wang, 2005; Guo et al., 2008), may have promoted
the subsequent evolution and expansion of subtropical
EBLFs in eastern China; while the uplift of Himalaya–Tibetan
Plateau, and global cooling (Guo, 2017; Spicer, 2017;
Farnsworth et al., 2019) may have induced the intensification

Table 1 Morphological disparity index (MDI) and Blomberg's
K of 19 climatic elements in Quercus section Cyclobalanopsis
(MDI and K) and the subclade including Semiserrata, Acuta,
and Glauca (MDI′ and K′).

Climatic factor MDI K MDI′ K′
Precipitation of
warmest quarter
(bio18)

1.29 0.17 0.76 0.34

Precipitation of wettest
quarter (bio16)

0.69 0.29 0.38 0.50

Annual precipitation
(bio12)

0.68 0.34 0.71 0.44

Precipitation of wettest
month (bio13)

0.64 0.27 0.43 0.45

Mean temperature of
driest quarter (bio9)

0.41 0.29 0.23 0.58

Mean temperature of
coldest quarter
(bio11)

0.38 0.30 0.21 0.58

Max temperature of
warmest
month (bio5)

0.35 0.33 0.26 0.52

Annual mean
temperature (bio1)

0.33 0.32 0.18 0.60

Min temperature of
coldest month (bio6)

0.33 0.29 0.25 0.55

Temperature annual
range (bio7)

0.26 0.28 0.24 0.56

Precipitation of driest
quarter (bio17)

0.26 0.46 0.22 0.73

Temperature
seasonality (bio4)

0.26 0.32 0.22 0.58

Precipitation of driest
month (bio14)

0.25 0.45 0.20 0.73

Precipitation seasonality
(bio15)

0.21 0.44 0.17 0.69

Precipitation of coldest
quarter (bio19)

0.20 0.44 0.28 0.62

Mean diurnal
range (bio2)

0.15 0.71 0.22 0.65

Isothermality (bio3) 0.13 0.39 0.19 0.66
Mean temperature of
wettest
quarter (bio8)

0.12 0.34 0.22 0.55

Mean temperature of
warmest quarter
(bio10)

0.10 0.43 0.19 0.57

MDI and K values with a corresponding P‐value< 0.05 are
shown in bold type.
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of the East Asian monsoon system and thus promoted the
evolution of subtropical EBLFs indirectly.
Overall, our research establishes a link between species

diversification, niche evolution and enhanced precipitation in
Cyclobalanopsis, as well as in subtropical EBLFs in eastern
China. We conclude that, driven by the enhanced East Asian
monsoon, subtropical EBLFs in eastern China have greatly
increased in diversity and expanded in geographical range
since the early Miocene. Species diversification and
occupation of new climatic niches by the ancient clades
already present in southwest China, south China and tropical
Asia may have jointly promoted the formation of subtropical
EBLFs in eastern China.
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Data S1. Occurrences, elevation, and climatic factors of 35
species in Quercus section Cyclobalanopsis.
Fig. S1. Potential distributions of 35 Cyclobalanopsis species
predicted using MaxEnt.
Fig. S2. Comparisons of the climatic factors and elevation of
occurrences among clades in addition to Fig. 4B.
Fig. S3. Disparity through time of 13 climatic factors in
addition to Fig. 5A.

Fig. S4. Reconstructed ancestral climatic tolerances in
addition to Fig. 5B.
Table S1. Sample sizes, area under the curve values and
permutation importance of each variable for 35
Cyclobalanopsis species in ecological modeling using
MaxEnt.
Table S2. Loadings of each climatic factor on the first three
principal components.

10 Jin et al.

J. Syst. Evol. 00 (0): 1–10, 2023 www.jse.ac.cn


	Enhanced precipitation has driven the evolution of subtropical evergreen broad-leaved forests in eastern China since the early Miocene: Evidence from ring-cupped oaks
	1 Introduction
	2 Material and Methods
	2.1 Phylogeny
	2.2 Species occurrence and the climate data
	2.3 Niche modeling
	2.4 Analysis of climatic niche evolution

	3 Results
	3.1 The western and eastern groups in Cyclobalanopsis
	3.2 Disparities of climatic tolerances of Cyclobalanopsis since the early Miocene
	3.3 Divergence of climatic tolerance of Cyclobalanopsis since the early Miocene

	4 Discussion
	4.1 The origin of Quercus section Cyclobalanopsis in Asia
	4.2 Divergence between the western and eastern groups in Cyclobalanopsis
	4.3 Diversification of subtropical EBLFs in eastern China since the early Miocene
	4.4 Enhanced precipitation as the essential driver for subtropical EBLFs in eastern China

	Acknowledgements
	References
	Supplementary Material




