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SUMMARY

Character displacement refers to the process by which species diverge more in sympatry due to competition
for resources. This competition-driven speciation can also occur within populations, known as intraspecific
character displacement (ICD). ICD can promote divergence within species by influencing intraspecific com-
petition or encouraging the evolution of alternative phenotypes. Despite its significance, ICD remains under-
studied and requires further exploration. In this study, we investigate how competition influences genetic
and morphological differentiation within species in sympatric and allopatric populations. We focused on
Quercus serrata (in China and Japan) and Q. serrata var. brevipetiolata (found only in China), which belong
to a small monophyletic group of oak species nested within Section Quercus (white oaks). Using genetic
markers, we detected divergence between Chinese and Japanese populations and further diversification
within China, with asymmetric historical gene flow primarily from Q. serrata (the earlier diverged species)
to Q. serrata var. brevipetiolata (the later variety). Although genetic differentiation did not differ between
sympatric and allopatric populations, leaf morphological variation, analyzed through the geometric morpho-
metric method (GMM) and traditional morphological method, revealed greater trait variation in sympatry. In
addition, we found an allometric growth relationship between leaf size and leaf mass of Q. serrata and Q.
serrata var. brevipetiolata, with the leaf area of Q. serrata var. brevipetiolata decreasing more disproportion-
ately to leaf mass. This suggests a resource trade-off, where Q. serrata var. brevipetiolata, the later diverged
variety, adopts more resource-conservative traits in sympatry. Further analysis of trait variation with envi-
ronmental factors supports these findings, while genetic variation along climate gradients showed signifi-
cant responses primarily in Q. serrata, regardless of sympatric or allopatric conditions. Although neutral
genetic markers are insufficient to capture selection-driven adaptive differentiation, we inferred that Q. ser-
rata var. brevipetiolata is progressing towards ecological divergence from Q. serrata. Overall, our results
highlight the role of ICD in driving morphological diversification and resource-use strategies within species
in response to competitive pressures.

Keywords: Q. serrata, Q. serrata var. brevipetiolata, genetic assignment, leaf morphology, intraspecific vari-
ation, sympatry, allopatry.

BACKGROUND S s . .
distribution of biodiversity (Pfennig & Pfennig, 2020). How-

Trait divergence due to natural selection, aimed at reduc-
ing competition in sympatry between species, was first
noted by Darwin (1859) as “divergence of character” and
then coined as “character displacement”(CD) by Brown
and Wilson (1956). CD is sometimes considered to have a
major influence on the origin, maintenance, and

ever, few examples have been documented, with some
classical empirical evidence, e.g., finches on the Galapagos
Islands (Grant & Grant, 2006). In addition, competition-
driven divergence may also occur within species (Dayan &
Simberloff, 2005; Pfennig & Pfennig, 2009). Actually, intra-
specific competition may be more frequent than
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interspecific competition (Gurevitch et al., 1992) because
individuals are more likely to encounter conspecifics.
Moreover, competition for resources becomes more
intense when differentiation is recent and reproductive iso-
lation is incomplete (Pfennig & Pfennig, 2010). This intensi-
fied competition drives disruptive selection, leading to
rapid divergence of traits by favoring extreme phenotypes
with adaptive advantages over intermediate ones, thereby
maintaining or even increasing variation in natural popula-
tions (Doebeli & Dieckmann, 2003; Rueffler et al., 2006).
This ultimately leads to the presence of alternative pheno-
types in resource use within species, promoting the evolu-
tion of phenotypic polymorphism (Day & Young, 2004;
Smith & Skulason, 1996). Consequently, natural selection
reduces resource competition by promoting divergence
within species—a process known as intraspecific character
displacement (ICD)—which may be more common than
previously recognized (Dayan & Simberloff, 2005; West-
Eberhard, 2003). Despite its significance, ICD remains
understudied and warrants greater attention.

Theoretically, the character involved in CD can be
morphological, ecological, behavioral, reproductive, or
physiological, with the phenotype being the most intuitive,
as Brown and Wilson (1956) stated “...divergence of this
nature inevitably entails phenotypic ‘characters’ of the type
employed in ordinary taxonomic work. Character displace-
ment therefore may be considered as merely the aspects
of such divergence that are recognizable to the taxonomist
and some other favored organism”. These phenotypic
characters are often associated with feeding patterns in
animals, such as the break size and shape of finches on
Galapagos Island (Grant & Grant, 2006) and the head
shape of salamanders in North America (Adams &
Rohlf, 2000). However, the phenotypic characters involved
in plants are complicated, encompassing a wide range of
characteristics. For example, flower structure is related to
plant-pollinator interactions and is likely to be displaced
to prevent reproductive interference and hybridization.
Seed size, on the other hand, might affect the outcome of
seedling competition (Dayan & Simberloff, 2005;
Grant, 1994; Veech et al., 2000).

Leaves are the primary photosynthetic organs of plant
species, and their shape variation generally reflects natural
selection acting on their functional efficiency (Nicotra
et al., 2011; Wright et al., 2004). Leaf morphological traits
are traditionally estimated by quantitative and qualitative
variables (Henderson, 2006; Marcus, 1990). However, these
methods have been criticized due to the lack of consistent
criteria (Mitteroecker & Gunz, 2009). The geometric mor-
phometric method (GMM), which digitizes the original
geometry of the leaf shape by Cartesian coordinates of
landmarks (Klingenberg, 2011; Mitteroecker & Gunz, 2009;
Zelditch et al., 2004), provides an intuitive and efficient tool
for leaf shape analysis. Notably, GMM is especially useful

for leaf shape analysis within species, as it allows the cap-
ture of all aspects of leaf shape variation (Qi et al., 2024;
Rellstab et al., 2016; Viscosi et al., 2012).

Another important factor to consider when studying
ICD is leaf functional traits, which reflect the adaptation
strategies of plants to their environment. For example, leaf
functional traits such as leaf area, leaf mass, and specific
leaf area (SLA, the ratio of leaf area to leaf dry mass) are
directly involved in resource acquisition for water, nutri-
ents, light, etc. (Arenas-Navarro et al., 2020; Milla &
Reich, 2007; Onoda et al., 2017; Wright et al., 2004). There-
fore, these functional traits are critical when examining
ICD. In particular, SLA is a key indicator of a plant’s invest-
ment strategy. However, interpreting SLA can be compli-
cated because it might not always represent a simple
trade-off between leaf mass investment and leaf size
(Sancho-Knapik et al., 2020). For example, previous studies
have shown that increases in leaf area might fail to keep
pace with increases in leaf dry mass (Niklas et al., 2007,
2009). As more resources are spent on leaf mass, this leads
to thicker and/or denser leaves, especially under harsh
environmental conditions, an adaptation for resource con-
servation (Stotz et al., 2022). This must be taken into
account when interpreting the SLA results.

The oak genus (Quercus spp.) is one of the most
diverse and ecologically important tree genera, occurring
throughout the Northern Hemisphere (Denk et al., 2018).
White oaks (section Quercus), which are mainly distributed
in North America and Eurasia, have been well studied in
North America and Europe. In Europe, detailed phylogeo-
graphic studies using putatively neutral genetic markers
have been conducted extensively (Dumolin-Lapegue
et al., 1997; Petit et al., 2002), with comparative studies
also conducted in North America (Grivet et al., 2006).
Moreover, white oak leaves are highly complex, and great
progress has been made in understanding how leaf mor-
phology variation adapts to environmental conditions
(e.g., Cavender-Bares, 2019; Hipp et al., 2018; Li, Wei,
et al., 2021; Li, Zhang, et al., 2021; Skelton et al., 2021).
While Asia is a major center of species diversity for white
oaks (Oldfield & Eastwood, 2007), studies on range-wide
genetic variation in this region are still lacking.

A total of seven white oaks are found in East Asia
(Hipp et al., 2020; Huang et al., 1999), with Quercus aliena
Blume, Q. dentata Thunberg, Q. serrata Thunb., and Q.
mongolica Fisch. ex Ledeb. co-occurring in China, Japan,
and Korea. Notably, there is a variant of Q. serrata, known
as Q. serrata var. brevipetiolata (A. de Candolle) Nakai,
which is found only in China (Huang et al., 1999). Q. serrata
and Q. serrata var. brevipetiolata are morphologically simi-
lar, but they differ in the smaller leaves and shorter peti-
oles of Q. serrata var. brevipetiolata (Fujiwara &
Harada, 2015; Huang et al., 1999). The shorter petioles may
influence water use efficiency or structural stability under
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specific environmental conditions, such as dry or
wind-exposed environments, as reported in other oak spe-
cies (Bruschi et al., 2003). Both taxa have overlapping dis-
tributions along the Qinling Mountains, where local
geographic and climatic factors may play an important role
in maintaining species diversity, promoting divergent
selection and adaptation. Thus, Q. serrata and Q. serrata
var. brevipetiolata offer an ideal model for testing genetic
and morphological divergence within species, particularly
in the context of ICD.

In this study, we first conducted a range-wide genetic
analysis to investigate the genetic divergence, extent,
direction of gene flow, and morphological divergence of Q.
serrata between China and Japan. Next, we aimed to test
for genetic and morphological divergence, indicative of
ICD, by comparing Q. serrata and Q. serrata var. brevipetio-
lata in both sympatric and allopatric populations. If diver-
gence was detected, we further sought to explore how
genetic and morphological variations respond to environ-
mental factors.

RESULTS
Genetic diversity and differentiation

All 12 nrSSR loci were polymorphic, with 4-28 alleles per
locus. Estimates of genetic diversity varied across popula-
tions (Table S1). The genetic diversity of Q. serrata was
higher in Japan (Ho =0.61, Hg=0.69) than in China
(Ho = 0.56, H = 0.64) (P < 0.05) (Table S4). The inbreeding
coefficient (F) for Q. serrata var. brevipetiolata was 0.01,
while the inbreeding coefficients for the Q. serrata-China
and Q. serrata-Japan populations were 0.08 (Table S4). In
addition, most of the genetic variation resided within
populations, ranging from 84% (Q. serrata) to 96% (Q. ser-
rata in Japan only) (Table S5). The fixation index (Fst, a
measure of population differentiation due to genetic struc-
turing) values between species were higher for populations
of Q. serrata in China (Fst = 0.08) than for Q. serrata in
Japan (Fst = 0.04) (P < 0.001). When focusing on the sym-
patric and allopatric populations in China, we found that
the genetic diversity of Q. serrata was significantly lower in
sympatry (Ho =0.53, Hg=0.63) than in allopatry
(Ho = 0.58, He = 0.65) (P<0.05). In contrast, the genetic
diversity of Q. serrata var. brevipetiolata was significantly
higher in sympatry (Ho = 0.68, Hg = 0.69) than in allopatry
(Ho = 0.59, He =0.65) (P < 0.05). Fst values of Q. serrata
and Q. serrata var. brevipetiolata did not differ in sympatric
and allopatric populations (0.10 vs. 0.11) (Table S5).

Population admixture

Across 20 replicate  STRUCTURE runs for each K,
maximume-likelihood scores were highest for K= 2, sug-
gesting the existence of two clusters corresponding to Q.
serrata in China (blue) and Japan (purple) (Figure S2;
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Figure 1b). Additionally, the statistics also gave support for
K = 3 (Figure S2). When K = 3, individuals of Q. serrata in
China were further subdivided into two groups: Q. serrata
(blue) and Q. serrata var. brevipetiolata (red) (Figure 1b). A
total of 77 genetically admixed and 181 genetically pure-
bred individuals were identified with a strict threshold
value of 0.9. The PCoA results based on the genetic dis-
tance matrix at the individual level were largely concordant
with the STRUCTURE analysis; the three groups can be
well separated along the first two PC axes (Figure S3).
When we focused on the sympatric and allopatric popula-
tions, we found a higher percentage of admixed individ-
uals in sympatry (43%) than in allopatry (30%), with the
threshold Q value of 0.9 (Table S1). The PCoA results also
showed that purebreds and admixed individuals were
intermingled in both sympatry (Figure 2a) and allopatry
(Figure 2b). In addition, we found that the genetic variation
of Q. serrata and Q. serrata var. brevipetiolata along the cli-
matic gradient did not differ in both sympatry and allopa-
try (Figure 2c,d).

Demographic history

MIGRATE-N analysis indicated that asymmetric historical
gene flow had occurred mainly from Q. serrata-China to
Q. serrata var. brevipetiolata and Q. serrata-Japan with
Nem values 42.0 and 14.1, respectively. In contrast, the
reverse gene flow was lower, with values of 32.5 and
5.1 from Q. serrata var. brevipetiolata and from Q.
serrata-Japan  to Q.  serrata-China,  respectively
(Table S6).

In the DIYABC analysis, the most strongly supported
scenario was scenario 1 with a posterior probability of 0.8
(95% Cl: 0.79-0.81) and low RMAE values for most parame-
ters (Table S8; Figure S4). The best demographic scenario
indicated that Q. serrata-China and Q. serrata-Japan popu-
lations initially split from their most common ancestor,
and then Q. serrata var. brevipetiolata split from Q.
serrata-China (Figure 1c). In addition, the median values of
the effective population sizes of Q. serrata-China, Q. serrata
var. brevipetiolata, and Q. serrata-Japan were 6.96 x 10,
8.35 x 10% and 8.28 x 10°, respectively. The effective pop-
ulation size of the ancestral population was 5.09 x 102
suggesting these three groups had experienced expansion
after differentiation (Table S8; Figure 1c). The estimated
median times of divergence between Q. serrata-China and
Q. serrata-Japan (t2) were 4390 (95% Cl = 1640-8820) gen-
erations ago; Q. serrata var. brevipetiolata divergence from
Q. serrata-China (t1) was 429 (95% Cl = 105-1380) genera-
tions ago (Table S8). If we use a generation time of
80 years, based on a previous study on Quercus species
(Yang et al., 2016), the divergence times for t2 and t1
would correspond to 0.35 Mya (95% CI =0.13-0.71 Mya)
and 0.034 Mya (95% Cl =0.008-0.11 Mya), respectively
(Table S8; Figure 1c).
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Figure 1. Sampling sites, genetic assignment, and demographic history of Q. serrata and Q. serrata var. brevipetiolata.

(a) Sampling location of Q. serrata (filled black circles) and Q. serrata var. brevipetiolata (open circles) in China and Japan.

(b) Genetic assignment of Q. serrata and Q. serrata var. brevipetiolata at K= 2 and K = 3.

(c) Optimal demographic history scenarios of Q. serrata and Q. serrata var. brevipetiolata from four hypothetical scenarios using approximate Bayesian compu-
tation (ABC). Four demographic history scenarios and parameter settings are shown in Figure S4 and Table S7. t# represents time scale in terms of the number

of generations and N# represents the effective population size.

Leaf morphological variation

We used GMM and the traditional morphological method to
estimate leaf traits. CVA revealed that Q. serrata-China, Q.
serrata var. brevipetiolata, and Q. serrata-Japan formed
three groups along CV1 (89% of the total variance), with a
relatively small overlap among Q. serrata, and Q. serrata
var. brevipetiolata (Figure S5a). DA showed significant mor-
phological differences among Q. serrata-China, Q. serrata
var. brevipetiolata, and Q. serrata-Japan (Figure Sb5;
P < 0.001). We detected significant differences in six tradi-
tional traits and two functional traits—leaf area and leaf
mass (Figure S6). However, Q. serrata-China and Q.

serrata-Japan exhibited significant differences only in peti-
ole length (Figure S6b).

When we focused on the sympatric and allopatric
populations of Q. serrata and Q. serrata var. brevipetiolata
in China, we found that leaf shape CV1 and traditional leaf
trait PC1 accounted for 83% and 77% of the total leaf vari-
ance, respectively. These metrics were used as a proxy for
leaf variation in GMM and the traditional morphological
methods. We detected greater leaf trait differentiation
between Q. serrata and Q. serrata var. brevipetiolata in
China in sympatry than in allopatry using both GMM
(Figure 3a,b) and traditional morphological methods
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Figure 2. Genetic differentiation between Q. serrata and Q. serrata var. brevipetiolata in China.

Principal component analysis (PCA) plot at individual level in sympatry (a) and allopatry (b).

Relationship between genetic and climatic PC for Q. serrata and Q. serrata var. brevipetiolata in China in sympatry (c) and allopatry (d) using genetically pure-
bred individuals. The gray shading represents the 95% confidence interval (Cl) of the regression line.

(Figure 3c,d; Figure S7). DA results also revealed greater
morphological differences in sympatry (Figure S8a) than in
allopatry (Figure S8b). Furthermore, leaf length and petiole
length, as well as leaf area and leaf mass, showed greater
morphological differentiation in sympatry than in allopatry
(Figure S9). Additionally, we found positive Dgym.aiio Values
in all traits but SLA; controlling for genetically purebred
individuals did not alter these findings (Table 1; Table S9).

Leaf area versus dry mass scaling relationships

Statistically significant scaling relationships between leaf
area and mass were observed for Q. serrata and Q. serrata
var. brevipetiolata (Table 1). Leaf area and mass were cor-
related (0.5 < R? < 0.9), with leaf area generally scaling less
than a one-to-one ratio with increasing leaf mass. This sug-
gests that increases in leaf area do not keep pace with

increases in leaf mass. We found statistically significant
differences in the scaling of area and mass, as reflected by
numerical values of o and logp for Q. serrata and Q. serrata
var. brevipetiolata in sympatry. However, in allopatry, Q.
serrata and Q. serrata var. brevipetiolata exhibited the
same o and logp value (Table 2).

Morphological variation along climate

PCA analysis indicated an overlap in climate conditions
between Q. serrata and Q. serrata var. brevipetiolata
(Figure S10). We found greater morphological variation
along the climatic gradient in sympatry than in allopatry,
particularly in leaf length, petiole length, leaf area, and
leaf mass (Figure 4; Figure S11). Additionally, leaf mor-
phological variation responds differently to climatic fac-
tors in sympatry and in allopatry. In sympatry, leaf
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Figure 3. Leaf trait difference for Q. serrata and Q. serrata var. brevipetiolata in China based on the genetically purebred individuals.
Canonical variate analysis (CVA) plot of leaf shape measured by the geometric morphometric method (GMM) in sympatry (a) and allopatry (b) at the individual

level with 90% confidence ellipses.

Principal component analysis (PCA) of six multivariate traits measured by the traditional method in sympatry (c) and allopatry (d) at the individual level with

90% confidence ellipses.

morphological variation in Q. serrata var. brevipetiolata
was more strongly related to climate than in allopatry,
particularly in lamina length, petiole length, lobe width,
sinus width, WP, number of lobes, leaf area, and leaf
mass (Figure S11). However, leaf trait variation of Q. ser-
rata appears to be quite stable along this climatic gradi-
ent (Figure S11).

DISCUSSION

We conducted a comprehensive range-wide study to
explore, for the first time, the genetic divergence, gene
flow, and morphological variation of Q. serrata between
China and Japan. Our findings revealed evidence of asym-
metric gene flow, with genetic material primarily moving
from China to Japan. The gene flow likely occurred during
the glacial periods of the Quaternary, when lower sea
levels formed a land bridge across the East China Sea,
facilitating migration between these regions. This historical
gene flow was followed by diversification within Chinese
populations, suggesting that Q. serrata underwent

significant evolutionary differentiation after the migration
event. We then extended our investigation to test for char-
acter displacement (CD) by comparing the genetic and
morphological divergence of Q. serrata and Q. serrata var.
brevipetiolata in both sympatric and allopatric populations.
Evidence of leaf morphological variation was detected and
further analyzed with environmental factors, providing
insights into how these variations interact with ecological
pressures.

Demographic history

Our comparative study suggests that Q. serrata popula-
tions in China and Japan diverged from a common
ancestor (approximately 4390 generations ago), followed
by the separation of Q. serrata var. brevipetiolata from
the Chinese populations (Figure 1c). However, divergence
time estimates based on microsatellite data may be less
reliable due to their high mutation rate and complex
mutation model, which can lead to homoplasy and
potential underestimation, particularly in scenarios of
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Table 1 Direct tests of leaf traits divergence for sympatric and allopatric populations of Q. serrata and Q. serrata var. brevipetiolata based

on the genetically purebred individuals

Sympatry Allopatry
Q. serrata var. Q. serrata var.
Trait Q. serrata brevipetiolata Q. serrata brevipetiolata Dsym Daio Dsymm - allo
Leaf shape CV1 -1.9 1.4 -2.1 2.0 -3.4 —4.1 0.7
Area (cm?) 35.2 18.7 31.0 19.9 16.6 1.0 5.6
Mass (mg) 254.8 130.9 214.5 148.2 123.8 66.2 57.6
SLA (cmz/g) 143.8 142.1 145.6 131.6 1.6 14.1 -12.5
Lamina length (cm) 11.1 8.1 10.6 8.5 3.0 2.1 0.9
Petiole length (cm) 0.8 0.3 0.7 0.3 0.6 0.4 0.2
Lobe width (cm) 2.6 1.8 2.6 1.9 0.9 0.7 0.2
Sinus width (cm) 2.3 1.5 2.2 1.6 0.8 0.5 0.3
WP (cm) 6.1 4.4 6.0 4.8 1.7 1.2 0.5
Number of lobes 11.9 9.8 11.5 11.1 2.1 0.4 1.7
Traditional trait PC1 1.5 -1.6 1.3 -1.0 3.2 2.3 0.9

Positive Dsym - allo Values are indicative of patterns associated with divergence character displacement. Bold values indicate statistical signifi-

cance at P < 0.05.

Table 2 Standardized major axis regression slopes and elevations
(o and logp, respectively) for log-log linear relationships between
leaf area and leaf mass for Q. serrata and Q. serrata var. brevipe-
tiolata based on the genetically purebred individuals

Sympatry Allopatry
Q. Q. serratavar. Q. Q. serrata var.
serrata brevipetiolata  serrata brevipetiolata
o 0.9 0.5 0.7 0.7
logp 2.1 1.8 1.9 1.9
95% ClI (0.8, 1.0) (0.3,0.7) (0.6,0.9) (0.6,0.8)
R? 0.8 0.5 0.7 0.8
P <0.001 <0.001 <0.001 <0.001

95% Cl indicates 95% confidence interval, estimating the precision
of the o value. R? is the coefficient of determination, a number
between 0 and 1 that measures how well a statistical model pre-
dicts an outcome. P value indicates statistical significance at
P < 0.05.

population expansion or high gene flow (Lepais
et al., 2022; Zhivotovsky, 2001). During the Quaternary
glaciations, the East China Sea acted as a land bridge
between China and Japan, facilitating gene flow among
plant populations as sea levels dropped (Qiu et al., 2011).
However, during warmer interglacial periods of the late
Pleistocene (~40-20 ka), rising sea levels separated these
regions again, leaving an imprint of secondary contact
and contributing to the geographic separation we
observed today. This pattern may explain the phyloge-
netic history of many plant species in the Sino-Japanese
Floristic Region, including white oaks such as Q. mongo-
lica, Q. aliena, and Q. dentata (T. Nagamitsu, personal
communication).

Within China, we observed asymmetric historical gene
flow, primarily from Q. serrata to Q. serrata var.

brevipetiolata (Table S6). Simulation studies indicates that
introgression tends to occur predominantly from the local
(early-colonizing) species to the invading (later-colonizing)
species (Currat et al., 2008), which is a somewhat counter-
intuitive finding. However, this pattern is consistent across
various empirical studies in both animals and plants, as
seen in the Neanderthal genome, where gene flow
occurred from the local Neanderthals to invading modern
humans (Green et al., 2010). In this context, Q. serrata acts
as the early-colonizing species, while Q. serrata var. brevi-
petiolata represents the later-colonizing taxon. The direc-
tion of introgression follows a pattern observed both in
conifers (Du et al., 2009, 2011) and in deciduous oaks (Du
et al., 2022).

Character displacement along environmental gradient

Despite the rigorous framework for the study of CD pro-
posed by Schluter and McPhail (1992), a direct test of
divergence between two species in sympatry, but not
allopatry, is sufficient to describe the pattern (Adams, 2004;
Kooyers et al., 2017; Stuart et al., 2017; Stuart &
Losos, 2013). Using different trait measurements, we found
that both methods revealed greater trait variation in sym-
patry than in allopatry (Figure 3; Table 1). Geometric mor-
phometric method (GMM) better capture leaf
configuration, while traditional morphological methods
focus on leaf dimensions and numbers. The complemen-
tary use of the two methods allowed us to detect diver-
gence patterns that might be missed by relying on a single
method. Statistical tests demonstrated that these trait dif-
ferences are likely not caused by random phenotypic plas-
ticity; however, it is important to note that phenotypic
plasticity itself can contribute to CD (Pfennig & Mur-
phy, 2002; Pfennig & Pfennig, 2009; Wilson, 1992).
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Figure 4. Relationship between leaf morphology and climatic PC for Q. serrata and Q. serrata var. brevipetiolata in China based on the genetically purebred

individuals.

Variation in leaf shape using the geometric morphometric method in sympatric (a) and allopatric (b) populations as a function of climatic PC.
Variation in leaf traits using traditional morphological methods in sympatric (c) and allopatric (d) populations as a function of climatic PC.

In addition, we observed that Q. serrata var. brevipe-
tiolata exhibits traits such as smaller leaves, shorter petiole
length, fewer lobes, and lower SLA (Table 1; Table 2), indi-
cating a resource-conservative strategy. Species with more
lobed leaves are commonly associated with environments
such as cold or dry climates, as increased leaf lobation
may help reduce water loss and surface area, improving
water use regulation (Cavender-Bares, 2019; Royer
et al., 2008; Wright et al., 2017). Moreover, shorter petioles
can increase leaf overlap, potentially reducing light inter-
ception over the canopy but conserving moisture and
mitigating heat stress (Bruschi et al.,, 2003; Kusi &
Karsai, 2020). These characteristics correspond to a

resource-conservative strategy, which tends to be advanta-
geous in more competitive or resource-limited environ-
ments (Goud et al., 2023; Wright et al., 2004). This
suggests that Q. serrata var. brevipetiolata, having
diverged later, has evolved these conservative traits in
response to stronger competition for resources in sympat-
ric environments.

The analysis of morphological variation along climate
gradients revealed that Q. serrata var. brevipetiolata, the
later-colonizing species which diverged more recently,
shows greater responsiveness to environmental variations
than Q. serrata (Figure 4). The different variation pattern in
leaf traits along environmental gradients suggests that Q.
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serrata var. brevipetiolata faces increased competition for
resources in sympatric environments. Considering the role
of demographic history in shaping population evolutionary
potential, we infer that the imbalance in demographic his-
tory (i.e., effective population sizes) has contributed to the
difference in leaf traits during the colonization of the
later-colonizing species (Du et al, 2022; Lagache
etal., 2014).

In contrast to the significantly greater differentiation
in leaf morphology in sympatry than in allopatry, we
detected no such trend using genetic markers (Figure 2). A
first possible explanation for this discrepancy is that the
observed morphological differences are due to phenotypic
plasticity, i.e., the ability of a genotype to produce different
phenotypes. However, as noted earlier, while phenotypic
plasticity itself can contribute to CD, it is unlikely to fully
explain the consistent patterns of divergence observed
across multiple populations. A second explanation is that
the putatively neutral genetic markers we used are insuffi-
cient for detecting adaptive divergence and are limited to
identifying neutral genetic differentiation (Chung et al.,
2023). Some genomic regions, or “genomic islands,”
might be associated with specific adaptive divergence,
which could contribute to the observed morphological dif-
ferences (Martin et al., 2023). To better understand this,
further RAD sequencing, whole-genome resequencing, or
even epigenetic studies are needed to identify such regions
and clarify the role of adaptive divergence in shaping the
traits we examined.

Resource_conservative vs. acquisitive strategy

We detected greater differentiation in leaf area and leaf
mass in sympatric populations than in allopatric popula-
tions for both Q. serrata, the earlier-colonizing species, and
Q. serrata var. brevipetiolata, the later-colonizing taxon
(Table 1). It is interesting that the alpha value (regression
slopes between leaf area and leaf mass) of Q. serrata
increased from 0.7 in allopatry to 0.9 in sympatry, whereas
the variety decreased from 0.7 to 0.5 (Table 2). This reveals
that in sympatry, the variety is resource conservative, i.e.,
a higher investment in leaf mass components relative to
leaf area and Q. serrata is resource-acquisitive (Onoda
et al., 2017).

The trade-off between competition for resources and
colonization ability was previously demonstrated in white
oaks between species (Du et al., 2022). Although more evi-
dence based on fitness assessment is required, this is, to
our knowledge the first time such a trade-off has been
detected within species. In this case, Q. serrata var. brevi-
petiolata, the later diverged variety, adopts a more
resource-conservative strategy, investing more in leaf
mass per unit area. Its morphological differentiation in
sympatry could represent the early stages of ecological
speciation or incipient speciation, where trait divergence

Intraspecific character displacement in oaks 9 of 15

reduces direct competition. Q. serrata, the earlier diverged
species, follows a faster life history strategy with a greater
focus on resource acquisition. If sympatric divergence con-
tinues, these morphological differences may become
genetically fixed, leading to further differentiation between
the two taxa over time. This possibility warrants further
investigation using RAD sequencing and whole-genome
resequencing data.

MATERIALS AND METHODS
Sampling

Since range-wide genetic data for Q. serrata in China are lacking
(see Liu et al., 2021; Li, Wei, et al. (2021); Li, Zhang, et al. (2021)
for studies covering part of its distribution) but chloroplast DNA
(cpDNA) analysis has been conducted for populations in Japan
(Okaura et al., 2007), we employed different sampling strategies in
China and Japan. For populations in China, a comprehensive data-
base of Q. serrata and Q. serrata var. brevipetiolata populations,
with geographical information, was constructed using data from
the Chinese Virtual Herbarium (CVH, https://www.cvh.ac.cn/) and
Global Biodiversity Information Facility (GBIF, https://www.gbif.
org/). Based on this database, we sampled 208 trees from 27 natu-
ral populations across the full species distribution range in main-
land China. Initial species identification was performed in the field
using morphological traits. In China, Q. serrata and Q. serrata var.
brevipetiolata co-occur in the Qinling-Daba Mountain, which are
considered as sympatric populations. Consequently, our sampling
in China included eight populations (67 individuals) from the
Qinling-Daba Mountain, categorized as sympatric, and 19 allopat-
ric populations (141 individuals) from other regions (Figure 1a). To
avoid sampling clonal individuals, we ensured that the study
populations were at least 30 km apart and that sampled individ-
uals within populations were spaced at least 10 meters apart. All
trees we sampled were reproductively mature with a minimum
diameter at breast height of 30 cm. For each tree, we collected
one young leaf or new branch for DNA isolation, as well as four to
five mature leaves from the four cardinal directions in the middle
layer (mostly shade leaves) of the canopy for leaf morphological
analysis. All leaf materials were rapidly dried in silica gel. Geo-
graphic information for each sampled population was recorded
using a 621sc global positioning system (GPS) device (Garmin,
Beijing, China).

For populations in Japan, we used 50 individuals from three
populations representing the main lineages of Q. serrata as identi-
fied by cpDNA (Okaura et al., 2007) (Figure 1a; Table S1).

DNA extraction and SSR genotyping

We isolated total genomic DNA from leaf or the fresh cambium of
branches for all 258 individuals using a Plant Genomic DNA Extrac-
tion Kit (Tiangen, Beijing, China) according to the manufacturer’s
recommendations. We selected 12 nuclear microsatellite loci from
25 SSR loci that were previously developed from Q. robur, Q. pet-
raea (Durand et al., 2010), Q. mongolica (Ueno et al., 2008; Ueno &
Tsumura, 2008), and effectively differentiate other white oak spe-
cies in China (Lyu et al., 2018; Qi et al., 2021). These loci are located
on eight chromosomes (Table S2) and have been demonstrated to
have no null alleles using Micro-Checker v.2.2. In addition, we used
coalescent simulations of the distribution of Fst conditioned on
heterozygosity to detect loci violating assumptions of neutrality
implemented in FDIST2 (Beaumont & Nichols, 1996). We found no
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loci linked to adaptive genetic variation (Figure S1). Microsatellite
amplification and genotyping were performed as described in Lyu
et al. (2018). We analyzed the amplified products using an ABI
Prism 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA), and the allele sizes and genotypes of individuals were deter-
mined by GeneMarker v.2.2 (Softgenetics LLC, State College, PA,
USA). Microsatellite data are available in the figshare (doi:
10.6084/m9.figshare.27058843).

Genetic diversity and differentiation

Mean observed heterozygosity (Ho), mean expected heterozygos-
ity (He), number of alleles (Na), number of effective alleles (Ng),
and Shannon index (I) were calculated by GenAlEx 6.5 (Peakall &
Smouse, 2012). The significance of diversity differences between
the three groups (Q. serrata-China, Q. serrata var. brevipetiolata,
and Q. serrata-Japan) was tested using a Mann-Whitney U test
implemented in SPSS v.22 (SPSS Inc., Chicago, IL, USA).

We estimated the genetic differentiation among populations
using hierarchical analysis of molecular variance (AMOVA) imple-
mented in Arlequin v.3.5 (Excoffier & Lischer, 2010). The signifi-
cance of genetic differentiation was tested using 1000
permutations in Arlequin v.3.5. Pairwise genetic differentiation
(Fs7) was calculated among all pairwise combinations of popula-
tions. We inferred the genetic clusters without consideration of
sampling information using a model-based clustering program
implemented in STRUCTURE v.2.3 (Pritchard et al., 2000). The pro-
gram was run with the number of clusters (K) varied from 1 to 10
with 20 independent replicates for each K-value, and each run
included 100,000 Markov Chain Monte Carlo (MCMC) repetitions
and a burn-in of 100,000 steps. We determined the best K using
AK statistics performed in the program STRUCTURE HARVESTER
(Earl & VonHoldt, 2012; Evanno et al., 2005). We used admixture
coefficient (Q) values to distinguish whether the sampled individ-
uals were purebreds or admixtures with a strict threshold value of
0.9, as suggested in other oak population studies (Lepais
et al., 2009; Penaloza-Ramirez et al., 2010). Then, we visualized the
genetic clusters using DISTRUCT v.1.1 (Rosenberg, 2004). In addi-
tion, we conducted a principal coordinate analysis (PCoA) based
on genetic covariance between Q. serrata and Q. serrata var. bre-
vipetiolata and plotted the first two eigenvectors to visualize
genetic relatedness in GenAlEx 6.5 (Peakall & Smouse, 2012). We
also performed a principal component analysis (PCA) to visualize
the genetic relatedness among individuals of Q. serrata and Q.
serrata var. brevipetiolata in sympatry and allopatry using the
“ggpubr” R package (Kassambara, 2023).

Gene flow and demographic history

We estimated the historical migration rates using the continuous
Brownian motion model implemented in MIGRATE-N v.4.4.3
(Beerli, 2006; Beerli & Felsenstein, 2001). We estimated the param-
eters 0 (four times effective population size multiplied by mutation
rate per site per generation) and M (migration rate divided by the
mutation rate) with slice sampling and uniform prior distribution.
The three long chains were performed with 10,000 steps at a sam-
pling interval of 20 increments after discarding the first 10,000
records as a burn-in for each chain. This was followed by a static
heating scheme at four temperatures (1.0, 1.5, 3.0, 1 000 000) to
efficiently search the genealogy space. We repeated this proce-
dure three times to ensure consistency of estimates and assessed
average maximum-likelihood estimates of 0 and M along with
95% confidence intervals (Cls). We selected the best model by
comparing the marginal likelihoods using the Bezier approxima-
tion and harmonic mean method, and we calculated log Bayes

factors to determine which model was the best fit for the data
(Beerli & Palczewski, 2010).

To further elucidate the population demographic history, we
performed an approximate Bayesian computation (ABC) analysis
in DIYABC v.2.1 (Cornuet et al., 2014). To simplify the scenarios,
we defined three groups based on the results of STRUCTURE: Q.
serrata-China, Q. serrata var. brevipetiolata, and Q. serrata-Japan
(Figure 1b). Four historical population divergence scenarios: sce-
narios 1, 2, and 3 differed in that the first diverging group was Q.
serrata-China, Q. serrata var. brevipetiolata, or Q. serrata-Japan,
respectively, whereas under scenario 4, the three groups diverged
simultaneously (Figure S4a). To identify the most likely divergence
scenario, we calculated the posterior probability with 95% Cls for
each scenario by performing a logistic regression on the 1% of
simulated data that was closest to the observed data (following
Cornuet et al., 2008). To assess the precision of parameter estima-
tion, we computed the median of the relative median of absolute
errors (RMAE) on 500 pseudo-observed data sets simulated under
the best-fit scenario. In addition, we estimated parameter poste-
rior distributions to check the model and visualize the fit between
simulated and observed data by the option “model checking” in
DIYABC v.2.1 (Cornuet et al., 2014).

Leaf morphology

We used the geometric morphometric method (GMM) and tradi-
tional morphological method to estimate the leaf morphological
variation for 1224 leaves from 248 individuals (four or five leaves
per individual) (Table S1). We flattened, dried, and scanned these
leaves at 300 dpi resolution using a CanoScan 5600 F scanner
(Canon, Tokyo, Japan). For GMM, we characterized scanned
images by 13 landmarks (Figure 5a) as suggested for other white
oak species using Image J v.1.5 (Abramoff et al., 2005; Viscosi,
Lepais, Gerber, & Fortini, 2009; Liu et al., 2018; Du et al., 2022).
Three of these landmarks, LM1-LM3, were distributed along the
middle axis of leaves, while the nine others (LM4-LM13) were in
pairs and symmetrically distributed on both sides of the leaves
(Savriama & Klingenberg, 2011) (Table S3). Then these landmarks
were converted to a configuration of 13 pairs of Cartesian coordi-
nates (x, y) for each leaf. For traditional morphological methods,
we measured six traditional traits: lamina length, petiole length,
lobe width, sinus width, length of lamina at largest width (WP), and
lobe number, and three functional traits: leaf mass, leaf area, and
specific leaf area (SLA, leaf area per unit of dry leaf weight; cm? g~")
(Figure 5b). The trait value for each tree was calculated by averag-
ing the values of four to five selected leaves from the same tree.

Multivariate analyses of leaf morphology

For GMM, Cartesian coordinates (x, y) of the landmarks were used
for the following analysis using the MorphoJ program (Klingen-
berg, 2011). We first performed a generalized procrustes analysis
(GPA) (Rohlf & Slice, 1990) to minimize differences between land-
mark configurations by translation, scaling, and rotation to maxi-
mize the coincidence of leaf coordinate data (Klingenberg, 2011).
Next, we took the mean of the landmarks across four to five
leaves of the same tree to create mean configurations at the tree
level. Using mean landmark values per tree rather than individual
leaf landmark data does not result in a significant loss of informa-
tion in subsequent analyses (Viscosi & Cardini, 2011). Finally, we
generated a covariance matrix of the average configuration for the
leaf shape variation. To visualize the differences in leaf shape
between Q. serrata and Q. serrata var. brevipetiolata in sympatry
and allopatry, we conducted discriminant analysis (DA) and
canonical variate analysis (CVA) using pure individuals identified
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Figure 5. Morphological measurements for leaf traits.
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by genetic delimitation as grouping variables. CVA maximizes the
separation of specified groups to test group differences and pro-
duces ordination plots based on Mahalanobis distances with the
statistical significance of pairwise differences in mean shapes,
which were assessed by permutation tests (T2 statistics; 10 000
permutations per test). DA provides reliable information on
groups through cross-validation scores classification with T2 sta-
tistics (P value for tests with 1000 permutations <0.0001) (Klingen-
berg, 2011; Viscosi, 2015).

For traditional traits, we compared the differences in lamina
length, petiole length, lobe width, sinus width, WP, lobe number,
leaf mass, leaf area, and SLA between Q. serrata and Q. serrata var.
brevipetiolata in sympatry and allopatry based on the genetically
purebred individuals using the “ggplot2” and “ggpubr” R pack-
ages (Kassambara, 2023; Wickham, 2016). We also performed a
PCA of six traditional traits (lamina length, petiole length, lobe
width, sinus width, WP, and lobe number) for pure Q. serrata and
Q. serrata var. brevipetiolata individuals identified by genetic
delimitation using the “vegan” and “ggplot2” packages in R (Oksa-
nen et al., 2022; Wickham, 2016).

Scaling relationships of leaf functional traits

To detect if the leaf area and leaf mass of studied species follow a
quantifiable scaling relationship, we checked if the leaf area is
independent of intraspecies differences in leaf mass as suggested
by Niklas et al. (2007). We calculated the standardized major axis
slopes and intercepts of leaf area and leaf mass for Q. serrata and
Q. serrata var. brevipetiolata based on the genetically purebred
individuals. Preliminary regression analyses showed that all bivar-
iate relationships were log-log linear; therefore, we used all sub-
sequent statistical analyses as logo-transformed data. We
computed these parameters and their respective 95% Cls using R
(version 4.2.0) (R Core Team, 2022).

Character displacement

To test for intraspecific character displacement, where greater
divergence occurs in sympatry, we calculated the mean leaf trait
difference of the Q. serrata and Q. serrata var. brevipetiolata in the
sympatric (Dsym) and allopatric (D,,) populations, along with
the difference between these values (Dsym-aii0), @s described by
Adams (2004). To enhance the comparability of results between

sympatric and allopatric populations, we minimized the influence
of admixed individuals by focusing on genetically purebred indi-
viduals, applying a strict Q value threshold of 0.9 based on genetic
structure analysis (Du et al., 2022). A positive Dsym-ao value indi-
cates greater divergence in sympatry than in allopatry.

Genetic and morphological variation in response to
climate

We extracted 19 bioclimatic variables of the studied populations
from WorldClim v.2 raster layers at 30 s (~ 1 km?) resolution (Fick
& Hijmans, 2017). These variables represent the average tempera-
ture and precipitation values recorded at meteorological stations
globally between 1970 and 2000. Then, these variables were trans-
formed into principal components (PCs) using PCA in the “vegan”
R package (Oksanen et al., 2022). We selected six principal compo-
nents (PCs) that cumulatively explained more than 99% of the
total variance. A weighted combination of these PCs was used to
create a comprehensive environmental axis, where the weights
were based on the variance contribution of each PC. This new var-
iable represents an integrated environmental index for each site
and was used for subsequent association analysis for Q. serrata
and Q. serrata var. brevipetiolata in sympatry and allopatry. We
evaluated traits’ response to climate in sympatry and allopatry,
considering population as random variables. The statistical signifi-
cance of fixed effects was determined using an ANOVA test imple-
mented in the “car” R package (Fox et al., 2013). In addition, we
estimated genetic variation response to climate in sympatry and
allopatry using genetically purebred individuals. Although SSR
markers are neutral, they can reflect underlying demographic pro-
cesses influenced by environmental factors. This assessment was
conducted by analyzing the relationships between genetic and cli-
mate variables, followed by linear regression modeling to test for
associations performed in R. Correlation coefficients were calcu-
lated to quantify the strength of these relationships.
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Figure S1. Distribution of Fst values from the 12 SSR loci in function
of the heterozygosity using FDIST2 with the 95% confidence level.
Figure S2. Variation of 4K as a function of K, suggesting the exis-
tence of two and three clusters as the likely scenario.

Figure S3. Genetic differentiation between Q. serrata and Q. ser-
rata var. brevipetiolata by principal coordinate analysis (PCoA)
among populations (a) and individuals (b) implemented in
GenAlIEx 6.5.

Figure S4. Results from approximate Bayesian computation (ABC).
(a) The four scenarios for the population history of the three
groups (Q. serrata-China, Q. serrata var. brevipetiolata, and Q. ser-
rata-Japan) in DIYABC, with 95% confidence intervals (Cl) of each
scenario based on the logistic regression approach. (b) Compari-
son of posterior probabilities for four simulated scenarios of spe-
cies differentiation obtained by logistic and direct regression.
Scenario 1 was found to be the most probable in both the linear
direct and logistic regression tests. (c) Prior and posterior values
estimated for scenario 1 were close to the observed dataset, sup-
porting the certainty of the chosen scenario.

Figure S5. Leaf geometric morphometric analysis for Q. serrata
var. brevipetiolata, Q. serrata-China, and Q. serrata-Japan based
on the genetically purebred individuals. (a) Scatter plot of the
canonical variate analysis (CVA) at the individual level with 90%

confidence ellipses. (b) Discriminant analysis (DA) for the leaf
shape differentiation of Q. serrata var. brevipetiolata vs. Q. ser-
rata-China, (c) Q. serrata-China vs. Q. serrata-Japan, and (d) Q.
serrata var. brevipetiolata vs. Q. serrata-Japan.

Figure S6. Leaf trait difference estimated by the traditional method
for Q. serrata var. brevipetiolata, Q. serrata-China, and Q. serrata-
Japan based on the genetically purebred individuals. (a) lamina
length; (b) petiole length; (c) lobe width; (d) sinus width; (e) WP;
(f) number of lobes; (g) leaf area; (h) leaf mass; (i) SLA. The box in
each boxplot shows the lower, median, and upper quartile values,
and whiskers indicate the ranges of the variation in each species.
**kP < 0,001; **P < 0.01; *P < 0.05.

Figure S7. Plot of six traditional leaf trait PC1 of Q. serrata and Q.
serrata var. brevipetiolata in sympatry vs. allopatry based on the
genetically purebred individuals. The box in each boxplot shows
the lower, median, and upper quartile values, and whiskers indi-
cate the ranges of the variation in each species. ***P < 0.001.
Figure S8. Discriminant analysis (DA) of leaf shape in sympatry (a)
and allopatry (b) at the individual level for Q. serrata and Q. ser-
rata var. brevipetiolata based on the genetically purebred
individuals.

Figure S9. Leaf trait difference of Q. serrata and Q. serrata var. bre-
vipetiolata in sympatry vs. allopatry based on the genetically pure-
bred individuals. (a) lamina length; (b) petiole length; (c) lobe
width; (d) sinus width; (e) WP; (f) number of lobes; (g) leaf area;
(h) leaf mass; (i) SLA. Error bars are estimations of 95% confi-
dence intervals. The blue and red lines represent the difference in
leaf traits between sympatry and allopatry for Q. serrata and Q.
serrata var. brevipetiolata, respectively. ***P < 0.001; *P < 0.05.
Figure S10. Biplot obtained by principal component analysis (PCA)
according to the 19 climate variables for Q. serrata and Q. serrata
var. brevipetiolata in China.

Figure S11. Relationship between leaf morphology and climatic
PC for Q. serrata and Q. serrata var. brevipetiolata in China based
on the genetically purebred individuals. (a) lamina length; (b) peti-
ole length; (c) lobe width; (d) sinus width; (e) WP; (f) number of
lobes; (g) leaf area; (h) leaf mass; (i) SLA.

Table S1. Details of the 30 natural populations of Q. serrata and Q.
serrata var. brevipetiolata (see separate file).

Table S2. Detailed information of 12 pairs of SSR primers.

Table S3. The description of 13 landmarks.

Table S4. Estimation of genetic diversity of Q. serrata and Q. ser-
rata var. brevipetiolata populations implemented in GenAIEx 6.5.
Table S5. Analysis of molecular variance (AMOVA) for Q. serrata
and Q. serrata var. brevipetiolata using Arlequin v. 3.5.

Table S6. Historical gene flow as estimated by MIGRATE-N
between Q. serrata and Q. serrata var. brevipetiolata populations.
Table S7. Prior distributions of the parameters used in DIYABC.
Table S8. Posterior parameter estimations for the best-supported
scenario 1 in ABC. Distribution of posterior probabilities at 2.5%
and 97.5% percentiles are indicated. Relative median of the abso-
lute error (RMAE) of parameters of scenario 1 are indicated.

Table S9. Direct tests of leaf traits divergence for sympatric and
allopatric populations of Q. serrata and Q. serrata var. brevipetio-
lata using all individuals.

Table S$10. Loading values of climate PCA.
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