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ABSTRACT

Fine-scale spatial genetic structure (fine-scale SGS) refers to the pattern of spatial distribution of genetic variation at the local
scale, which can indirectly estimate gene flow among individuals and reveal microevolutionary processes in plant populations.
Although fine-scale SGS is important in explaining dispersal patterns and adaptive variation in plants, few studies have explored
its potential application in species conservation strategies. In addition, phenotypic traits, particularly leaf shape, may also exhibit
specific spatial variation patterns at fine scales. In this study, we investigated the genetic and leaf shape variation of two genus
Quercus species (Quercus glauca Thunb. and Q. multinervis J. Q. Li) and three genus Castanopsis species (Castanopsis tibetana
Hance, C. faberi Hance, and C. fargesii Franch.) in Wuyishan National Park in southeastern China. Using genetic markers, we
found that Quercus species exhibited stronger fine-scale SGS and more limited gene flow than Castanopsis species, suggesting
greater habitat fragmentation affecting local Quercus species. Leaf morphological analysis revealed inter-generic differences and
partial overlap in leaf shape between Quercus and Castanopsis species, with the greatest variation observed in leaf area (LA)
and leaf mass (LM). In addition, all five Fagaceae species exhibited significant diminishing returns, with C. fargesii showing
the most pronounced effect and possessing the smallest leaves, which may enhance its adaptability to the harsh environments.
Despite the leaf shape overlaps blurring species boundaries between Quercus and Castanopsis species, their genetic structure is
remained clearly distinct. The observed differences in the intensity of fine-scale SGS and leaf shape variation between the two
genera reflect their different environmental adaptability, offering new insights into the integration of genetic and phenotypic
data for conservation planning.

1 | Introduction structure and evaluate its intensity, thereby gaining insights

into the dispersal patterns of both pollen and seeds (Angbonda

Fine-scale spatial genetic structure (fine-scale SGS) refers to
the non-random spatial distribution of genotypes at the local
scale, shaped primarily by limited gene flow (Gamba and
Muchhala 2023; Vekemans and Hardy 2004). By quantifying
genetic similarity in relation to spatial distance among individu-
als, researchers can effectively detect patterns of spatial genetic

et al. 2021).

Fine-scale SGS is influenced by many factors, including limited
gene flow, population density, habitat fragmentation, genetic drift,
and microhabitat selection (Wang et al. 2017). In plants, gene flow
can be mediated by pollen and seed, plays a central role in shaping
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patterns of fine-scale SGS. In particular, pollen-mediated gene
flow is particularly important because it influences the effective
reproductive range, enhances population connectivity, and influ-
ences the extent to which habitat fragmentation affects genetic
structure (Ashley 2010). Restricted pollen dispersal can increase
the intensity of fine-scale SGS. Likewise, limited seed dispersal
reinforces these patterns by promoting the spatial clustering of ge-
netically related individuals. In tree species, seeds tend to fall close
to the maternal tree, leading to spatial clustering of related individ-
uals (Berg and Hamrick 1994). Such localized seed dispersal, char-
acterized by short dispersal distances, reinforces this clustering
pattern and consequently promotes strong fine-scale SGS within
populations (Buzatti et al. 2012).

In addition to genetic factors, phenotypic traits such as leaf shape
may also exhibit specific distribution patterns at a fine spatial scale.
Leaf shape, closely linked to functional traits, serves as a key fea-
ture in plants and plays an important role in plant taxonomy and
systematics and also reflects adaptive response to environmental
changes (Du et al. 2022; Nicotra et al. 2011; Qi et al. 2025; Ramirez-
Valiente et al. 2017; Zhang et al. 2025). Meanwhile, genetic struc-
ture ata fine spatial scale can influence local adaptation by shaping
patterns of gene flow, genetic drift, and selection, thereby affecting
the evolutionary potential of populations. Therefore, understand-
ing fine-scale SGS and phenotype variation, such as leaf shape, can
reveal how evolutionary processes act on both genetic and pheno-
typic levels to drive plant adaptation. Integrating fine-scale SGS
with analyses of leaf shape variation helps identify whether similar
phenotypes arise from shared genetic backgrounds or represent in-
dependent local adaptations, offering a more comprehensive view
of adaptation at a fine spatial scale.

In studies of leaf shape, traditional morphometric methods are
commonly used to quantify variation through multivariate
statistical analysis of quantitative and qualitative leaf traits,
such as the linear distance, angle, and area (Henderson 2006).
Specific leaf area (SLA), as a comprehensive indirect leaf trait,
represents the trade-off between leaf mass and leaf size (Pérez-
Harguindeguy et al. 2016). However, this trade-off is not always
straightforward; sometimes the leaf area may fail to keep pace
with the increase in leaf dry mass, a phenomenon referred to
as “diminishing returns” (Niklas et al. 2007, 2009). However,
traditional morphometric methods studies are often influenced
by leaf size and may not effectively capture leaf shape variation
in an intuitive way. Current developed geometric morphomet-
ric methods (GMMs) can digitize leaf shape based on Cartesian
landmark coordinates, using multivariate statistical analysis to
identify leaf shape variation among species to avoid interfer-
ence (such as leaf size, direction, and location), and can directly
reflect leaf shape variation (Du et al. 2022; Klingenberg 2011;
Ray 1992; Viscosi and Cardini 2011).

Fagaceae (ca. 1000 species across eight genera) is one of the
most important families of temperate and subtropical forests
worldwide (Govaerts et al. 1998). In China, Fagaceae species
inhabit a wide range of environments, from the Himalayas
in the west to Taiwan Island in the east (Huang et al. 1999).
Many studies indicate that interspecific hybridization was
prevalent in Fagaceae species, such as between Quercus rubra
and Q. ellipsoidalis (Gailing et al. 2012), Q. acutifolia and Q.
grahamii (Pérez-Pedraza et al. 2021), Castanopsis sieboldii

and C. cuspidata (Aoki et al. 2014). Hybridization may influ-
ence fine-scale SGS by promoting interspecific gene flow and
altering the spatial distribution patterns (Curtu et al. 2015;
Valbuena-Carabafia et al. 2007). Moreover, hybrid individuals
may exhibit various intermediate phenotypes (Li et al. 2022).
Fagaceae plants often occur sympatrically at a fine spatial
scale; therefore, providing a good model to study fine-scale
SGS and leaf shape variation.

Our study focuses on the fine-scale SGS and leaf shape varia-
tion of Fagaceae species located in Wuyishan National Park.
Wuyishan National Park represents the most intact and larg-
est mid-subtropical forest ecosystem in southeastern China
(Chen et al. 2024). The area has a typical subtropical monsoon
climate with abundant precipitation and full sunshine (Zheng
et al. 2025). The average annual precipitation is 1486-2150mm
and the average annual temperature is 8.5°C-18°C. The re-
gion offers an ideal habitat and reproductive environment due
to its unique topography and habitat diversity (Li et al. 2023).
Although long-term conservation efforts have been imple-
mented, local habitat fragmentation still exists due to exten-
sive plantations of Phyllostachys edulis and Camellia sinensis
(Ding et al. 2015; Yang 2020). Fagaceae species are dominant
or constructive components of the local forest, particularly
species of genera Quercus and Castanopsis (Ding et al. 2015).
Quercus, the largest genus in the Fagaceae family, is known
for its high species richness and strong ecological adaptability
(Cavender-Bares 2019; Du et al. 2022; Kremer et al. 2012; Zhang
et al. 2025). Castanopsis, the third largest genus in the family,
consists of dominant trees in subtropical evergreen broad-leaved
forests and tropical seasonal rainforests (Wang et al. 2022). We
investigated two Quercus species (Quercus glauca Thunb. and Q.
multinervis J. Q. Li) and three Castanopsis species (Castanopsis
tibetana Hance, C. faberi Hance, and C. fargesii Franch.) within
Wuyishan National Park. All five tree species are monoecious
plants, wind-pollinated and seeds dispersed by gravity (Chen
et al. 2008; Curtu et al. 2015; Liu et al. 2008). Hybridization
has been reported between Q. glauca and Q. multinervis (Deng
et al. 2013), while no such events have been documented among
the other species. The two Quercus species differ in leaf mor-
phology; Q. multinervis typically has more secondary veins than
Q. glauca (Huang et al. 1999). In addition, the leaf margin of
Q. glauca bears sparse serrations above the midpoint, whereas
Q. multinervis shows sharp serrations restricted to the upper
one-third of the margin (Huang et al. 1999). Among the three
Castanopsis species, C. tibetana has large leaves (c. 15-30cm
long, 5-10cm wide) with serrate teeth near the apex and a dark
brown abaxial surface (Huang et al. 1999). C. faberi has leaves
with entire margins or a few serrations near the apex, and a
compact, grayish-white layer of scalelike trichomes on the ab-
axial surface (Huang et al. 1999). C. fargesii has leaves with en-
tire margins or a few shallow teeth from middle to apex, and
a thick, mealy yellowish-brown layer of scalelike trichomes on
the abaxial surface (Huang et al. 1999). Previous studies have
investigated either fine-scale SGS or leaf shape variation in Q.
glauca (Gillani et al. 2023; Tong et al. 2021), but few studies have
comprehensively explored both fine-scale SGS and leaf shape
variation to analyze these species.

Our study systematically investigates the fine-scale SGS and leaf
shape variation of five evergreen Fagaceae species in Wuyishan
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FIGURE1 |

C. fargesii

Sampling locations and leaf morphology for five Fagaceae species: Quercus glauca, Q. multinervis, Castanopsis tibetana, C. faberi and

C. fargesii in the Wuyishan National Park. (a) Sampling locations for each individual of the two genus Quercus species and (b) three genus Castanopsis
species. Population codes and site description are given in Table S1. Leaf morphology on the right represents the leaves of Q. glauca, Q. multinervis,

C. tibetana, C. faberi and C. fargesii.

National Park by conducting genetic and leaf morphological
analyses. In this study, we tested three hypotheses: (1) closely
related species exhibit fine-scale spatial genetic structure due to
localized genetic differentiation; (2) leaf morphological traits dif-
fer among populations and species as a result of adaptation; and
(3) hybridization and gene flow among species partially overlap
leaf traits while maintaining distinct genetic boundaries.

2 | Materials and Methods
2.1 | Sampling

The sampling was conducted in the evergreen broad-leaved for-
est at Wuyishan National Park in southeastern China, where
Fagaceae is among the most dominant tree species. According
to morphological identification, we collected a total of 601 adult
trees for five species from the genera Quercus and Castanopsis of
Fagaceae. The sampling covered the entire distribution range of
the five study species in Wuyishan National Park. For Quercus,
we sampled 207 individuals from eight populations of Q. glauca

and 119 individuals from three populations of Q. multinervis
(Figure 1a). For Castanopsis, we sampled 111 individuals from
seven populations of C. tibetana, 102 individuals from seven
populations of C. faberi, and 62 individuals from four popula-
tions of C. fargesii (Figure 1b). Within each population, each
adult tree was sampled at a minimum of 10m interval (Soto
et al. 2007), so as to minimize the sampling of close relatives.
We collected a total of five to seven mature and intact leaves
along the four cardinal directions in the middle layer of the can-
opy for leaf morphological analysis, and one to two young leaves
or new branches for DNA isolation. We dried all leaf samples in
silica gel immediately and recorded the latitude, longitude, and
altitude of each individual using a 621sc global positioning sys-
tem (GPS) device (Garmin, Beijing, China). The detail sampling
information was listed in Table S1.

2.2 | DNA Isolation and Microsatellite Genotyping

We extracted genomic DNA from leaf tissue using a Plant
Genomic DNA Extraction Kit (Tiangen, Beijing, China). The
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Landmark Description

LM1 Base of the petiole

LM3 Tip of the blade

LM2 Junction of the blade and petiole

LM4 Base of the apical sinuses of the right-hand blade tip

LMS5 The first lobe immediately above the tip of the right-hand blade

LM6 Tip of the right-hand blade at the largest width

LM7 Tip of the first vein immediately above the base of the right-hand blade, starting from the petiole
LM8 Base of the apical sinuses of the left-hand blade tip

LM9 The first lobe immediately above the tip of the left-hand blade

LM10 Tip of the left-hand blade at the largest width

LM11 Tip of the first vein immediately above the base of the left-hand blade, starting from the petiole

—
lem

FIGURE2 | Leafconfiguration of Q. glauca, showing four traditional leaf morphological traits and locations of the 11 features used as landmarks

(LMs) with descriptions of the LMs on the right.

DNA quality was initially checked using a 1% agarose gel
and then the concentration was measured by an ultramicro-
spectrophotometer (Thermo Fisher, USA). We randomly selected
two individuals from each of three distant sites of species for pre-
amplification experiments with 63 nuclear microsatellite (nSSR)
loci developed from other Fagaceae species (Table S2), because
nSSR offers cost-effectiveness, reliability, and effectiveness in
species identification (Guichoux et al. 2011; Qi et al. 2024). We
excluded loci harboring null alleles as identified by MICRO-
CHECKER v.2.2 (Van Oosterhout et al. 2004). We applied 10
successfully amplified nSSR loci for genotyping all 601 indi-
viduals (Table S2). These loci, which were previously developed
from Castanea sativa, Fagus sylvatica (Sebastiani et al. 2004),
Q. mongolica var. crispula (Ueno et al. 2008), Q. robur, Q. pet-
raea (Durand et al. 2010), showed high polymorphism in pre-
amplification experiments. The PCR conditions followed Du
et al. (2017) and we analyzed the PCR products using an ABI
PRISM 3730 Genetic Analyzer (Applied Biosystems, USA).
Subsequently, we scored the alleles using GENEMARKER v.2.2
(Softgenetics, USA) and checked the genotypes twice.

2.3 | Leaf Morphology

We scanned five intact and dried leaves of each individual with
the abaxial surface uppermost using a CanoScan 5600F scan-
ner (Canon Inc., Japan) at a resolution of 600 dpi. We then con-
ducted traditional morphometric methods and GMMs for leaf
shape variation. For traditional morphometric methods, we
measured seven leaf traits to study leaf morphological char-
acters, including leaf length (LL, cm), petiole length (PL, cm),
leaf width (LW, cm), length of lamina from base to widest point
(WP, cm), leaf area (LA, cm?), leaf mass (LM, g), and specific
leaf area (SLA, cm?-g™!) (Figure 2). For GMMs, we selected 11
landmarks for each leaf, including three landmarks distributed
along the middle axis of the leaf (LM1-LM3) and eight land-
marks symmetrically distributed on both sides of the leaf (LM4-
LM11) (Figure 2) (Jensen 1990; Savriama and Klingenberg 2011;
Viscosi et al. 2009). We organized the raw data for all leaf land-
mark configurations into 11 pairs of Cartesian coordinates (x, y)
as the core variables using ImageJ v.1.5 (Abramoff et al. 2004).
Then we imported all the x, y coordinates as input data into
Morphol for the following analysis (Klingenberg 2011).

2.4 | Data Analysis
2.4.1 | Genetic Diversity and Differentiation

We estimated the number of different alleles (N,), number of
effective alleles (N), Shannon's information index (I), observed
heterozygosity (H,,), expected heterozygosity (Hy,), and unbiased
expected heterozygosity (uH,) by GENALEX v.6.5 (Peakall and
Smouse 2012). As each summary statistic was not normally dis-
tributed nor homogeneous, we carried out the Kruskal-Wallis H
tests in SPSS 26 (SPSS Inc., Chicago, IL, USA) to test the signifi-
cance of genetic diversity.

We performed Bayesian cluster analysis inference of the pop-
ulation structure for all individuals of five Fagaceae species
using STRUCTURE v.2.3 (Pritchard et al. 2000). We performed
20 independent runs for each value of K (1-10) using 200,000
generations for the Markov Chain Monte Carlo cycles (MCMC)
and 100,000 generations for the burn-in cycles. We estimated the
most likely number of clusters (K) using AK and LnP (K) statis-
ticsin the STRUCTURE HARVESTER (Earl and Vonholdt 2012;
Evanno et al. 2005). In order to further explore possible ge-
netic clusters, we provided STRUCTURE plots for different K
values for visual comparison using DISTRUCT (Figure 3a)
(Rosenberg 2004). We used admixture coefficient (Q) values to
determine whether individuals were purebred or hybrid. We se-
lected the threshold Q values of 0.9/0.1 as suggested by other
oak studies (Lepais et al. 2009; Pefialoza-Ramirez et al. 2010; Qi
et al. 2024). Individuals with Q values more than 0.9 or smaller
than 0.1 were classified as purebreds, while those with Q values
between 0.1 and 0.9 were considered intermediate or hybrids.
The analyses were conducted based on pure and all individuals
by genetic assignment in this study respectively to evaluate the
potential influence of hybridization on genetic diversity and dif-
ferentiation, fine-scale SGS, and leaf shape variation. We also
performed principal coordinate analysis (PCoA) of the genetic
distance matrix and plotted the first two eigenvectors to visu-
alize genetic proximities of individuals using GENALEX v.6.5
(Peakall and Smouse 2012).

We conducted hierarchical analysis of molecular variance
(AMOVA) to quantify the degree of genetic differentiation be-
tween species and among populations using ARLEQUIN v.3.5
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FIGURE 3 | Genetic assignment and differentiation of the five Fagaceae species based on nuclear microsatellite (nSSR) data. (a) Histogram as-

signments of all individuals, each bar represents a single individual, with portions of the bar colored depending on the ancestry proportions estimat-
ed. Each species is indicated on the top and population codes below the histogram. (b) Principal coordinates analysis (PCoA) for pure individuals

based on nSSR data.

(Excoffier and Lischer 2010). Subsequently, we evaluated the
significance of genetic differentiation using 10,000 permuta-
tions in ARLEQUIN v.3.5.

2.4.2 | Inference of Fine-Scale Spatial Genetic Structure
(Fine-Scale SGS)

We assessed the fine-scale SGS through individual-level spa-
tial autocorrelation analysis using SPAGeDi v.1.5 (Hardy and
Vekemans 2002). We first divided the spatial distances of each
species into 10 distance classes to ensure an equal number of
pairwise comparisons for each class. We then estimated the av-
erage of the pairwise kinship coefficient (F,) for each distance
class using Nason's estimator, which represents the genetic re-
latedness between individuals i and j (Loiselle et al. 1995). The
significance of F;; at each distance class was tested by a 95%
confidence interval derived from 10,000 permutations. Next, we
quantified the intensity of fine-scale SGS using the S, statistic
to enable direct comparison of fine-scale SGS (Vekemans and
Hardy 2004). The Sp statistic is calculated as Sp: —-b/(1 - F)),
where b is the slope of the regression of F; values on the natu-
ral logarithm of the spatial distance among individuals, and F;
is the average of Fy in the first distance class (Vekemans and
Hardy 2004). Finally, we visualized fine-scale SGS by plotting
the relationship between Fy and geographical distance.

2.4.3 | LeafMorphological Analysis

For traditional morphometric methods, we first carried out
the Shapiro-Wilk test and Levene test (package car, Fox and
Weisberg 2019) to test for normality and homogeneity of vari-
ance respectively. We then conducted a one-way analysis of
variance (one-way ANOVA) to test the differences among
species for the seven traditional leaf morphological traits (Li
et al. 2022). Finally, we calculated the mean and standard de-
viation (SD) using SPSS 26. We also estimated the coefficient
of variation (CV) to compare and quantify the degree of leaf
shape variation for each trait among species. Because LA is not
always independent of interspecies differences in LM, we used

subsequent statistical analyses as log, ,-transformed data (Niklas
et al. 2007). We conducted preliminary regression analyses to
calculate the standardized major axis slopes and intercepts («
and logg, respectively) for log-log linear relations between LA
and LM for each species.

For GMMs analysis, we first conducted generalized procrustes
analysis (GPA) to extract leaf shape and leaf size by minimiz-
ing the sum of squared distances among corresponding land-
marks (Klingenberg et al. 2002; Rohlf and Slice 1990; Viscosi
and Cardini 2011). We then removed outliers that significantly
deviated from the averages. Next, we separated symmetric (the
variation in averages of the original and mirrored configura-
tions) and asymmetric components (the differences between
original and mirrored configurations) for the leaf shape data
(Klingenberg et al. 2002; Mardia et al. 2000). We created a wire-
frame for visualizing leaf shape changes. Finally, we created co-
variance matrices at the tree level for subsequent multivariate
statistical analysis. We performed principal component analy-
sis (PCA) on symmetric and asymmetric components to iden-
tify the leaf shape variations among species (Klingenberg 2011;
Klingenberg et al. 2012). We conducted two-block partial least
squares (2B-PLS) analysis on symmetric and asymmetric com-
ponents to assess allometric patterns of covariation between leaf
size and shape (Rohlf and Corti 2000). We performed canoni-
cal variate analysis (CVA) to detect differences among species
using Mahalanobis distances for permutation tests (T2 statis-
tics; 10,000 permutations per test) (Viscosi and Cardini 2011).
We performed discriminant analysis (DA) to distinguish the
species using cross-validated scores classification tables with
T? statistics (p value for tests with 1000 permutations <0.0001)
(Klingenberg 2011).

3 | Results
3.1 | Genetic Diversity and Differentiation
The observed heterozygosity (H,) ranged from 0.54 to 0.60,

and the expected heterozygosity (Hy) ranged from 0.54 to 0.62
(Tables S3 and S4). Bayesian clustering indicated that K equals
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three as the optimal number of clusters (Figure S1), group-
ing all individuals into three clusters: one corresponded to Q.
glauca, one to Q. multinervis, and the other to the three species
of Castanopsis (Figure 3a). When K equals five, each species was
classified into a distinct cluster (Figure 3a). Based on a thresh-
old Q value of 0.9/0.1, 79 individuals were identified as admix-
ture: Q. glauca X multinervis (13), Q. glauca x C. tibetana (12), Q.
glauca x C. faberi (7), Q. glauca X C. fargesii (4), Q. multinervis X
C. tibetana (8), Q. multinervis x C. faberi (3), Q. multinervis X C.
fargesii (5), C. tibetana X faberi (13), C. tibetana X fargesii (7), C.
faberi X fargesii (7) (Figure 3a). The PCoA analysis was consis-
tent with the STRUCTURE analysis, showing five clusters cor-
responding to the five Fagaceae species (Figure 3b; Figure S2).

The results of AMOVA indicated a high level of genetic differ-
entiation among species (Table 1; Table S5). The intraspecies
analysis revealed that Q. glauca exhibited the highest genetic
differentiation, while C. fargesii showed the lowest genetic
differentiation (Table 1; Table S5). The majority of the genetic
variation occurred within populations (Table 1; Table S5). The
results of genetic diversity and differentiation for all individuals
were similar to those for pure individuals.

3.2 | Fine-Scale Spatial Genetic Structure
(Fine-Scale SGS)

We detected significant fine-scale SGS in both Quercus and
Castanopsis species (p<0.001) (Figure 4; Figure S3). For the
Quercus species, Q. glauca presented a stronger fine-scale SGS
with significant F;; extending up to 2.91km, while Q. multinervis
displayed significant Fy; up to 0.63 km. Among the Castanopsis
species, C. faberi exhibited significant Fy; up to 2.53 km, C. far-
gesii up to 0.65km and C. tibetana up to 0.53km. For all species,
Fy peaked at the first distance class and decreased with the in-
creased distance.

Q. glauca had the highest F, value at the first distance class of
0.89km. The S_ statistic, indicating the intensity of fine-scale
SGS, was highest in Q. glauca (Sp =0.031) and lowest in C. faberi
(Sp=0.016). The fine-scale SGS results for all individuals were
similar to those for pure individuals.

3.3 | Leaf Shape Variation

One-way ANOVA showed significant differences in the seven tra-
ditional leaf morphological traits among species (Tables S6 and S7).
The seven traditional leaf morphological traits showed that the CV
ranged from 17.80% to 96.81%, LM and LA had higher variability
than other traits (Table 2; Table S8). C. tibetana had the largest
leaves, while C. fargesii had the smallest leaves (Table 2; Table S8).

Statistically significant scaling relationships between LA and LM
were observed. LA and LM were correlated, with LA generally
scaling less than a one-to-one ratio with increasing LM (Table 3;
Table S9). C. fargesii had the highest scaling exponents, while the
scaling exponents of other species were similar (Table 3; Table S9).

For GMMs analysis, the results of PCA for symmetric compo-
nents indicated partial separation of Q. glauca, C. tibetana, and

TABLE 1 | Analysis of molecular variance (AMOVA) for pure
individuals of the five Fagaceae species based on nuclear microsatellite
(nSSR) data.

Source of

variation df SS VC V% Fyr

Q. glauca

Among 7 138.99 0.37 12.26 0.12

populations

Within 366
populations

976.97 2.67 87.74

Q. multinervis

Among 2 37.05 0.25 7.42 0.07
populations

Within 213
populations

677.08 3.18 92.58

C. tibetana

Among 6 35.06 0.14 5.29 0.05
populations

Within 167
populations

C. faberi

Among 6 27.16 0.09 3.69 0.04
populations

411.65 2.46 94.71

Within 165
populations

387.71 2.35 96.31

C. fargesii

Among 3 9.96 0.04 1.43 0.01
populations

Within 104
populations

251.74 2.42 98.57

All species

Among 4 856.85 1.00 24.12

species

Among 24 279.52 0.26 6.23 0.30
populations

within

species

Within 1015
populations

2936.17 2.89 69.65

Note: Significance tests (1000 permutations) showed all fixation indices were
significant (p <0.001).

Abbreviations: df, degrees of freedom; F, differentiation among populations;
SS, sum of squares; V%, percentage of variation; VC, variance component.

C. faberi, with PC1 accounted for 45% and PC2 accounted for
28% (Figure 5a; Figure S4a). The leaf shape variations were as-
sociated with the relative length of the petiole, the upper part
of the leaf, and the leaf base and apex (Figure 5a; Figure S4a).
PCA for asymmetric components indicated fully and densely
overlap among species, and the leaf shape variation showed no
regular pattern (Figures S5a and S6a). 2B-PLS analysis showed
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Fine-scale spatial genetic structure (fine-scale SGS) for pure individuals of the five Fagaceae species based on nuclear microsatellite

(nSSR) data. The pairwise kinship coefficient (Fij) was plotted against geographical distances (km). The dotted lines indicate the 95% confidence

interval for the pairwise kinship coefficient (F ij) values (shown by solid lines). S statistic represents the intensity of fine-scale SGS for each species.

significant allometric patterns in the symmetric components
(Figure 5b; Figure S4b), while not in the asymmetric compo-
nents (Figures S5b and S6b). As leaf size increased, the relative
length of the petiole decreased, the leaf shape changed from
subelliptical to lanceolate, and overall narrowed (Figure 5b;
Figure S4b). CVA indicated the five species formed five groups
along the CV axis, with the first two CVs accounted for 85%
of the total leaf shape variation (Figure 5c; Figure S4c). CVA
showed that Q. glauca had relatively longer petioles and nar-
rower leaf base compared to C. faberi (Figure 5c; Figure S4c).
DA showed high accuracy in leaf species identification, ranging
from 93% to 100%, with the lowest discrimination rate between
Q. glauca and Q. multinervis at 94.65% and 92.59% (Figures S7

and S8). The results of leaf shape variation for all individuals
were similar to those for pure individuals.

4 | Discussion

In this study, we investigated both fine-scale SGS and leaf shape
variation in five Fagaceae species from the genera Quercus and
Castanopsis in Wuyishan National Park. Our results revealed that
Castanopsis and Quercus species exhibit distinct levels of genetic
diversity, and that Quercus species exhibit stronger fine-scale SGS
than Castanopsis species. Leaf morphological analysis shows
that Quercus and Castanopsis species differ in leaf shape; LA and
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TABLE 2 | Means and standard deviations (SD) of seven traditional leaf morphological traits for pure individuals of the five Fagaceae species and

coefficient of variation (CV) for each trait.

Traditional leaf morphological

traits Q. glauca Q. multinervis C. tibetana C. faberi C. fargesii CV (%)
Leaflength (LL) (cm) 12.31+1.85 13.45+1.86 22.16+£3.71 11.33+1.72 10.17+1.58 32.24

Petiole length (PL) (cm) 2.14+0.50 1.74+0.40 2.15+0.43 0.78+0.28 0.78+0.20 41.62

Leaf width (LW) (cm) 2.47+0.45 2.42+0.39 4.41+0.77 1.9340.30  1.58+0.24  37.72

Length of lamina from base to 6.10£1.19 6.46+1.21 11.43+2.64 4.88+1.06 4.68+0.79 39.60

widest point (WP) (cm)

Leaf mass (LM) (g) 0.68+0.24 0.62+£0.19 2.59+£0.96 0.43+0.14 0.30£0.09 96.81

Leaf area (LA) (cm?) 41.00+12.33 43.61+11.63 135.07+42.88 30.09+8.44 22.33+6.05 78.89

Specific leaf area (SLA) (cm?-g™!) 61.61+8.28 72.14+10.45 53.54+8.00 70.80+9.36  75.28+9.96 17.80

TABLE3 | Statistical parameters of the log-log linear relations between leaf area (LA) and leaf mass (LM) for pure individuals of the five Fagaceae

species.
Q. glauca Q. multinervis C. tibetana C. faberi C. fargesii
a 0.80 0.80 0.80 0.81 0.83
IOgﬂ 1.75 1.80 1.80 1.77 1.78
95% CI (0.78,0.82) (0.78, 0.83) (0.76, 0.83) (0.77, 0.85) (0.78, 0.88)
R? 0.84 0.80 0.84 0.79 0.81
p <0.001 <0.001 <0.001 <0.001 <0.001

Note: p value indicates statistical significance.

Abbreviations: «, the slope of the log, -transformed LA vs. LM regression curve; 3, the elevation of the log, -transformed LA vs. LM regression curve; CI, confidence

intervals; R?, coefficient of determination.

LM display the most significant interspecific differences. All five
species show a pattern of diminishing returns in leaf trait scal-
ing. Species delimitation based on molecular markers was more
distinct than that based on morphological traits. Given the habi-
tat fragmentation in this region, our findings underscore the im-
portance of conserving fine-scale SGS and considering leaf shape
variation in the design of effective conservation strategies.

4.1 | Patterns of Fine-Scale Spatial Genetic
Structure

Castanopsis and Quercus species exhibit distinct levels of genetic
diversity (Table S3). This pattern is consistent with previous
studies, where the expected heterozygosity of Castanopsis spe-
cies generally ranges from 0.69 to 0.72 (e.g., C. acuminatissima,
Blakesley et al. 2004; C. chinensis, He et al. 2013), while Quercus
species generally ranges from 0.31 to 0.54 (e.g., Q. geminata,
Ainsworth et al. 2003; Q. fabri, Chen et al. 2021).

The intensity of fine-scale SGS (Sp) across the five species ranged
from 0.016 to 0.031 (Figure 4), placing them in the upper-medium
range compared with previous studies in Fagaceae species (e.g., Q.
ilex, Sp =0.004; Q. suber, Sp =0.023; Soto et al. 2007). The intensity
of fine-scale SGS is affected by pollen and seed dispersal abilities
(Born et al. 2008) and is positively correlated with the degree of
limited gene flow (Curtu et al. 2015). We found that Quercus spe-
cies exhibit higher intensity of fine-scale SGS than Castanopsis

species, consistent with more limited gene flow. Studies show
that Quercus species possess typically limited pollen dispersal dis-
tances of approximately 65m (e.g., Q. lobata, Sork et al. 2002), and
most seeds are dispersed within 20m (e.g., Q. liaotungensis, Li and
Zhang 2003). In contrast, Castanopsis species appear to rely more
on a high potential for long-distance dispersal of pollen (e.g., C. sie-
boldii, Nakanishi et al. 2012), and most seeds' dispersal distances
might exceed 100m (e.g., C. chinensis, Wang et al. 2014). These
dispersal strategies have direct consequences for genetic diversity
and spatial genetic patterns (Islam et al. 2014). Limited dispersal
in Quercus species can lead to stronger local genetic clustering and
increased genetic drift, potentially reducing within-population ge-
netic diversity over time (Montalvo et al. 1997). In contrast, greater
gene flow in Castanopsis species may buffer against genetic ero-
sion and promote higher heterozygosity (Wu et al. 2024). In addi-
tion, the fine-scale SGS results remained nearly unchanged after
the removal of the mixed individuals (Figure 4; Figure S3), indicat-
ing that hybridization had a negligible influence on fine-scale SGS
in this study. This finding is consistent with observations from
other mixed oak forests (Curtu et al. 2015).

4.2 | Leaf Shape Variation Associated With
Ecological Adaptation

Leaf shape variation often reflects the adaptability of plant
species to their environment, particularly in relation to water
and light utilization (Blue and Jensen 1988; Du et al. 2022; Qi
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FIGURE 5 | Leaf geometric morphometric analysis at the tree level for pure individuals of the five Fagaceae species. (a) Scatter plot of principal
component analysis (PCA) for symmetric components with 90% confidence ellipses. Transformation grid below shows extreme leaf shapes along
PCs. (b) Scatter plot of two-block partial least squares (2B-PLS) analysis for symmetric components. Transformation grid shows leaf shapes along
PLS axis. (c) Scatter plot of canonical variate analysis (CVA) with 90% confidence ellipses. Transformation grid below shows extreme leaf shapes
along CVs.
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et al. 2025; Ramirez-Valiente et al. 2017; Zhang et al. 2025).
The seven traditional leaf morphological traits exhibited signif-
icant variations among five Fagaceae species (Table S6), with
an average CV of 49.24% (Table 2). Compared with other oak
studies (e.g., Q. guyavifolia, 20.99%, Sun et al. 2016; Q. castane-
ifolia, 29.99%, Aliyeva 2021), the five Fagaceae species showed
greater variation in leaf shape. Notably, LA and LM exhibited
the highest CV values, suggesting that these two traits may be
more responsive to the species differentiation. Further inves-
tigation of the scaling relationships between LA and LM re-
vealed significant diminishing returns in five Fagaceae species
(Table 3), with similar diminishing returns also observed in
other Fagaceae studies (e.g., Q. glauca, Guo et al. 2022; Q. ser-
rata, Qi et al. 2025; Q. multinervis, Zhu et al. 2019). The concept
of diminishing returns indicates a faster increase in LM than
LA, with increased investment in dry mass of per unit leaf area
reflecting higher investment to inert mass components (which
increase leaf size but contribute minimally to photosynthetic
capacity), such as cellulose, lignin, and sclerenchyma (Niklas
et al. 2007). Among the five species, C. fargesii not only exhib-
ited the strongest diminishing returns (Table 3), but also had the
smallest leaves (i.e., smallest LL, PL, and LA) (Table 2), which
may reduce transpiration water loss through a smaller surface
area (Casper et al. 2001; Qin et al. 2018). This combination of
strongest diminishing returns and smallest leaves may enhance
the species’ competitiveness in resource-limited environments
(Goud et al. 2023; Qi et al. 2025; Wright et al. 2004).

GMMs results revealed that symmetric components of leaf shape
more effectively captured morphological variation across the
five species than asymmetric components (Figure 5; Figure S5),
a phenomenon also found in other oak studies, such as Q. den-
tata (Yang et al. 2022), Q. cerris and Q. frainneto (Jovanovic¢
etal. 2022), and Q. aquifolioides (Li et al. 2021). Leaf morphology
between the genera Quercus and Castanopsis species showed a
clear separation in symmetric components, with partial over-
lap (Figure 5). Quercus species exhibited a greater range of leaf
shape variation, characterized by longer petioles and narrower
leaf base compared to Castanopsis species (Figure 5). One plau-
sible explanation for this difference is their potential adaptation
to varying water availability (Ramirez-Valiente et al. 2017).
Some studies indicated that Quercus species exhibit strong adap-
tation to drought conditions (e.g., Q. robur, Nosenko et al. 2025),
while Castanopsis species are more adapted to humid environ-
ments and tend to be less drought-resistant (e.g., C. hystrix, Shen
et al. 2023). Alternatively, differences in light adaptation may
also contribute. Light-demanding Quercus species might en-
hance light capture through longer petioles (e.g., Q. velutina,
Kusi and Karsai 2019) while Castanopsis species (C. faberi and
C. fargesii) might be better suited to closed-canopy environments
due to their shorter petioles (e.g., C. fargesii, Cornelissen 1993).
Moreover, in this study, the patterns of leaf shape variation
based on all individuals were almost unchanged to those ob-
tained after excluding the mixed individuals, indicating that hy-
bridization had little influence on leaf shape variation.

Although Quercus and Castanopsis species exhibit taxonomic
ambiguity in morphology, they are clearly distinct by genetic
assignment (Figures 3 and 5). This pattern, together with the
strong fine-scale SGS observed in Quercus and Castanopsis spe-
cies (Figure 4), suggests that leaf shape variation does not align

with the neutral genetic variation. Leaf shape variation is more
likely to represent ecological adaptation and responses to local
environmental conditions. In this study, although the species
are distributed across a relatively small spatial scale, the ge-
netic differentiation between Q. glauca and Q. multinervis was
more obvious (Figure 3), suggesting more limited gene flow be-
tween them.

4.3 | Conservation Implications

Integrating studies of the intensity of fine-scale SGS and leaf
shape variation is crucial for developing species conservation
strategies. The five species exhibited significant fine-scale SGS,
likely reflecting local habitat fragmentation (Harata et al. 2012),
which might drive loss of genetic diversity (Moreira et al. 2009)
and thereby reduce species’ adaptability to environmental
change (Du 2023). Moreover, variation in leaf traits represents
phenotypic responses of plants to environmental pressures (Du
et al. 2022; Qi et al. 2025; Zhang et al. 2025). High intensity of
fine-scale SGS and low genetic diversity as observed in Q. glauca
and Q. multinervis, indicates limited adaptive capacity. These
species also exhibit weak diminishing returns, suggesting rel-
atively reduced investment in leaf mass per unit area under
resource-limited conditions. However, their broad range of leaf
shape variation and long petioles suggest adaptive advantages
in drought-prone, high-light environments. For these species,
ex situ conservation strategies in drought, sufficient light envi-
ronments are recommended. In contrast, C. tibetana, C. faberi
and C. fargesii exhibit low intensity of fine-scale SGS and high
genetic diversity, indicating greater adaptive potential. These
species show strong diminishing returns, which align with a
resource-conservative strategy that may be advantageous in
competitive or resource-limited environments. Their narrow
leaf shape variation and short petioles suggest adaptation to
humid, shaded habitats. In situ conservation, combined with
effort to maintain higher humidity and reduce light exposure,
would be appropriate for these species. Overall, our findings ad-
vocate for prioritizing genetic factors in conservation planning,
while considering phenotypic traits, such as leaf shape varia-
tion, as supplementary indicators of adaptive capacity. In the
near future, genome-wide data from next generation sequenc-
ing with detailed microenvironmental information will greatly
enhance our understanding of environmental adaptability and
support more effective conservation efforts.

Author Contributions

Rongle Wang: conceptualization (supporting), data curation (lead),
formal analysis (lead), investigation (lead), methodology (equal),
project administration (supporting), validation (lead), visualization
(equal), writing - original draft (lead), writing - review and editing
(equal). Yanjun Luo: conceptualization (equal), data curation (sup-
porting), investigation (equal), methodology (equal), visualization
(equal), writing - review and editing (equal). Min Qi: data curation
(equal), formal analysis (supporting), methodology (equal), visualiza-
tion (equal), writing - review and editing (equal). Yi Zhang: visualiza-
tion (equal), writing — review and editing (equal). Jiawen Zhang: data
curation (equal), investigation (equal), writing — review and editing
(equal). Yibo Luo: funding acquisition (supporting), writing - review
and editing (equal). Fang K. Du: conceptualization (lead), funding
acquisition (lead), investigation (supporting), project administration

10 of 14

Ecology and Evolution, 2026

510117 SUOLLILIOD SA1IE81D 3|ea1dde aU) Aq pouanoB 2. SSPILE WO 88N J0 3N 10} ARRIG 1T 8UIIUO AB]IM UO (SUONIPUOD-PLE-SLLLBYLIOD" B |1 ARG PUIUO//'SANY) SUOIIPUOD P SWSS | 3U1 305 *[9202/20/8T] U0 AI1T8UIIUO AB1IM BUINDRUEIR0D Ad £982 'E999/200T OT/I0P/W0Y" S| 1 ARGl [pUIIUO//:SANY LOI POPEOIUMOQ ‘Z ‘9202 ‘852 LSH0Z



(lead), resources (lead), supervision (lead), validation (lead), visualiza-
tion (equal), writing - original draft (supporting), writing — review and
editing (lead).

Acknowledgments

We thank Wuyishan National Park and Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences for their sup-
port in the field. We thank Dr. Zhenghua Zang and Dr. Weihua Xu from
Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences for their support of the genetic diversity study in the National
Parks. FD acknowledges Dr. Saneyoshi Ueno for hosting her during
her sabbatical at the Forestry and Forest Products Research Institute
(FFPRI), Japan where she prepared the draft of this manuscript.

Funding

This research was supported by the National Key Programme of
Research and Development, the Ministry of Science and Technology
(2022YFF1301401) to YBL, the Special Program for the Institute
of National Parks, Chinese Academy of Sciences (KFJ-STS-ZDTP-
2022-001), and the National Science Foundation of China (No. 42571062
and U2571202) to FD.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Genotyping data can be found in https://doi.org/10.6084/m9.figsh
are.29126033, leaf traditional morphological data can be obtained in
https://doi.org/10.6084/m9.figshare.29124053, and leaf geometric mor-
phological data can be obtained in https://doi.org/10.6084/m9.figshare.
29124047. Photographs of sampling sites can be obtained at https://
www.oakofchina.org/photo-of-sampling/.

References

Abramoff, M. D., P.J. Magalhdes, and S.J. Ram. 2004. “Image Processing
With Imagel.” Biophotonics International 11, no. 7: 36-42. https://doi.
org/10.3233/ISU-1991-115-601.

Ainsworth, E. A., P. J. Tranel, B. G. Drake, and S. P. Long. 2003.
“The Clonal Structure of Quercus geminata Revealed by Conserved
Microsatellite Loci.” Molecular Ecology 12, no. 2: 527-532. https://doi.
0rg/10.1046/j.1365-294X.2003.01749.x.

Aliyeva, G. 2021. “Variations in Leaf Morphological and Functional
Traits of Quercus castaneifolia CA Mey. (Fagaceae) in Azerbaijan.”
Skvortsovia; International Journal of Salicology and Plant Biology 7, no.
2:41-53. https://doi.org/10.51776/2309-6500_2021_7_2_41.

Angbonda, D. M. A, F. K. Monthe, N. Bourland, F. Boyemba, and O. J.
Hardy. 2021. “Seed and Pollen Dispersal and Fine-Scale Spatial Genetic
Structure of a Threatened Tree Species: Pericopsis elata (HARMS)
Meeuwen (Fabaceae).” Tree Genetics & Genomes 17, no. 3: 27. https://
doi.org/10.1007/s11295-021-01509-8.

Aoki, K., S. Ueno, T. Kamijo, et al. 2014. “Genetic Differentiation and
Genetic Diversity of Castanopsis (Fagaceae), the Dominant Tree Species
in Japanese Broadleaved Evergreen Forests, Revealed by Analysis of
EST-Associated Microsatellites.” PLoS One 9, no. 1: e87429. https://doi.
org/10.1371/journal.pone.0087429.

Ashley, M. V. 2010. “Plant Parentage, Pollination, and Dispersal: How
DNA Microsatellites Have Altered the Landscape.” Critical Reviews
in Plant Sciences 29, no. 3: 148-161. https://doi.org/10.1080/07352689.
2010.481167.

Berg, E. E., and J. L. Hamrick. 1994. “Spatial and Genetic Structure
of Two Sandhills Oaks: Quercus laevis and Quercus margaretta

(Fagaceae).” American Journal of Botany 81, no. 1: 7-14. https://doi.org/
10.1002/j.1537-2197.1994.tb15402.x.

Blakesley, D., G. Pakkad, C.James, F. Torre, and S. Elliott. 2004. “Genetic
Diversity of Castanopsis acuminatissima (Bl.) A. DC. in Northern
Thailand and the Selection of Seed Trees for Forest Restoration.” New
Forests 27, no. 1: 89-100. https://doi.org/10.1023/A:1025016331835.

Blue, M. P., and R. J. Jensen. 1988. “Positional and Seasonal Variation in
Oak (Quercus; Fagaceae) Leaf Morphology.” American Journal of Botany
75, no. 7: 939-947. https://doi.org/10.1002/j.1537-2197.1988.tb08798.x.

Born, C., O. J. Hardy, M. H. Chevallier, et al. 2008. “Small-Scale
Spatial Genetic Structure in the Central African Rainforest Tree
Species Aucoumea klaineana: A Stepwise Approach to Infer the
Impact of Limited Gene Dispersal, Population History and Habitat
Fragmentation.” Molecular Ecology 17, no. 8: 2041-2050. https://doi.org/
10.1111/§.1365-294X.2007.03685.X.

Buzatti, R. S. D. O., R. A. Ribeiro, J. P. D. Lemos Filho, and M. B.
Lovato. 2012. “Fine-Scale Spatial Genetic Structure of Dalbergia nigra
(Fabaceae), a Threatened and Endemic Tree of the Brazilian Atlantic
Forest.” Genetics and Molecular Biology 35, no. 4: 838-846. https://doi.
0rg/10.1590/S1415-47572012005000066.

Casper, B. B., I. N. Forseth, H. Kempenich, S. Seltzer, and K. Xavier.
2001. “Drought Prolongs Leaf Life Span in the Herbaceous Desert
Perennial Cryptantha flava.” Functional Ecology 15, no. 6: 740-747.
https://doi.org/10.1046/j.0269-8463.2001.00583 X.

Cavender-Bares, J. 2019. “Diversification, Adaptation, and Community
Assembly of the American Oaks (Quercus), a Model Clade for Integrating
Ecology and Evolution.” New Phytologist 221, no. 2: 669-692. https://
doi.org/10.1111/nph.15450.

Chen, P., R. Xiong, J. Yuan, et al. 2024. “Investigation and Analysis
of Vascular Plant Resources and Diversity in Wuyi Mountain, Fujian
Province.” Asian Journal of Traditional Medicines 19, no. 1: 26-33.

Chen, X. D., J. Yang, Y. F. Guo, et al. 2021. “Spatial Genetic Structure
and Demographic History of the Dominant Forest Oak Quercus fabri
Hance in Subtropical China.” Frontiers in Plant Science 11: 583284.
https://doi.org/10.3389/fpls.2020.583284.

Chen, X. Y., X. X. Fan, and X. S. Hu. 2008. “Roles of Seed and Pollen
Dispersal in Natural Regeneration of Castanopsis fargesii (Fagaceae):
Implications for Forest Management.” Forest Ecology and Management
256, no. 5: 1143-1150. https://doi.org/10.1016/j.foreco.2008.06.014.

Cornelissen, J. H. C. 1993. “Aboveground Morphology of Shade-Tolerant
Castanopsis fargesii Saplings in Response to Light Environment.”
International Journal of Plant Sciences 154, no. 4: 481-495. https://doi.
0rg/10.1086/297132.

Curtu, A. L., I. Craciunesc, C. M. Enescu, A. Vidalis, and N. Sofletea.
2015. “Fine-Scale Spatial Genetic Structure in a Multi-Oak-Species
(Quercus spp.) Forest.” iForest—Biogeosciences and Forestry 8, no. 3:
324-332. https://doi.org/10.3832/ifor1150-007.

Deng, M., Z. K. Zhou, and Q. S. Li. 2013. “Taxonomy and Systematics
of Quercus Subgenus Cyclobalanopsis.” International Oaks 24: 48-60.

Ding, H., Y. Fang, Q. Yang, et al. 2015. “Community Characteristics
of a Mid-Subtropical Evergreen Broad-Leaved Forest Plot in the Wuyi
Mountains, Fujian Province, Southeastern China.” Biodiversity Science
23, no. 4: 479-492. https://doi.org/10.17520/biods.2015021.

Du, F. 2023. “Conservation of Genetic Diversity, the Fundamental
for Integrity and Authenticity of Terrestrial Natural Ecosystems in
National Parks.” National Park 1, no. 1: 27-33. https://doi.org/10.20152/
j-np.2023.01.004.

Du, F. K., M. Hou, W. Wang, K. Mao, and A. Hampe. 2017.
“Phylogeography of Quercus aquifolioides Provides Novel Insights Into
the Neogene History of a Major Global Hotspot of Plant Diversity in
South-West China.” Journal of Biogeography 44, no. 2: 294-307. https://
doi.org/10.1111/jbi.12836.

Ecology and Evolution, 2026

11 of 14

510117 SUOLLILIOD SA1IE81D 3|ea1dde aU) Aq pouanoB 2. SSPILE WO 88N J0 3N 10} ARRIG 1T 8UIIUO AB]IM UO (SUONIPUOD-PLE-SLLLBYLIOD" B |1 ARG PUIUO//'SANY) SUOIIPUOD P SWSS | 3U1 305 *[9202/20/8T] U0 AI1T8UIIUO AB1IM BUINDRUEIR0D Ad £982 'E999/200T OT/I0P/W0Y" S| 1 ARGl [pUIIUO//:SANY LOI POPEOIUMOQ ‘Z ‘9202 ‘852 LSH0Z


https://doi.org/10.6084/m9.figshare.29126033
https://doi.org/10.6084/m9.figshare.29126033
https://doi.org/10.6084/m9.figshare.29124053
https://doi.org/10.6084/m9.figshare.29124047
https://doi.org/10.6084/m9.figshare.29124047
https://www.oakofchina.org/photo-of-sampling/
https://www.oakofchina.org/photo-of-sampling/
https://doi.org/10.3233/ISU-1991-115-601
https://doi.org/10.3233/ISU-1991-115-601
https://doi.org/10.1046/j.1365-294X.2003.01749.x
https://doi.org/10.1046/j.1365-294X.2003.01749.x
https://doi.org/10.51776/2309-6500_2021_7_2_41
https://doi.org/10.1007/s11295-021-01509-8
https://doi.org/10.1007/s11295-021-01509-8
https://doi.org/10.1371/journal.pone.0087429
https://doi.org/10.1371/journal.pone.0087429
https://doi.org/10.1080/07352689.2010.481167
https://doi.org/10.1080/07352689.2010.481167
https://doi.org/10.1002/j.1537-2197.1994.tb15402.x
https://doi.org/10.1002/j.1537-2197.1994.tb15402.x
https://doi.org/10.1023/A:1025016331835
https://doi.org/10.1002/j.1537-2197.1988.tb08798.x
https://doi.org/10.1111/j.1365-294X.2007.03685.x
https://doi.org/10.1111/j.1365-294X.2007.03685.x
https://doi.org/10.1590/S1415-47572012005000066
https://doi.org/10.1590/S1415-47572012005000066
https://doi.org/10.1046/j.0269-8463.2001.00583.x
https://doi.org/10.1111/nph.15450
https://doi.org/10.1111/nph.15450
https://doi.org/10.3389/fpls.2020.583284
https://doi.org/10.1016/j.foreco.2008.06.014
https://doi.org/10.1086/297132
https://doi.org/10.1086/297132
https://doi.org/10.3832/ifor1150-007
https://doi.org/10.17520/biods.2015021
https://doi.org/10.20152/j.np.2023.01.004
https://doi.org/10.20152/j.np.2023.01.004
https://doi.org/10.1111/jbi.12836
https://doi.org/10.1111/jbi.12836

Du, F. K., M. Qi, Y. Y. Zhang, and R. J. Petit. 2022. “Asymmetric
Character Displacement in Mixed Oak Stands.” New Phytologist 236,
no. 3: 1212-1224. https://doi.org/10.1111/nph.18311.

Durand, J., C. Bodénés, E. Chancerel, et al. 2010. “A Fast and Cost-
Effective Approach to Develop and Map EST-SSR Markers: Oak as a Case
Study.” BMC Genomics 11: 1-13. https://doi.org/10.1186/1471-2164-11-570.

Earl, D. A., and B. M. VonHoldt. 2012. “Structure Harvester: A Website
and Program for Visualizing Structure Output and Implementing the
Evanno Method.” Conservation Genetics Resources 4: 359-361. https://
doi.org/10.1007/s12686-011-9548-7.

Evanno, G., S. Regnaut, and J. Goudet. 2005. “Detecting the Number
of Clusters of Individuals Using the Software Structure: A Simulation
Study.” Molecular Ecology 14, no. 8: 2611-2620. https://doi.org/10.
1111/j.1365-294X.2005.02553.x.

Excoffier, L., and H. E. Lischer. 2010. “Arlequin Suite Ver 3.5: A New
Series of Programs to Perform Population Genetics Analyses Under
Linux and Windows.” Molecular Ecology Resources 10, no. 3: 564-567.
https://doi.org/10.1111/j.1755-0998.2010.02847.x.

Fox, J., and S. Weisberg. 2019. An R Companion to Applied Regression.
Third ed. Sage Publications.

Gailing, O., J. Lind, and E. Lilleskov. 2012. “Leaf Morphological and
Genetic Differentiation Between Quercus rubra L. and Q. ellipsoidalis
EJ Hill Populations in Contrasting Environments.” Plant Systematics
and Evolution 298, no. 8: 1533-1545. https://doi.org/10.1007/s0060
6-012-0656-y.

Gamba, D., and N. Muchhala. 2023. “Pollinator Type Strongly Impacts
Gene Flow Within and Among Plant Populations for Six Neotropical
Species.” Ecology 104, no. 1: €3845. https://doi.org/10.1002/ecy.3845.

Gillani, N. A., M. Q. Khan, K. Hussain, and S. Sabir. 2023. “Agro-
Morphological Diversity of Evergreen Oaks (Quercus) in Western
Himalayas, Azad Kashmir, Pakistan.” Pure and Applied Biology 13, no.
2:156-174. https://doi.org/10.19045/bspab.2024.130016.

Goud, E. M., A. A. Agrawal, and J. P. Sparks. 2023. “A Direct Comparison
of Ecological Theories for Predicting the Relationship Between Plant
Traits and Growth.” Ecology 104, no. 4: €3986. https://doi.org/10.1002/
ecy.3986.

Govaerts, R., S. Andrews, A. Coombes, et al. 1998. “World Checklist of
Fagaceae.” Facilitated by the Royal Botanic Gardens, Kew. http://wcsp.
science.kew.org.

Guichoux, E., L. Lagache, S. Wagner, et al. 2011. “Current Trends in
Microsatellite Genotyping.” Molecular Ecology Resources 11, no. 4: 591-
611. https://doi.org/10.1111/§.1755-0998.2011.03014.x.

Guo, X., K. J. Niklas, Y. Li, J. Xue, P. Shi, and J. Schrader. 2022.
“Diminishing Returns: A Comparison Between Fresh Mass vs. Area
and Dry Mass vs. Area in Deciduous Species.” Frontiers in Plant Science
13: 832300. https://doi.org/10.3389/fpls.2022.832300.

Harata, T., S. Nanami, T. Yamakura, et al. 2012. “Fine-Scale Spatial
Genetic Structure of Ten Dipterocarp Tree Species in a Bornean Rain
Forest.” Biotropica 44, no. 5: 586-594. https://doi.org/10.1111/j.1744-
7429.2011.00836.x.

Hardy, O. J., and X. Vekemans. 2002. “SPAGeDi: A Versatile Computer
Program to Analyse Spatial Genetic Structure at the Individual or
Population Levels.” Molecular Ecology Notes 2, no. 4: 618-620. https://
doi.org/10.1046/j.1471-8286.2002.00305.x.

He, J., X. Li, D. Gao, et al. 2013. “Topographic Effects on Fine-Scale
Spatial Genetic Structure in Castanopsis chinensis Hance (Fagaceae).”
Plant Species Biology 28, no. 1: 87-93. https://doi.org/10.1111/j.1442-
1984.2011.00365.X.

Henderson, A. 2006. “Traditional Morphometrics in Plant Systematics
and Its Role in Palm Systematics.” Botanical Journal of the Linnean
Society 151, no. 1: 103-111. https://doi.org/10.1111/§.1095-8339.2006.
00526.x.

Huang, C., Y. Zhang, and B. Bartholomew. 1999. “Fagaceae.” In Flora of
China, edited by Z. Y. Wu and P. H. Raven, vol. 4, 370-380. Science Press.

Islam, M. S., C. Lian, N. Kameyama, and T. Hogetsu. 2014. “Low Genetic
Diversity and Limited Gene Flow in a Dominant Mangrove Tree Species
(Rhizophora stylosa) at Its Northern Biogeographical Limit Across the
Chain of Three Sakishima Islands of the Japanese Archipelago as
Revealed by Chloroplast and Nuclear SSR Analysis.” Plant Systematics
and Evolution 300, no. 5: 1123-1136. https://doi.org/10.1007/s0060
6-013-0950-3.

Jensen, R. J. 1990. “Detecting Shape Variation in Oak Leaf Morphology:
A Comparison of Rotational-Fit Methods.” American Journal of
Botany 77, no. 10: 1279-1293. https://doi.org/10.1002/j.1537-2197.1990.
tb11380.x.

Jovanovi¢, M., J. Milovanovi¢, M. Noni¢, and M. Sija¢i¢-Nikoli¢. 2022.
“Inter-and Intraspecific Variability of Quercus cerris L. and Quercus
frainneto Ten. in the Sumadija Region (Serbia) Based on Leaf Geometric
Morphometrics.” Genetika 54, no. 2: 787-800. https://doi.org/10.2298/
GENSR2202787].

Klingenberg, C., S. Duttke, S. Whelan, and M. Kim. 2012.
“Developmental Plasticity, Morphological Variation and Evolvability:
A Multilevel Analysis of Morphometric Integration in the Shape of
Compound Leaves.” Journal of Evolutionary Biology 25, no. 1: 115-129.
https://doi.org/10.1111/j.1420-9101.2011.02410.x.

Klingenberg, C. P. 2011. “Morphol: An Integrated Software Package
for Geometric Morphometrics.” Molecular Ecology Resources 11, no. 2:
353-357. https://doi.org/10.1111/§.1755-0998.2010.02924.x.

Klingenberg, C. P., M. Barluenga, and A. Meyer. 2002. “Shape Analysis
of Symmetric Structures: Quantifying Variation Among Individuals
and Asymmetry.” Evolution 56, no. 10: 1909-1920. https://doi.org/10.
1111/j.0014-3820.2002.tb00117.x.

Kremer, A., A. G. Abbott, J. E. Carlson, et al. 2012. “Genomics of
Fagaceae.” Tree Genetics & Genomes 8, no. 3: 583-610. https://doi.org/
10.1007/s11295-012-0498-3.

Kusi, J., and I. Karsai. 2019. “Plastic Leaf Morphology in Three Species
of Quercus: The More Exposed Leaves Are Smaller, More Lobated and
Denser.” Plant Species Biology 35, no. 1: 24-37. https://doi.org/10.1111/
1442-1984.12253.

Lepais, O., R. J. Petit, E. Guichoux, et al. 2009. “Species Relative
Abundance and Direction of Introgression in Oaks.” Molecular Ecology
18, no. 10: 2228-2242. https://doi.org/10.1111/j.1365-294X.2009.
04137.x.

Li, H. J,, and Z. B. Zhang. 2003. “Effect of Rodents on Acorn Dispersal
and Survival of the Liaodong Oak (Quercus liaotungensis Koidz.).”
Forest Ecology and Management 176, no. 1-3: 387-396. https://doi.org/
10.1016/S0378-1127(02)00286-4.

Li, Q.,J. Xie, C. Ju, et al. 2023. “Wuyishan National Park: A Threatened
Biodiversity Hotspot by Global Warming.” Annals of Forest Research 66,
no. 2: 285-290.

Li, X., X. Yu, J. Huang, Y. A. EI-Kassaby, and Y. Fang. 2022. “Assessing
Leaf Morphometric Symmetry of Four Chinese Quercus Species in
a Mixed Forest.” Forests 13, no. 10: 1635. https://doi.org/10.3390/
f13101635.

Li, Y., Y. Zhang, P. C. Liao, et al. 2021. “Genetic, Geographic, and
Climatic Factors Jointly Shape Leaf Morphology of an Alpine Oak,
Quercus aquifolioides Rehder & EH Wilson.” Annals of Forest Science
78, no. 3: 1-18. https://doi.org/10.1007/s13595-021-01077-w.

Liu, M. H., X. Y. Chen, X. Zhang, and D. W. Shen. 2008. “A Population
Genetic Evaluation of Ecological Restoration With the Case Study on
Cyclobalanopsis myrsinaefolia (Fagaceae).” Plant Ecology 197, no. 1:
31-41. https://doi.org/10.1007/s11258-007-9357-y.

Loiselle, B. A., V. L. Sork, J. Nason, and C. Graham. 1995. “Spatial
Genetic Structure of a Tropical Understory Shrub, Psychotria officinalis

12 of 14

Ecology and Evolution, 2026

510117 SUOLLILIOD SA1IE81D 3|ea1dde aU) Aq pouanoB 2. SSPILE WO 88N J0 3N 10} ARRIG 1T 8UIIUO AB]IM UO (SUONIPUOD-PLE-SLLLBYLIOD" B |1 ARG PUIUO//'SANY) SUOIIPUOD P SWSS | 3U1 305 *[9202/20/8T] U0 AI1T8UIIUO AB1IM BUINDRUEIR0D Ad £982 'E999/200T OT/I0P/W0Y" S| 1 ARGl [pUIIUO//:SANY LOI POPEOIUMOQ ‘Z ‘9202 ‘852 LSH0Z


https://doi.org/10.1111/nph.18311
https://doi.org/10.1186/1471-2164-11-570
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1007/s00606-012-0656-y
https://doi.org/10.1007/s00606-012-0656-y
https://doi.org/10.1002/ecy.3845
https://doi.org/10.19045/bspab.2024.130016
https://doi.org/10.1002/ecy.3986
https://doi.org/10.1002/ecy.3986
http://wcsp.science.kew.org
http://wcsp.science.kew.org
https://doi.org/10.1111/j.1755-0998.2011.03014.x
https://doi.org/10.3389/fpls.2022.832300
https://doi.org/10.1111/j.1744-7429.2011.00836.x
https://doi.org/10.1111/j.1744-7429.2011.00836.x
https://doi.org/10.1046/j.1471-8286.2002.00305.x
https://doi.org/10.1046/j.1471-8286.2002.00305.x
https://doi.org/10.1111/j.1442-1984.2011.00365.x
https://doi.org/10.1111/j.1442-1984.2011.00365.x
https://doi.org/10.1111/j.1095-8339.2006.00526.x
https://doi.org/10.1111/j.1095-8339.2006.00526.x
https://doi.org/10.1007/s00606-013-0950-3
https://doi.org/10.1007/s00606-013-0950-3
https://doi.org/10.1002/j.1537-2197.1990.tb11380.x
https://doi.org/10.1002/j.1537-2197.1990.tb11380.x
https://doi.org/10.2298/GENSR2202787J
https://doi.org/10.2298/GENSR2202787J
https://doi.org/10.1111/j.1420-9101.2011.02410.x
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.0014-3820.2002.tb00117.x
https://doi.org/10.1111/j.0014-3820.2002.tb00117.x
https://doi.org/10.1007/s11295-012-0498-3
https://doi.org/10.1007/s11295-012-0498-3
https://doi.org/10.1111/1442-1984.12253
https://doi.org/10.1111/1442-1984.12253
https://doi.org/10.1111/j.1365-294X.2009.04137.x
https://doi.org/10.1111/j.1365-294X.2009.04137.x
https://doi.org/10.1016/S0378-1127(02)00286-4
https://doi.org/10.1016/S0378-1127(02)00286-4
https://doi.org/10.3390/f13101635
https://doi.org/10.3390/f13101635
https://doi.org/10.1007/s13595-021-01077-w
https://doi.org/10.1007/s11258-007-9357-y

(Rubiaceae).” American Journal of Botany 82, no. 11: 1420-1425. https://
doi.org/10.1002/j.1537-2197.1995.tb12679.x.

Mardia, K. V., F. L. Bookstein, and I. J. Moreton. 2000. “Statistical
Assessment of Bilateral Symmetry of Shapes.” Biometrika 87, no. 2:
285-300.

Montalvo, A. M., S. G. Conard, M. T. Conkle, and P. D. Hodgskiss.
1997. “Population Structure, Genetic Diversity, and Clone Formation in
Quercus chrysolepis (Fagaceae).” American Journal of Botany 84, no. 11:
1553-1564. https://doi.org/10.2307/2446617.

Moreira, P. A.,, G. W. Fernandes, and R. G. Collevatti. 2009.
“Fragmentation and Spatial Genetic Structure in Tabebuia ochracea
(Bignoniaceae) a Seasonally Dry Neotropical Tree.” Forest Ecology and
Management 258, no. 12: 2690-2695. https://doi.org/10.1016/j.foreco.
2009.09.037.

Nakanishi, A., H. Yoshimaru, N. Tomaru, M. Miura, T. Manabe, and
S. I. Yamamoto. 2012. “Patterns of Pollen Flow in a Dense Population
of the Insect-Pollinated Canopy Tree Species Castanopsis sieboldii.”
Journal of Heredity 103, no. 4: 547-556. https://doi.org/10.1093/jhered/
€ss026.

Nicotra, A. B., A. Leigh, C. K. Boyce, et al. 2011. “The Evolution and
Functional Significance of Leaf Shape in the Angiosperms.” Functional
Plant Biology 38, no. 7: 535-552. https://doi.org/10.1071/FP11057.

Niklas, K. J., E. D. Cobb, U. Niinemets, et al. 2007. “Diminishing
Returns’ in the Scaling of Functional Leaf Traits Across and Within
Species Groups.” Proceedings of the National Academy of Sciences 104,
no. 21: 8891-8896. https://doi.org/10.1073/pnas.0701135104.

Niklas, K. J., E. D. Cobb, and H. C. Spatz. 2009. “Predicting the
Allometry of Leaf Surface Area and Dry Mass.” American Journal of
Botany 96, no. 2: 531-536. https://doi.org/10.3732/ajb.0800250.

Nosenko, T., H. Schroeder, I. Zimmer, et al. 2025. “Patterns of
Adaptation to Drought in Quercus robur Populations in Central
European Temperate Forests.” Global Change Biology 31, no. 4: €70168.
https://doi.org/10.1111/gcb.70168.

Peakall, R., and P. E. Smouse. 2012. “GenAlEx 6: Genetic Analysis in
Excel. Population Genetic Software for Teaching and Research—An
Update.” Bioinformatics 28, no. 19: 2537-2539. https://doi.org/10.1111/j.
1471-8286.2005.01155.x.

Peflaloza-Ramirez, J. M., A. Gonzalez-Rodriguez, L. Mendoza-Cuenca,
H. Caron, A. Kremer, and K. Oyama. 2010. “Interspecific Gene Flow in
a Multispecies Oak Hybrid Zone in the Sierra Tarahumara of Mexico.”
Annals of Botany 105, no. 3: 389-399. https://doi.org/10.1093/aob/
mcp301.

Pérez-Harguindeguy, N., S. Diaz, E. Garnier, et al. 2016. “New Handbook
for Standardised Measurement of Plant Functional Traits Worldwide.”
Australian Journal of Botany 64, no. 8: 715-716. https://doi.org/10.1071/
BT12225.

Pérez-Pedraza, A., H. Rodriguez-Correa, S. Valencia-Avalos, C. A.
Torres-Miranda, M. Arenas-Navarro, and K. Oyama. 2021. “Effect of
Hybridization on the Morphological Differentiation of the Red Oaks
Quercus acutifolia and Quercus grahamii (Fagaceae).” Plant Systematics
and Evolution 307, no. 3: 37. https://doi.org/10.1007/s00606-021-
01757-0.

Pritchard, J. K., M. Stephens, and P. Donnelly. 2000. “Inference of
Population Structure Using Multilocus Genotype Data.” Genetics 155,
no. 2: 945-959. https://doi.org/10.1093/genetics/155.2.945.

Qi, M., F.K.Du, F. Guo, K. Yin, and J. Tang. 2024. “Species Identification
Through Deep Learning and Geometrical Morphology in Oaks (Quercus
spp.): Pros and Cons.” Ecology and Evolution 14, no. 2: €11032. https://
doi.org/10.1002/ece3.11032.

Qi, M., J. Wang, R. Wang, et al. 2025. “Intraspecific Character
Displacement in Oaks.” Plant Journal 122, no. 2: €70165. https://doi.org/
10.1111/tpj.70165.

Qin, J., Z. Shangguan, and W. Xi. 2018. “Seasonal Variations of Leaf
Traits and Drought Adaptation Strategies of Four Common Woody
Species in South Texas, USA.” Journal of Forestry Research 30, no. 5:
1715-1725. https://doi.org/10.1007/s11676-018-0742-2.

Ramirez-Valiente, J. A., A. Center, J. P. Sparks, et al. 2017. “Population-
Level Differentiation in Growth Rates and Leaf Traits in Seedlings of
the Neotropical Live Oak Quercus oleoides Grown Under Natural and
Manipulated Precipitation Regimes.” Frontiers in Plant Science 8: 585.
https://doi.org/10.3389/fpls.2017.00585.

Ray, T. S. 1992. “Landmark Eigenshape Analysis: Homologous
Contours: Leaf Shape in Syngonium (Araceae).” American Journal
of Botany 79, no. 1: 69-76. https://doi.org/10.1002/j.1537-2197.1992.
tb12625.x.

Rohlf, F. J., and M. Corti. 2000. “Use of Two-Block Partial Least-Squares
to Study Covariation in Shape.” Systematic Biology 49, no. 4: 740-753.
https://doi.org/10.1080/106351500750049806.

Rohlf, F. J., and D. Slice. 1990. “Extensions of the Procrustes Method for
the Optimal Superimposition of Landmarks.” Systematic Zoology 39, no.
1: 40-59. https://doi.org/10.2307/2992207.

Rosenberg, N. A. 2004. “DISTRUCT: A Program for the Graphical
Display of Population Structure.” Molecular Ecology Notes 4, no. 1: 137-
138. https://doi.org/10.1046/j.1471-8286.2003.00566.x.

Savriama, Y., and C. P. Klingenberg. 2011. “Beyond Bilateral Symmetry:
Geometric Morphometric Methods for Any Type of Symmetry.”
BMC Evolutionary Biology 11, no. 1: 280. https://doi.org/10.1186/
1471-2148-11-280.

Sebastiani, F., S. Carnevale, and G. G. Vendramin. 2004. “A New Set
of Mono-and Dinucleotide Chloroplast Microsatellites in Fagaceae.”
Molecular Ecology Notes 4, no. 2: 259-261. https://doi.org/10.1111/j.
1471-8286.2004.00635.X.

Shen, L., H. Deng, G. Zhang, A. Ma, and X. Mo. 2023. “Effect of Climate
Change on the Potentially Suitable Distribution Pattern of Castanopsis
hystrix Miq. In China.” Plants 12, no. 4: 717. https://doi.org/10.3390/
plants12040717.

Sork, V. L., F. W. Davis, P. E. Smouse, et al. 2002. “Pollen Movement in
Declining Populations of California Valley Oak, Quercus lobata: Where
Have All the Fathers Gone?” Molecular Ecology 11, no. 9: 1657-1668.
https://doi.org/10.1046/j.1365-294X.2002.01574.X.

Soto, A., Z. Lorenzo, and L. Gil. 2007. “Differences in Fine-Scale Genetic
Structure and Dispersal in Quercusilex L. and Q. suber L.: Consequences
for Regeneration of Mediterranean Open Woods.” Heredity 99, no. 6:
601-607. https://doi.org/10.1038/sj.hdy.6801007.

Sun, M., T. Su, S. B. Zhang, S. F. Li, and Z. K. Zhou. 2016. “Variations
in Leaf Morphological Traits of Quercus guyavifolia (Fagaceae) Were
Mainly Influenced by Water and Ultraviolet Irradiation at High
Elevations on the Qinghai-Tibet Plateau, China.” International Journal
of Agriculture and Biology 18, no. 2: 266-273. https://doi.org/10.17957/
1JAB/15.0074.

Tong, X., J. D. Nason, Y. Y. Ding, and X. Y. Chen. 2021. “Genetic
Tracking of Density-Dependent Adult Recruitment: A Case Study in a
Subtropical Oak.” Journal of Ecology 109, no. 6: 2317-2328. https://doi.
0rg/10.1111/1365-2745.13639.

Ueno, S., Y. Taguchi, and Y. Tsumura. 2008. “Microsatellite Markers
Derived From Quercus mongolica Var. Crispula (Fagaceae) Inner Bark
Expressed Sequence Tags.” Genes & Genetic Systems 83, no. 2: 179-187.
https://doi.org/10.1266/ggs.83.179.

Valbuena-Carabana, M., S. C. Gonzélez-Martinez, O. J. Hardy, and L.
Gil. 2007. “Fine-Scale Spatial Genetic Structure in Mixed Oak Stands
With Different Levels of Hybridization.” Molecular Ecology 16, no. 6:
1207-1219. https://doi.org/10.1111/j.1365-294X.2007.03231.x.

Van Oosterhout, C., W. F. Hutchinson, D. P. Wills, and P. Shipley. 2004.
“Micro-Checker: Software for Identifying and Correcting Genotype

Ecology and Evolution, 2026

13 of 14

510117 SUOLLILIOD SA1IE81D 3|ea1dde aU) Aq pouanoB 2. SSPILE WO 88N J0 3N 10} ARRIG 1T 8UIIUO AB]IM UO (SUONIPUOD-PLE-SLLLBYLIOD" B |1 ARG PUIUO//'SANY) SUOIIPUOD P SWSS | 3U1 305 *[9202/20/8T] U0 AI1T8UIIUO AB1IM BUINDRUEIR0D Ad £982 'E999/200T OT/I0P/W0Y" S| 1 ARGl [pUIIUO//:SANY LOI POPEOIUMOQ ‘Z ‘9202 ‘852 LSH0Z


https://doi.org/10.1002/j.1537-2197.1995.tb12679.x
https://doi.org/10.1002/j.1537-2197.1995.tb12679.x
https://doi.org/10.2307/2446617
https://doi.org/10.1016/j.foreco.2009.09.037
https://doi.org/10.1016/j.foreco.2009.09.037
https://doi.org/10.1093/jhered/ess026
https://doi.org/10.1093/jhered/ess026
https://doi.org/10.1071/FP11057
https://doi.org/10.1073/pnas.0701135104
https://doi.org/10.3732/ajb.0800250
https://doi.org/10.1111/gcb.70168
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/aob/mcp301
https://doi.org/10.1093/aob/mcp301
https://doi.org/10.1071/BT12225
https://doi.org/10.1071/BT12225
https://doi.org/10.1007/s00606-021-01757-0
https://doi.org/10.1007/s00606-021-01757-0
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.1002/ece3.11032
https://doi.org/10.1002/ece3.11032
https://doi.org/10.1111/tpj.70165
https://doi.org/10.1111/tpj.70165
https://doi.org/10.1007/s11676-018-0742-2
https://doi.org/10.3389/fpls.2017.00585
https://doi.org/10.1002/j.1537-2197.1992.tb12625.x
https://doi.org/10.1002/j.1537-2197.1992.tb12625.x
https://doi.org/10.1080/106351500750049806
https://doi.org/10.2307/2992207
https://doi.org/10.1046/j.1471-8286.2003.00566.x
https://doi.org/10.1186/1471-2148-11-280
https://doi.org/10.1186/1471-2148-11-280
https://doi.org/10.1111/j.1471-8286.2004.00635.x
https://doi.org/10.1111/j.1471-8286.2004.00635.x
https://doi.org/10.3390/plants12040717
https://doi.org/10.3390/plants12040717
https://doi.org/10.1046/j.1365-294X.2002.01574.x
https://doi.org/10.1038/sj.hdy.6801007
https://doi.org/10.17957/IJAB/15.0074
https://doi.org/10.17957/IJAB/15.0074
https://doi.org/10.1111/1365-2745.13639
https://doi.org/10.1111/1365-2745.13639
https://doi.org/10.1266/ggs.83.179
https://doi.org/10.1111/j.1365-294X.2007.03231.x

Errors in Microsatellite Data.” Molecular Ecology Notes 4, no. 3: 535—
538. https://doi.org/10.1111/j.1471-8286.2004.00684.x.

Vekemans, X., and O. J. Hardy. 2004. “New Insights From Fine-Scale
Spatial Genetic Structure Analyses in Plant Populations.” Molecular
Ecology 13, no. 4: 921-935. https://doi.org/10.1046/j.1365-294X.2004.
02076.X.

Viscosi, V., and A. Cardini. 2011. “Leaf Morphology, Taxonomy and
Geometric Morphometrics: A Simplified Protocol for Beginners.” PLoS
One 6, no. 10: €25630. https://doi.org/10.1371/journal.pone.0025630.

Viscosi, V., P. Fortini, D. E. Slice, A. Loy, and C. Blasi. 2009. “Geometric
Morphometric Analyses of Leaf Variation in Four Oak Species of the
Subgenus Quercus (Fagaceae).” Plant Biosystems 143, no. 3: 575-587.
https://doi.org/10.1080/11263500902775277.

Wang, D.,J. He, Y. Zhang, E. Shi, Q. Geng, and Z. Wang. 2017. “Research
Progress on Small-Scale Spatial Genetic Structure of Plant Population.”
Jiangsu Agricultural Sciences 45, no. 10: 4-8. https://doi.org/10.15889/j.
issn.1002-1302.2017.10.002.

Wang, Z., X. Wu, B. Sun, S. Yin, C. Quan, and G. Shi. 2022. “First Fossil
Record of Castanopsis (Fagaceae) From the Middle Miocene Fotan
Group of Fujian, Southeastern China.” Review of Palaeobotany and
Palynology 305, no. 6: 104729. https://doi.org/10.1016/j.revpalbo.2022.
104729.

Wang, Z. F.,J. Y. Lian, W. H. Ye, H. L. Cao, and Z. M. Wang. 2014. “The
Spatial Genetic Pattern of Castanopsis chinensis in a Large Forest Plot
With Complex Topography.” Forest Ecology and Management 318: 318-
325. https://doi.org/10.1016/j.foreco.2014.01.042.

Wright, I. J., P. B. Reich, M. Westoby, et al. 2004. “The Worldwide Leaf
Economics Spectrum.” Nature 428, no. 6985: 821-827. https://doi.org/
10.1038/nature02403.

Wu, Y., K. Yang, X. Wen, and Y. Sun. 2024. “Genetic Differentiation and
Relationship Among Castanopsis chinensis, C. qiongbeiensis, and C. gla-
brifolia (Fagaceae) as Revealed by Nuclear SSR Markers.” Plants 13, no.
11: 1486. https://doi.org/10.3390/plants13111486.

Yang, K., J. Wu, X. Li, et al. 2022. “Intraspecific Leaf Morphological
Variation in Quercus dentata Thunb.: A Comparison of Traditional and
Geometric Morphometric Methods, a Pilot Study.” Journal of Forestry
Research 33, no. 6: 1751-1764. https://doi.org/10.1007/s11676-022-
01452-x.

Yang, Z. 2020. “The Study of World Cultural and Natural Heritage
Mount Wuyi.” Journal of World Heritage Studies 2020: 50-57. https://
doi.org/10.15068/00161503.

Zhang, Y., Y. Luo, M. Qi, Y. Li, and F. K. Du. 2025. “Leaf Morphological
Trait Integration and Modularity Provide Insights Into Ecological
Adaptation in Evergreen Oaks.” Forest Ecosystems 14: 100350. https://
doi.org/10.1016/j.fecs.2025.100350.

Zheng, X.,J. Yu, Y. Hu, X. Zhou, H. Ding, and X. Ge. 2025. “Climate-
Growth Sensitivity Reveals Species-Specific Adaptation Strategies of
Montane Conifers to Warming in the Wuyi Mountains.” Forests 16, no.
8:1299. https://doi.org/10.3390/£16081299.

Zhu, G., K. J. Niklas, M. Lj, et al. 2019. “‘Diminishing Returns’ in the
Scaling Between Leaf Area and Twig Size in Three Forest Communities
Along an Elevation Gradient of Wuyi Mountain, China.” Forests 10, no.
12: 1138. https://doi.org/10.3390/f10121138.

Supporting Information

Additional supporting information can be found online in the
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fied for all individuals of the five Fagaceae species with STRUCTURE
software. (a) The functional relationship between AK and K. (b) The
functional relationship between LnP (K) and K. Figure S2: Principal
coordinates analysis (PCoA) for all individuals of the five Fagaceae spe-
cies based on nuclear microsatellite (nSSR) data. Figure S3: Fine-scale

spatial genetic structure (fine-scale SGS) for all individuals of the five
Fagaceae species based on nuclear microsatellite (nSSR) data. The pair-
wise kinship coefficient (F,)) was plotted against geographical distances
(km). The dotted lines indicate the 95% confidence interval for the pair-
wise kinship coefficient (Fij) values (shown by solid lines). Sp statistic
represent the intensity of fine-scale SGS for each species. Figure S4:
Leaf geometric morphometric analysis at the tree level for all individ-
uals of the five Fagaceae species. (a) Scatter plot of principal compo-
nent analysis (PCA) for symmetric components with 90% confidence
ellipses. Transformation grid below shows extreme leaf shapes along
PCs. (b) Scatter plot of two-block partial least squares (2B-PLS) analy-
sis for symmetric components. Transformation grid shows leaf shapes
along PLS axis. (c) Scatter plot of canonical variate analysis (CVA) with
90% confidence ellipses. Transformation grid below shows extreme leaf
shapes along CVs. Figure S5: Leaf geometric morphometric analysis
at the tree level for pure individuals of the five Fagaceae species based
on asymmetric components. (a) Scatter plot of principal component
analysis (PCA). Transformation grid below shows extreme leaf shapes
along PCs. (b) Scatter plot of two-block partial least squares (2B-PLS)
analysis. Figure S6: Leaf geometric morphometric analysis at the tree
level for all individuals of the five Fagaceae species based on asymmet-
ric components. (a) Scatter plot of principal component analysis (PCA).
Transformation grid below shows extreme leaf shapes along PCs. (b)
Scatter plot of two-block partial least squares (2B-PLS) analysis. Figure
S7: Discriminant analysis (DA) at the tree level of leaf shape among
pairwise comparisons for pure individuals of the five Fagaceae species.
Figure S8: Discriminant analysis (DA) at the tree level of leaf shape
among pairwise comparisons for all individuals of the five Fagaceae
species. Table S1: The geographic and sample information of the five
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