"™ forests

Article

Assessing Leaf Morphometric Symmetry of Four Chinese
Quercus Species in a Mixed Forest

Xuan Li ', Xiaojing Yu !, Jiefan Huang 23, Yousry A. EI-Kassaby >* and Yanming Fang **

Citation: Li, X.; Yu, X;; Huang, J.;
El-Kassaby, Y.A.; Fang, Y. Assessing
Leaf Morphometric Symmetry of
Four Chinese Quercus Species in a
Mixed Forest. Forests 2022, 13, 1635.
https://doi.org/10.3390/f13101635

Academic Editor: Stéphane Maury

Received: 3 September 2022
Accepted: 4 October 2022
Published: 6 October 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Co-Innovation Center for Sustainable Forestry in Southern China, Key Laboratory of State Forestry and
Grassland Administration on Subtropical Forest Biodiversity Conservation,
College of Biology and the Environment, Nanjing Forestry University, Nanjing 210037, China

2 Department of Forest and Conservation Sciences, Faculty of Forestry, The University of British Columbia,
2424 Main Mall, Vancouver, BC V6T 1Z4, Canada

3 College of Forestry, Hebei Agricultural University, Baoding 071000, China

* Correspondence: y.el-kassaby@ubc.ca (Y.A.E.-K.); jwud@njfu.edu.cn (Y.F.); Tel.: +1-(604)8221821 (Y.A.E.-K.);
+86-25-8542-7428 (Y.F.)

Abstract: (1) Background: Oaks have achieved notoriety for sufficient levels of sympatric species
richness allowing hybridization, thus generating substantial phenotypic variation. Leaf fluctuation
asymmetry is an important attribute, as it reflects not only genetic variability but also species buff-
ering capacity. (2) Methods: We investigated the phenotypic diversity of four-oak species (Quercus
acutissima, Q. variabilis, Q. fabri, and Q. serrata var. brevipetiolata) using leaf geometric morphometric
analysis. Eight leaf morphological indicators (length, width, perimeter, area, left and right areas,
areal ratio, and normalized symmetry index) were used to determine the hybridization level,
whereas bilateral symmetry indicators were used to assess species environmental adaptation; (3)
Results: Phenotypic variation ranged from 1.54 to 29.35 folds and significantly diverged among the
studied species. Taxonomically species in Section Quercus (Q. fabri and Q. serrata var. brevipetiolata)
are lower than those in Section Cerris (Q. acutissima and Q. variabilis) with good bilateral symmetry.
The bilateral symmetry index of Q. variabilis had a larger range of variation, indicating better envi-
ronmental adaptability; (4) Conclusions: We presume that species in Section Quercus with less leaf
fluctuation asymmetry have a high level of genetic heterozygosity; however, this assumption re-
quires further verification. The observed phenotypic diversity reflects a combination of environ-
mental and genetic factors.

Keywords: geometric morphometric; leaf phenotypic traits; fluctuating asymmetry; bilateral
symmetry; Quercus; hybridization

1. Introduction

Woody plants are characterized by their short flowering periods and long vegetative
growth seasons. Leaf morphological traits often serve as good indicators for species iden-
tification. Long-term field surveys in natural oak forests have concluded that oak species
can easily be identified through their leaf morphological characteristics [1-3]; however,
hybrid individuals have typical asymmetries and irregular leaves with phenotypes exhib-
iting various intermediate forms [4,5], thus making it difficult to distinguish between dif-
ferent species. The traditional morphology, with no discernible hybridization trend, is
helpful in intraspecific and interspecific variation investigation.

It is well established that species phenotypic characteristics variation is associated
with genetic and environmental interaction effects [6-9]. Du et al. [10] study of Quer-
cus dentata and Q. aliena leaf traits revealed greater divergence in mixed than in pure
stands. The asymmetric trait divergence of these two oak species is the result of their de-
mographic history imbalance, creating asymmetric interspecific selection pressures [10].
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Hybridization is an important source of genetic variation and is thought to be a form of
adaptive introgression that, under certain circumstances, produces functional variation
that allows species to become more adapted to local climatic conditions [11]. Ramirez et
al. [8], in a common garden experiment with different California white oak (Q. lobata)
provenances, found leaf trait variation had functional consequences and was related to
light factors. Therefore, the two major factors, genetic and environment, are often consid-
ered when conducting leaf phenotyping studies. Early work, however, focused on tradi-
tional morphology, which does not provide the proper graphical representation of shape
variation and thus does not offer insight into the mechanisms underlying how leaf phe-
notypic traits adapt to environmental change.

The advancement of modern geometric morphometry methods has created an op-
portunity to objectively investigate leaf phenotypic diversity [12-14]. This approach
helped in investigating leaves Fluctuating Asymmetry (FA), allometric patterns (AP), and
bilateral asymmetry (BA) [15]. These indicators are assumed to explain the genetic factors
as well as reflect the buffering capacity of species to environmental stresses [16,17]. For
example, Cuevas-Reyes et al. [18] conducted a leaf fluctuation asymmetry study on Q.
affinis and Q. laurina hybrids with higher levels of fluctuation asymmetry. They consid-
ered hybrids to have higher genetic variation and buffering capacity against environmen-
tal stress than their parents. Most studies have used the “Fluctuating Asymmetry (FA)”
indicator to study several morphological variants in oaks. In contrast, here we used the
“Bilateral Symmetry (BA)” indicators (the areal ratio (AR), and the standardized sym-
metry index (SI)) to study leaf phenotypic traits, which we think is more suitable for ex-
plaining environmental adaptability [19]. We used the MatLab and R packages compiled
by Shi et al. [20] to effectively extract leaf phenotypic indicators to study the leaf morpho-
logical phenotypic variation of oak trees.

Species hybridization within the genus Quercus is widespread, as confirmed by a
large amount of data on genetic and phenotypic variation [21-24]. Species hybridization
typically produces phenotypic variety, which is frequent in oak trees [18]. The four oaks
(Quercus acutissima, Q. variabilis, Q. fabri, and Q. serrata var. brevipetiolata) represent the
native Quercus species in China, with various sympatric populations in deciduous broad-
leaved forests [22,25]. While Q. acutissima and Q. variabilis belong to Section Cerris and Q.
fabri, and Q. serrata var. brevipetiolata belong to Section Quercus, interspecific hybridization
usually occurs [22,26]. Hybridization occurs mostly between species in the same Section;
however, the long history of differentiation has allowed for some ancient introgression
between species belonging to different Sections [27]. Thus, the four oaks form a notable
syngameon which makes it an ideal material for studying leaf phenotypic variation. Here,
we selected the mixed oak forest in Yushan, Jiangsu, China where the four oaks coexist as
the study object. We used modern geometric morphometry methods to study leaf intra-
and inter-specific phenotypic variation among these four oaks, to understand how leaf
phenotypic traits respond to environmental change within the interspecific hybridization
context.

2. Materials and Methods
2.1. Study Area and Plant Materials

Yushan (31°36" N, 120°40" E), located northwest of Changshu City, Jiangsu Province
(maximum altitude of 263 m), China provided the material for our study. The main vege-
tation types are mixed evergreen deciduous broad-leaved forests, deciduous broad-
leaved forests, coniferous forests, and scrub. The deciduous broad-leaved forests include
Quercus acutissima, Q. variabilis, Q. fabri, and Q. serrata var. brevipetiolata, as the dominant
species. We collected 5 healthy mature leaves from different branches in different direc-
tions. We sampled 295 oak individuals within the 80 x 250 m study area (Figure 1) with a
various number of individuals per species: Q. acutissima (48), Q. variabilis (88), Q. fabri (96),
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and Q. serrata var. brevipetiolata (63), with each individual represented by a sample of five
leaves (N = 1475 leaves) for phenotypic variation analysis.
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Figure 1. Sampling sites’ geographical locations and distribution of sampled trees. (a): sampling site
in Jiangsu Province, China; (b): sampling site in Yushan, Changsu City; (c): samples numbers and
GPS information.

2.2. Leaf Phenotypic Data Collection

We used an EPSON V39 scanner (600-dpi resolution) to capture the sampled leaves
images. The leaves were scanned with an adaxial surface facing upward. After processing
each leaf separately in Photoshop CC 2019, the results were saved as bitmap-formatted
black-and-white images (Figure 2). The M-file created by Shi et al. [20] was used to gener-
ate CSV files and automatically extracted the plane coordinate points of the blade edges
in the Matlab software (Version 2017b). The CSV files were then used in R script to calcu-
late leaf length (LL), leaf width (LW), leaf perimeter (LP), leaf area (LA), left leaf area
(LLA), right leaf area (RLA), leaf area ratio (AR; see below), and normalized symmetry
index (SI; see below), and automatically generated CSV result files for further data analy-
sis [20]. The R script specifies leaf width as the widest distance and leaf length as the dis-
tance from the leaf’s tip to the base.
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Figure 2. Representative leaf images of the four-oak species (top) and picture of processing formats
(bottom). (a): Quercus acutissima; (b): Q. variabilis; (c): Q. fabri; (d): Q. serrata var. brevipetiolata.

2.3. Leaf Shape and Symmetry Analysis

We used two metrics to quantify the leaf shape: width/length (RWL) and perime-
ter/area (RPA) as follows:

RWL = LW/LL 1)
RPA = LP/LA )

The following two indicators were used to measure the extent of leaf bilateral sym-
metry: areal ratio (AR) of the leaf’s left and right sides, and standardized index (SI) [19].
A straight line through the leaf’s base and apex divides each leave into two sides: left and
right (Figure 3a). We dissected the leaf into n subregions (Figure 3b, n =5 to represent the
calculation process) using a group of parallel and equidistant straight vertical strips,
which are perpendicular to the straight line through the leaf’s base and apex. AR is the
areal quotient of the left and right sides of this leaf.
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where Li and R:are the intersected left and right areas between the i-th subregion and the

leaf SI:
" LR
SI= ;Zi=1 |Li+Ri| (4)
where n equals 1000 in the calculation, is the average of the relative area differences among
the n sub-regions.
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Figure 3. (a) Illustration of the areal ratio (AR) calculations of the left to right sides, and (b) the
standardized index (SI) for measuring leaf bilateral symmetry.

We transformed the AR and SI values to natural logarithmic, if the absolute value of
In (AR) approaches 0, it indicates a good symmetry for both sides’ areas; when leaves are
closer to bilateral symmetry the smaller the SI becomes the In value [19].

2.4. Data Analysis

The 10 leaf phenotypic traits (LL, LW, LP, LLA, RLA, LA, RWL, RPA, AR, and SI)
were tested for normality and a one-way analysis of variance (ANOVA) was used to test
for significant differences. Differences between leaf phenotypic traits of the two species
were further compared using the multiple analysis of significance (LSD) method and Bon-
ferroni correction. We performed principal component analysis and cluster analysis using
correlations of the 10 leaf phenotypic data.

A multiple linear regression model with leaf symmetry indicators (AR, SI) as depend-
ent variables and eight leaf phenotypic traits (LL, LW, LP, LA, LLA, RLA, RWL, and RPA)
as independent variables as follows:

Y=a+bxxi+tcxxe+dxxstexxatfxxs+gxxe+thxxs+1ixxs+e (5)

where a is the intercept, x1—xs represent the eight leaf phenotypic indicators as the inde-
pendent variables, b-i is the independent variable coefficients, and e is the residual. We
carried out all analyses in R (version 4.1.0) [28].
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3. Results
3.1. Leaf Phenotypic Symmetry

We tested 10 leaf phenotypic indicators for normal distribution after log transfor-
mation. Nine indicators (LL, LW, LP, LA, LLA, RLA, AR, SI, and RPA) produced normal
distribution while (RWL) demonstrated a bimodal distribution (Figure S1). The overall
AR and SI means of the four species were 1.08 + 0.41 and 0.17 + 0.06, respectively. Individ-
ual species AR showed a declining trend with Q. variabilis (1.08 +0.20) > Q. acutissima (1.06
+0.16) > Q. serrata var. brevipetiolata (1.04 £ 0.11) > Q. fabri (1.02 £ 0.11) (Figure 4). Similarly,
individual species mean SI also produced a declining trend with a somewhat different
species order: Q. acutissima (0.21 + 0.07)) = Q. variabilis (0.21 £ 0.06) > Q. fabri (0.16 + 0.04) >
Q. serrata var. brevipetiolata (0.14 + 0.03) (Figure 4). Figure 5 showed that after converting
AR to natural logarithm, Q. fabri had In (AR) values closest to zero, followed by Q. serrata
var. brevipetiolata, Q. acutissima and Q. variabilis. The intra-species variation is in the fol-
lowing order: Q. variabilis > Q. acutissima > Q. serrata var. brevipetiolata > Q. fabri. Q. acutis-
sima and Q. serrata var. brevipetiolata did not significantly differ; however, Q. variabilis and
Q. fabri were highly significant. After converting SI to natural logarithms, the largest In
(SI) values were found for Q. acutissima, followed by Q. variabilis, Q. fabri, and Q. serrata
var. brevipetiolata. In terms of within species variation range, Q. serrata var. brevipetiolata
had the smallest, with the other three species having similar ranges of variation. The LSD
analysis showed no significant differences between Q. acutissima and Q. variabilis, while
the rest of the two combinations were highly significant from each other.

We developed multiple linear regression models with leaf bilateral symmetry indi-
cators (AR and SI) as dependent variables and LL, LW, LP, LA, LLA, RLA, RLA, RPA, and
RWL as independent variables (Table 1). According to the t-test, LA values in both models
were not significant, while the leaf bilateral symmetry indicator had a high level of corre-
lation, so we excluded LA from subsequent analyses. Only LLA and RLA were significant
in the AR model, while five independent variables (LL, LP, LLA, RLA, and RPA) were
significant in the SI model (Table 1). F-test indicated that 39.59 and 76.63% of the inde-
pendent variables explained leaf bilateral symmetry in the SI and AR models, respectively
(Table 1). We used the residual analysis and outlier detection to determine model accuracy
(Figure S2) and the results indicated that residuals were consistent with few outliers (Fig-
ure S2a,b,e,f). After removing the outliers, the correlations were roughly the same.

-

0.5 1.0 1.5 0.1 0.2 0.3 0.4
the areal ratio (AR) the standardized symmetry index (SI)

Figure 4. Cloud and rain diagrams of leaf symmetry indexes of the four-oak species. (a): AR; (b): SI.
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Figure 5. The LSD of the natural logarithm of AR (a) and SI (b) for measuring leaf bilateral sym-
metry. a, b, c represent the significance of the difference.

Table 1. Multivariate linear model prediction between leaf fluctuating asymmetry and leaf pheno-
typic traits.

Model Coefficient SE t-Value p-Value
LL (cm) 0.0090 0.0031 2.973 0.0032
LW (cm) -0.0037 0.0063 -0.588 0.5570
LP (cm) 0.0027 0.0008 3.323 0.0010
SI LA (cm?) NA NA NA NA
LLA (cm?) -0.0006 0.0002 -3.469 0.0006
RLA (cm?) -0.0004 0.0002 -1.979 0.0487
RWL 0.1582 0.1757 0.900 0.3689
RPA 0.3637 0.0544 6.688 1.18x1010
LL (cm) 0.0077 0.0047 1.634 0.1033
LW (cm) -0.0042 0.0094 -0.450 0.6532
LP (cm) 0.0003 0.0012 0.234 0.8151
AR LA (cm?) NA NA NA NA
LLA (cm?) 0.0060 0.0003 22.907 2x1016
RLA (cm?) -0.0064 0.0003 -22.771 2x10-16
RWL 0.1497 0.2637 0.568 0.5707
RPA 0.1534 0.0816 1.880 0.0611
R2 0.4103 R2 0.7719
oI Adjusted R2 0.3959 AR Adjusted R2 0.7663
F-statistic 28.52 F-statistic 138.7
p-value 2.2x1016 p-value 2.2x10-1¢

NA is caused by covariance, and a residual analysis and outlier detection to determinate the model
accuracy (Figure 52).

3.2. Leaf Phenotypic Indicators Intra- and Inter-Specific Variation

The four oaks’ leaf phenotypic indicators showed an abundance of intraspecific var-
iation (1.54-29.35-fold). The top three leaf phenotypic traits (RLA, LA, and LLA) showed
high coefficients of variation (Table 2). Q. acutissima had the greatest variation in SI (4.2-
fold), RLA (3.88-fold), LLA (3.74-fold); while Q. variabilis, Q. fabri and Q. serrata var. brevi-
petiolata shared similar leaf phenotypic indicators with high variability (RLA (Q. variabilis
=15.67-fold, Q. fabri = 29.35-fold, Q. serrata var. brevipetiolata = 4.09-fold), LA (Q. variabilis
=14.61-fold, Q. fabri = 26.95-fold, Q. serrata var. brevipetiolata = 5.23-fold), and LLA (Q. var-
iabilis = 13.66-fold, Q. fabri = 25.9-fold, Q. serrata var. brevipetiolata = 6.91-fold)). Q. fabri had
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the largest leaves among species, as evidenced by its greater LL, LW, LP, LA, LLA, RLA,
RWL, and RPA values. Compared to the other three species, Q. variabilis harbored more
AR (3.54-fold) and SI (5.13-fold) variation.

Table 2. Leaf phenotypic variation range of four oak species.

Q. serrata var. brevipeti-

Species Q. acutissima Q. variabilis Q. fabri olata All Species
Range Fold Range Fold Range Fold Range Fold Range Fold
LL (cm) 20.60-45.32  2.20 12.98-50.09  3.86 9.90-47.03 4.75 21.26-50.47 2.37 9.90-50.47 5.08
LW (cm) 7.43-14.96 2.01 4.93-17.73 3.60 4.80-27.11 5.65 8.01-19.92 2.49 4.80-27.11 5.65
LP (cm) 61.93-113.97 1.84 37.01-123.58 3.34 29.21-131.68 4.51 59.95-125.70 210 29.21-131.68 4.51
LA (cm?) 113.67-402.66 3.54 43.58-636.55 14.61 27.76-748.12 2695 115.92-605.70 5.23 27.76-748.12 26.95
LLA (cm?) 58.27-218.09 3.74 23.02-314.45 13.66 14.13-365.96 25.90  50.31-347.40 691 14.13-365.96 25.90
RLA (cm?) 55.40-215.15 3.88 20.55-322.10 15.67 13.63-400.10 29.35 63.18-258.30 4.09 13.63-400.10 29.35
RWL 0.24-0.47 1.96 0.26-0.38 1.46 0.31-0.64 2.06 0.35-0.54 1.54 0.24-0.64 2.67
AR 0.74-1.44 1.95 0.52-1.84 3.54 0.71-1.30 1.83 0.79-1.48 1.87 0.52-7.40 14.23
RPA 0.26-0.55 2.12 0.19-0.85 4.47 0.18-1.06 5.89 0.21-0.52 2.48 0.18-1.06 5.89
SI 0.10-0.42 4.20 0.08-0.41 5.13 0.08-0.40 5.00 0.09-0.22 2.44 0.08-0.42 5.25
With the exception of AR and RPA, ANOVA revealed significant leaf phenotypic
traits’ interspecific differences in LL, LW, LP, LA, LLA, RLA, RWL, and SI (Table 3). Con-
trasting leaf phenotypic traits differences were observed between the two oak Sections,
Cerris and Quercus, with reduced and substantial variation for the former and latter, re-
spectively. No significant differences were observed in LW, RWL, AR, RPA, and SI in
Section Cerris (Q. acutissima and Q. variabilis) while considerable variations in LW, LP, LA,
LLA, RLA, and RWL were observed in Section Quercus (Q. fabri and Q. serrata var. brevi-
petiolata). Additionally, extensive variation exists between species in different Sections
(e.g., LL and LP between Q. variabilis and Q. serrata var. brevipetiolata; LA, LLA, and RLA
between Q. acutissima and Q. fabri; and LW, RWL, and SI among the four taxa).
Table 3. ANOVA e summary of leaf phenotypic indexes among the four-oak species.
Q. acutissima Q. variabilis Q. fabri Q. serrata var. All Species
Species brevipetiolata
Mean £ SD Mean = SD Mean £ SD Mean £ SD Mean £ SD F p
LL (cm) 32.87 +5.09 34.38+6.48 2 30.48 + 6.92 be 28.70 +4.96 < 31.64+6.48 12.46  0.000
LW (cm) 11.06 £ 1.80 < 11.20+£2.33 ¢ 1550+4.152 13.34+2.50 > 13.05+3.57  39.25 0.000
LP (cm) 83.78+11.49  87.85+15.022 87.08+19.81= 7837+12.17> 8491+16.12 531  0.001
LA (cm?)  233.09+65.44°b 272.30+102.852 304.88+128.602 243.75+90.10b 270.54+108.00 6.88  0.000
LLA (cm?) 115.64+33.30 13723 +54.82a> 152.00+64.422 123.35+49.15> 135.61+55.74 620  0.000
RLA (cm?) 117.46+3549° 135.07+51.15® 152.88+65.522 120.40+42.20°b 134.93+5427 7.12  0.000
RWL 0.34+£0.04 < 0.33£0.03 ¢ 0.51+£0.064 0.47 £0.04 0.42 £ 0.09 306.6  0.000
AR 1.06 +0.16 2 1.08 £0.20 2 1.02+0.11 2 1.04+£0.11 1.08 £0.41 216  0.09
RPA 0.37+0.06 2 0.36+0.112 0.33+0.154 0.34+0.07 a 0.35+0.11 1.51 0.211
SI 0.21+0.07 2 0.21+0.062 0.16 £0.04 ® 0.14+0.03 0.17 £ 0.06 32.89 0.000

The same row a, b, c is used to represent the difference between the same index among different
species, using the multiple comparison (LSD) method, "Bonferroni" correction.

3.3. Principal Component and Cluster Analyses of Variation in Leaf Phenotypic Traits

For each oak species, we performed a separate principal component analysis (PCA)
and LLA, RLA, LL, LW, LA, LP, and RPA, all had equal and significant contributions to
the first principal component (PCA1) across the four-oak species (Figure 6). However, the
leaf phenotypic variation contributes to PCA2 differed across the four-oak species (e.g.,
RWL and SI followed by LL and LW for Q. acutissima (Figure 6a); SI for Q. variabilis (Figure
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6b); AR and RWL followed by SI for Q. fabri (Figure 6c¢); SI and AR for Q. serrata var.
brevipetiolata (Figure 6d)). Overall, RWL, SI, and AR contributed more to PCA2.
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Figure 6. Contribution rate of 10 leaf phenotypic variables to principal components. (a): Q. acutis-
sima; (b): Q. variabilis; (c): Q. fabri; (d): Q. serrata var. brevipetiolata.

Positive correlations between SI, RPA, and AR; between LL, LP, RLA, LA, and LLA;
and between RWL and LW were observed for Q. acutissima (Figure S3). LL, LP, RLA, LA,
and LLA had high cos2 values and were better able to represent the principal component
analysis as cos2 values indicated that the variables have a larger contribution to the prin-
cipal components, in which case the variables are located near the circle edge of the cor-
relation plot (Figure S3a). In contrast to Q. acutissima, the 10 leaf phenotypic correlations
of Q. variabilis were different and positively correlated between SI, AR, LL, LP, and LLA;
and between RLA, LA, RWL, and LW were observed. LL, LP, RLA, LA, LLA, and LW had
high cos2 values and were better contributors to the principal component analysis (Figure
S3b).

AR and RWL of Q. acutissima and Q. variabilis were negative in different quadrants.
Contrary to Q. acutissima and Q. variabilis, Q. fabri experienced a shift from a negative to a
positive correlation between AR and RWL, as well as an increase in AR cos2 value and a
decrease in SI cos2 value (Figure S3c). Q. serrata var. brevipetiolata shared the representa-
tion and correlation of the leaf phenotypic variables with Q. variabilis, except for SI, AR,
and RWL cos2 values suggesting that these three parameters are the primary leaf pheno-
typic indicators causing differences between these two species (Figure S3d).

According to Pearson correlation analysis, most of the 10 leaf phenotypic traits had
high and positive correlations with ranges of 0.073 to 0.982, while few had low negative
correlations with ranges of —0.788 to —0.004. RPA produced high and negative correlations
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with LP, LA, LW, LL, RLA, and LLA (Figure 7a). According to the fragmentation diagram
and contribution, the first two principal components accounted for the leaf phenotypic
traits variation (79.94%) (Figure 7b,c). Principal component analysis revealed that individ-
uals of the four species could be classified into two groups; however, species within Sec-
tions were complex and difficult to distinguish (Figure 7d). According to the hierarchical
clustering, the four-oak species had areas of intersection as they clustered into seven clas-
ses, allowing individuals from different Sections to coexist (Figure 8).
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Figure 7. Principal component analysis of leaf phenotypic variation for the four-oak species. (a):
Correlation analysis; (b): Gravel figure (the contribution of each principal component to total vari-
ability); (c): Variable correlation and important value; (d): Two-dimensional principal component

analysis.
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Figure 8. Hierarchical clustering of leaf phenotypic traits for the four-oak species.

4. Discussion

Prior to molecular genetic markers use, leaf phenotypic variation was often used in
studying hybrids. F1-hybrid generations are genetically superior to their parents, exhibit-
ing a wide range of intermediate phenotypic traits, as well as transgressive segregation
[29]. Although there is some correlation between the phenotypic variation of hybrids and
their parents, clear patterns often did not occur. The phenotypic traits do not directly iden-
tify the parental origin but are still valuable for studying introgression [6]. Additionally,
phenotypic variation responded to the species’ adaptation to their environment. In this
study, we used the scanned leaves graphs and extracted indicators that enabled us to rap-
idly access a large number of species phenotypic data for hybrids assessments [20]. Fur-
thermore, we introduced two new indicators (AR and SI) to measure/assess leaf symmetry
and used them to determine hybridization occurrence and to evaluate the species’ envi-
ronmental adaptability. In our study, Section Cerris species exhibited wide variation in
fluctuating asymmetries and species in Section Quercus with small FA. The two major fac-
tors, genetic and environment, are often considered when conducting leaf phenotyping
studies [6-9]. Earlier studies considered species with higher levels of fluctuation asym-
metry to have higher genetic variation and buffering capacity against environmental
stress [18]. We think Cerris species had higher genetic variation and more environmental
adaptability and Quercus species may have high genetic heterozygosity. However, those
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assumptions require further molecular experiment verification. We expect that our find-
ings will provide a theoretical basis for future molecular diagnostic research.

4.1. Environmental Adaptability of the Four-Oak Species

Various researchers used the leaf fluctuation asymmetry (FA) index to measure the
variance brought on by genetics, environmental factors, and their interaction, which can
lead to developmental instability and leaf phenotypic plasticity in plants [13,30,31]. FA
not only measures leaf symmetry, floral structure, and reproductive symmetry but also
reflects the combined ability of a species to buffer internal genetic factors from external
environmental stresses during development [32]. However, bilateral symmetrical indica-
tors (AR and SI), can sufficiently express the leaves” adaptability to their environment [19].
Of the four-oak species studied, Section Quercus (Q. fabri and Q. serrata var. brevipetiolata)
species leaves had good bilateral symmetry. The bilateral symmetry index of Q. variabilis
had a large range of variation. Previous studies pointed to the existence of greater fluctu-
ating asymmetry in leaf shape, revealing increased plants’ environmental adaptation [18].
Based on the observed spatial distribution of the four-oak species, we found Q. variabilis
to be environmentally heterogeneous and exhibit a dispersal distribution within its pop-
ulations, thus, it has the highest environmental adaptability. The ecological niche theory
states that each species has a specific habitat and that its potential for adaptation con-
strains the species’ dispersion [33-35]. These four-oak species have a high number of sym-
patric populations with a long history of differentiation in China [22,25,36,37]. This rein-
forces the fact that these oaks produce phenotypic diversity to adapt to different habitats.
We also found the highest variation in leaf symmetry indicators in Q. fabri, an observation
supported by the known high rate of hybridization of species in Section Quercus. Li et al.
[22] studied the genetic variation of these four-oak species and found that Q. fabri had
more introgression, further supporting our observation.

4.2. Phenotypic Diversity from Genetic Variation

One of the biological mechanisms causing leaf asymmetry is genetic variation, and
hybridization is a major source of its generation [11]. In various investigations, hybrids
contain intermediate phenotypic features, a by-product of introgression [38]. For example,
the production of the Q. subpyrenaica hybrids by Q. robur and Q. petraea; Q. faginea and Q.
pubescens hybrids [39]. Hybrids frequently differ from the conventional intermediate mor-
phology and exhibit a wide range of phenotypic features of both parents and the interme-
diate [40]. Here, the studied oaks exhibit a wide range of phenotypic traits with 1.54-29.35-
fold. Garcia-Nogales et al. [41] who phenotyped Q. ilex populations across a latitudinal
gradient, showed that leaf area size variation ranged from 98.7-184.1 cm? with a variation
of 1.87-fold. However, in the present study, substantial leaf area size variation was ob-
served from Q. acutissima (3.54-fold) to Q. fabri (26.95-fold). All four oaks exhibit greater
variation in leaf area size than Q. ilex [41]. The magnitude of phenotypic variation in the
studied local mixed oak forests is greater than that observed for other oak populations in
wide geographical conditions, an observation supports the role of hybridization in gener-
ating substantial phenotypic variation.

Two related hypotheses are currently used to explain FA levels in hybrids: (1) genetic
heterozygosity increases and FA decreases in hybrids [42]; and (2) FA can indicate an in-
crease by disrupting co-adapted gene complexes in hybrids [43,44]. The increase in FA of
hybrids depends on the hybrids’ phylogenetic, intraspecific hybrids have lower FA levels
than hybrids of interspecific species [45]. The fluctuation asymmetry of individuals in Sec-
tion Cerris was higher than that of Section Quercus, as we demonstrated above. Consider-
ing the first hypothesis, we conclude that the white oak group has a high level of genetic
heterozygosity. At the same time, there is no discernible difference between Q. acutissima
and Q. variabilis, while a discernible difference between Q. serrata var. brevipetiolata and Q.
fabri exists. We speculate that there are more hybrids within Section Quercus. This, of
course, need to be verified by molecular data. In addition, the main causes of leaf
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fluctuation asymmetry, according to our multiple linear regression simulations, were de-
termined to be LL, LP, LLA, RLA, and RLP. As a result, these indicators will be crucial in
any future analysis of leaf phenotypic traits variation within and among species.

4.3. The Impact of Phenotypic Variation on Species Classification

Our analyses of 295 individual oaks using principal components and hierarchical
clustering revealed the difficulty associated with our attempts to distinguish among the
four-oak species and separate them into four independent groupings. Leaf phenotypic
traits differed less between Q. acutissima and Q. variabilis and more between Q. serrata var.
brevipetiolata and Q. fabri. The high level of similarity between species and the large mor-
phological variation of individuals makes it more difficult to classify species [40]. Quercus
species are wind-pollinated, with weak reproductive barriers, thus allowing the produc-
tion of many fertile hybrid offspring [46]. The extensive morphological variation of hy-
brids has blurred species boundaries. The initial identification of species based on leaf
geometry morphology alone is subject to a certain rate of error. We can add traditional
morphology such as leaf hair morphology, leaf hair color, and branch color. However,
whether these morphologies change with environment and genetics needs to be further
investigated.

Authors should discuss the results and how they can be interpreted from the per-
spective of previous studies and the working hypotheses. The findings and their implica-
tions should be discussed in the broadest context possible. Future research directions may
also be highlighted.

5. Conclusions

The four-oak species have significantly different leaf morphologies, varying in char-
acter from 1.54 to 29.35 folds. The wind-pollinated mating system, with weak reproduc-
tive barriers, facilities Quercus species hybridization. We hypothesize that the observed
extensive leaf attribute variation resulted from interspecific hybridization. Species in Sec-
tion Quercus with small FA have high genetic heterozygosity. However, this still needs
further verification using molecular markers. Wide variation in fluctuating asymmetries
exhibits that Section Cerris species are more suited to the environment than Section Quer-
cus species. Phenotypic diversity improves species” capacity to adapt to environmental
change, but it also makes species classification challenging.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f13101635/s1, Figure S1: Normal distribution detection for
the 10 leaf-shaped indicators; Figure S2: Residual error analysis and outlier detection of two models.
(a—d): SL, (e—f): AR; Figure S3: Correlation and important value of 10 leaf phenotypic variables. (a):
Q. acutissima; (b): Q. variabilis; (c): Q. fabri; (d): Q. serrata var. brevipetiolata.
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