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Summary

� Ecological character displacement (ECD) refers to a pattern of increased divergence at sites

where species ranges overlap caused by competition for resources. Although ECD is believed

to be common, there are few in-depth studies that clearly establish its existence, especially in

plants.
� Thus, we have compared leaf traits in allopatric and sympatric populations of two East Asian

deciduous oaks: Quercus dentata and Quercus aliena. In contrast to previous studies, we

define sympatry and allopatry at a local scale, thereby comparing populations that can or can-

not directly interact.
� Using genetic markers, we found greater genetic divergence between the two oak species

growing in mixed stands and inferred that long-term gene flow has predominantly occurred

asymmetrically from the cold-tolerant species (Q. dentata) to the warm-demanding later col-

onizing species (Q. aliena). Analysis of leaf traits revealed greater divergence in mixed than in

pure oak stands. This was mostly due to the later colonizing species being characterized by

more resource-conservative traits in the presence of the other species. Controlling for relevant

environmental differences did not alter these conclusions.
� These results suggest that asymmetric trait divergence can take place where species coexist,

possibly due to the imbalance in demographic history of species resulting in asymmetric inter-

specific selection pressures.

Introduction

Ecological character displacement (ECD) is a process that
enhances phenotypic differences between species through
resource competition in sympatry (Brown & Wilson, 1956;
Grant, 1966). This important process, one of the most thor-
oughly studied phenomena in evolutionary biology, plays
key roles in speciation, divergence, diversification, and
ultimately community assembly (Beans, 2014; Germain et al.,
2018). Whereas ECD is often framed around competition
between reproductively isolated species, it is not limited to such
situations and can be investigated in species still exchanging genes
(Goldberg & Lande, 2006; Reifov�a et al., 2011). However, rigor-
ously demonstrating ECD’s presence in empirical field studies is
difficult, for several reasons (Schluter & McPhail, 1992; Stuart &
Losos, 2013). First, assessing whether species can actually com-
pete is not always trivial. Second, environmental conditions can
vary across sites, potentially confounding effects of sympatry on
studied traits. Third, for species still undergoing gene exchanges,
increased divergence in sympatry can result either from greater
competition for resources (ECD) or from reinforcement of repro-
ductive barriers (Noor, 1999; Hopkins, 2013). Therefore, a rig-
orous test of ECD in sympatry, controlling for all these
potentially confounding effects, is essential. As demonstrated by
Stuart & Losos (2013), such tests are very rare, leading them to

advocate for ‘more complete, rather than simply more, cases stud-
ies’. This applies especially to plants, which have received less
attention in these respects than animals (Beans, 2014) even
though they should be good models for such studies due to their
sessile character.

Traditional field methods used to study divergence between
species generally involve comparison of traits or mating barriers
in sympatric and in allopatric regions, broadly defined at the
range-wide scale. A limit of this approach is that, without precise
and rigorous characterization of the degree of sympatry, other
unstudied factors might complicate the interpretations. A review
by Butlin et al. (2008) concluded that in speciation studies it is
more productive to study the current balance between local adap-
tation and gene flow than to focus on broad and overly simplistic
classification of spatial context. In line with this recommenda-
tion, we argue here that a simple solution for field studies is to
concentrate on local scale patterns, by comparing populations in
‘microsympatry’ and ‘microallopatry’ within broadly sympatric
parts of their ranges (Fig. 1), so the potential for direct interac-
tion at each site is clear and the comparison is more relevant.

Even with such improved sampling scheme, environmental
gradients can obscure patterns of character displacement (Gold-
berg & Lande, 2006). Therefore, in such studies, accounting for
phenotypic variation along environmental gradients is essential
(Adams & Collyer, 2007).
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Another challenge when studying ECD in plants is to deter-
mine the character traits to investigate, because character dis-
placement can occur in both subtle and clearly visible traits
(Beans, 2014). Geometric morphometric methods (GMMs) for
landmark-based analysis of shape variation have important
advantages (Adams & Rohlf, 2000). Leaf shape, which is often
used for taxonomic purposes, is now recognized as a trait
with great functional significance (Nicotra et al., 2011). With a
GMMs, all aspects of leaf shape variation among a set of land-
marks can be captured, so specific changes can be detected with-
out having to be specified and explicitly measured a priori
(Dryden & Mardia, 1998; Klingenberg, 2011). Other leaf func-
tional traits related to resource acquisition and hence to competi-
tion, such as leaf area and specific leaf area (SLA), are also of
great potential for ECD studies in plants (Cavender-Bares &
Pahlich, 2009; Cavender-Bares et al., 2015; Arenas-Navarro
et al., 2020).

Competition between closely related plants can lead not only
to ECD but also to reinforcement of prezygotic barriers (Jiggins
& Mallet, 2000). Focusing on leaf traits that are not directly
involved in reproduction and jointly monitoring populations
with molecular genetic markers should help clarify the underlying
mechanisms. For instance, it could help clarify if asymmetric
selection due to demographic imbalance could lead not only to
asymmetric gene flow but also to asymmetric ECD (Fig. 2).

The oak genus (Quercus spp.) is one of the most diverse and
ecologically important tree genera in the Northern Hemisphere,
with high species diversity in southeast Asia and both Central
and North America (Denk et al., 2018). Oaks are good models
for studies of community structure and niche construction, with
surveys showing that co-occurring species are often more dis-
tantly related than expected by chance (Cavender-Bares
et al., 2004). Oak leaves are hugely variable in sizes and shapes.
The possible adaptive response of this variation to environmental
conditions has been extensively investigated, perhaps more
so than in any other plant genus (e.g. Zwieniecki et al.,
2004; Niinemets, 2015; Hipp et al., 2018; Cavender-Bares,
2019; Royer et al., 2019; Li et al., 2021; Sancho-Knapik
et al., 2021; Skelton et al., 2021). The oak genus is also a classic
example for hybridization and introgression studies (Dar-
win, 1872; Rieseberg et al., 2006). Oak species are typically well
delimitated despite occasional hybridization thanks to high
fecundity combined with strong disruptive selection (e.g. Gailing
& Zhang, 2018; Cannon & Petit, 2019). In particular, there is
documentary evidence of often strong but plastic and context-
dependent reproductive barriers between species of oaks in
Europe (Abadie et al., 2012; Lepais et al., 2013); North America
(Cavender-Bares & Pahlich, 2009); and East Asia (e.g. Liu
et al., 2018; Lyu et al., 2018). Interestingly, recent studies have
suggested that oak species colonizing stands already occupied by

(a) (b)

Fig. 1 Schematic model showing the classical and local (microgeographical) approaches to test character displacement hypotheses. (a) Classical approach:
divergence of traits is tested by contrasting allopatric vs sympatric populations at a broad regional scale. (b) Local approach: divergence of traits is tested by
contrasting allopatric vs sympatric populations defined at a local scale, i.e. in situations where the two species can potentially directly interact. Note that for
the selection of microallopatric populations, the allopatric parts of the range, broadly defined, are avoided, to make results more comparable with
microsympatric populations.

(a) (b) (c)

Fig. 2 Trait differences between two species in sympatry and allopatry: (a) trait divergence does not rely on ecological variables and is symmetrical: classical
ecological character displacement (ECD); (b) trait divergence varies along an environmental gradient; (c) trait varies along an environmental gradient in
late-successional (thick dashed lines) species but not in resident species (thick solid lines) (asymmetric ECD). (a, b) come from Goldberg & Lande (2006),
with permission. Note that in all three examples an extreme case is displayed where species traits are identical in allopatry under similar environmental con-
ditions (thin gray line).
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related oak species initially face conditions conducive to massive
hybridization while they are still at low density (Lepais et al.,
2009; Lagache et al., 2014). This can result in strong and asym-
metric selection against inter-specific mating events, as described
in Drosophila (Yukilevich, 2012).

In China, oaks are the most abundant trees in naturally regen-
erated forests, accounting for c. 13% of total numbers of trees in
them, with 35 species described, 15 of which are endemic to the
country (Huang et al., 1999). The two species selected for this
study (Quercus aliena Blume and Quercus dentata Thunberg)
belong to a small monophyletic group of oak species nested
within SectionQuercus (white oaks) (Hubert et al., 2014; Hipp
et al., 2020). They have widely overlapping distributions and co-
occur side by side in some forests. Quercus aliena, a large tree
species growing in mixed forests that can tolerate shade and com-
petition, is considered a characteristic species of temperate and
warm-temperate forests, while Q. dentata, an often-stunted tree
found in open habitats, grows further north and is considered a
characteristic species of temperate forests (Huang et al., 1999;
Fujiwara & Harada, 2015). Both species can be discriminated by
leaf shape. Leaves of Q. aliena have 10–13 mm petioles with ellip-
tic leaves characterized by many shallow lobes. Leaves of Q. den-
tata are obovate with much shorter petioles (2–5 mm) and
fewer but deeper lobes than Q. aliena (Huang et al., 1999; Liu
et al., 2018).

For ECD studies, leaf morphology could provide suitable
functional traits (Zwieniecki et al., 2004; Royer et al., 2008;
Nicotra et al., 2011; Kusi & Karsai, 2019; Torres-Ruiz et al.,
2019; Sancho-Knapik et al., 2021). To help interpret differences
in leaf morphology, more integrated traits, such as leaf area and
SLA, can also be used, as their relationships with the environment
have been extensively investigated (Wright et al., 2004). In partic-
ular, associations between SLA and vulnerability to embolism are
widely reported in oaks (Cavender-Bares et al., 2004; Nardini
et al., 2012; Lobo et al., 2018). More drought tolerant species
tend to have lower SLA (e.g. Alexandre et al., 2020). Similarly, a
reduction in leaf size helps oaks withstand water deficits (e.g.
Peguero-Pina et al., 2015).

In this study, we used leaf traits and molecular markers to
compare the divergence between the two species in mixed (locally
sympatric) and pure (locally allopatric) populations, rather than
in broadly defined, large-scale sympatry and allopatry, as in a
classical survey of inter-specific divergence. We specifically
addressed the following questions. First, is there more divergence
in molecular markers and leaf traits between the two closely
related oak species in mixed stands than in pure stands? Second,
if so, is this divergence symmetric? Third, what are the underly-
ing mechanisms?

Materials and Methods

Materials

We sampled leaves from 778 trees in 47 natural populations
throughout the entire geographic ranges of the two selected
deciduous oak species in mainland China (Fig. 3). We prospected
each site during about an hour, covering about 3–5 km and using
morphological traits evaluated in the field as a first attempt to
identify species. Sites in which we detected individuals of both
species were considered sympatric whereas those in which we
detected only one species were considered allopatric. Using this
procedure, there were eight sympatric and 39 allopatric popula-
tions. In sympatry, we collected on average 47% Q. aliena and
53% Q. dentata (with proportions varying from 30–70% to 66–
34%). Subsequently, in the laboratory, we reassessed the status of
each stand using genetic and morphological (GMM) approaches
(Supporting Information Table S1). During sampling, we walked
randomly and ensured the individuals were located at least 10 m
apart from each other. In sympatry, the two species often grow
together, sometimes at close distance. We collected four to five
mature leaves along the four cardinal directions in the middle
layer of the canopy for leaf trait analyses, and one to two young
leaves or new branches for DNA isolation. We dried all leaf sam-
ples in silica gel immediately and we recorded the latitude, longi-
tude and altitude of each sampling site using a 621sc global
positioning system (GPS) device (Garmin, Beijing, China).

Fig. 3 Geographical distribution and sampling location ofQuercus aliena (a) andQuercus dentata (b) in China. Green colors indicate the species range. For
the details of sampling locations see Supporting Information Table S1.
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Microsatellite genotyping

Total genomic DNA was isolated from 15 to 20 mg samples of
leaf tissue or cambium using a Plant Genomic DNA Extraction
Kit (Tiangen, Beijing, China) according to the manufacturer’s
instructions. We first checked the quality of the DNA samples
electrophoretically, using a 1% agarose gel. Then we measured
their DNA concentrations with an ultra-microspectrophotometer
(Thermo Fisher, Waltham, MA, USA). For genotyping, we
screened 25 nuclear simple sequence repeat (nrSSR) primers
used in studies of other oak species (Ueno et al., 2008; Ueno &
Tsumura, 2008; Durand et al., 2010; Lyu et al., 2018) (see
Table S2 for primer details). We excluded loci harboring null
alleles as identified using MICRO-CHECKER v.2.2 (Oosterhout
et al., 2004). Finally, we used 12 polymorphic loci for genotyping
all 778 individuals. For details of the PCR mixture and amplifica-
tion conditions, see Lyu et al. (2018). We analyzed the PCR
products using an ABI Prism 3730 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). We scored alleles using
GENEMARKER v.2.2 (Softgenetics LLC, State College, PA, USA)
and checked twice the genotypes.

Landmark configuration and specific leaf area estimation

For leaf GMM analyses, we flattened, dried and scanned mature
leaves at 600 dpi resolution using a CanoScan 5600 F scanner
(Canon, Tokyo, Japan). In total, we used 3391 leaves from 683
individuals (four or five leaves per individual). We used the
scanned images to extract landmarks and leaf contours with
IMAGEJ v.1.5 (Abr�amoff et al., 2005). For each leaf, we selected
13 landmarks, focusing on the primary veins, symmetric struc-
tures, and homologous parts. Three landmarks were distributed
along the middle axis of leaves (LM 1–LM 3) and nine others
were symmetrically distributed in other parts of the leaves (LM
4–LM 13) (Viscosi et al., 2009; Savriama & Klingenberg, 2011;
Viscosi & Fortini, 2011; Liu et al., 2018) (Fig. 4a). We organized
the raw data for all leaf landmark configurations into 13 pairs of
Cartesian coordinates (x, y) using IMAGEJ v.1.5. Then we
imported all the xy coordinates as input data into MORPHOJ

program. We measured leaf area and SLA in a subset of the popu-
lations (Table S3). We estimated the area of each fully extended
leaf using IMAGEJ v.1.5 software. We calculated SLA (leaf area per
unit of dry leaf weight; cm2 g�1) as the ratio of leaf area to dry
leaf mass.

Tree phenology

We selected one sympatric site on Shangfang Mountain located
in the southwest of Beijing Municipality, China (115°480E,
39°390N) to observe phenological characters of the two oak
species. In this site, Q. dentata is growing in open conditions on
the top of the hills, whereas Q. aliena is growing in the bottom
and on the hillside, at higher density, resulting in straighter trees
than Q. dentata. We recorded bud burst, leaf-expansion, flower-
ing, and fruit stage periods of 15 Q. aliena and 10 Q. dentata
trees, as described by Crawley & Akhteruzzaman (1988). During
the 2018 flowering period, we observed nearly daily almost all
flowers on each tree and recorded the duration of pollen release.
We used SIGMAPLOT v.12.5 (SYSTAT Software GmbH, Erkrath,
Germany) to illustrate the flowering phenology of the two oak
species.

Data analysis

Genetic diversity, population cluster analysis and gene
flow We estimated the average expected heterozygosity (HE),
observed heterozygosity (HO) and fixation index (F) for each
population across all 12 nrSSR loci with GENALEX v.6.5 (Peakall
& Smouse, 2012). We then evaluated the significance of the dif-
ferences in diversity between the allopatric and sympatric popula-
tions with two-group Mann–Whitney U tests implemented in
SPSS v.22 (SPSS Inc., Chicago, IL, USA).

We estimated genetic differentiation among populations and
between species of sympatric and allopatric populations using
hierarchical analysis of molecular variance (AMOVA), imple-
mented in ARLEQUIN v.3.5 (Excoffier & Lischer, 2010). We then
evaluated the significance of genetic differentiation using 10 000
permutations in ARLEQUIN v.3.5.

(a) (b)

Fig. 4 Landmark configuration of leaves (a): 1, junction of the petiole and branch; 2, junction of the blade and petiole; 3, apex of the leaf; 4, 9, the first
sinus of the right-hand and left-hand leaf apex, respectively; 5, 10, the first lobe immediately above the apex of the right-hand and left-hand leaf apex,
respectively; 6, 11, tip of the lobe at the largest width of the right-hand and left-hand leaf, respectively; 7, 12, the sinus immediately above the lobes of 6
and 11, respectively; 8, 13, the first basal lobe of the right-hand and left-hand leaf starting from the petiole, respectively. Plot of leaf shape (b) ofQuercus

aliena andQuercus dentata in sympatry vs allopatry. The box in each boxplot shows the lower, median and upper quartile values, whiskers indicate the
ranges of the variation in each species. P < 0.05 according to a linear mixed-effect model.
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We assigned individuals to homogenous clusters, without con-
sideration of sampling information, by model-based Bayesian
clustering analysis using STRUCTURE v.2.3.4 (Pritchard
et al., 2000). We used 20 independent replicates for each value of
K (1–10), where K is the (unknown) number of genetic clusters,
and 100 000 Markov Chain Monte Carlo (MCMC) repetitions
followed by 100 000 burn-in iterations for each run. We subse-
quently estimated the most likely number of clusters with Pr(X¦K)
and DK implemented in the program STRUCTURE HARVESTER

(Earl & VonHoldt, 2012), as described by Evanno et al. (2005).
We used admixture coefficient (Q) values to distinguish whether
the sampled individuals were purebreds or hybrids with a thresh-
old value of 0.9, as suggested in other oak population studies
(Lepais et al., 2009; Pe~naloza-Ram�ırez et al., 2010). To visualize
the genetic clusters, we used DISTRUCT software (Rosen-
berg, 2004) and plotted the admixture proportion of each indi-
vidual on a map based on the best K value. We also performed a
single principal coordinate analysis (PCoA) with all genotypes
together based on the genetic distance matrix with GENALEX

v.6.5 (Peakall & Smouse, 2012) and then plotted separately the
sympatric and allopatric individuals to visualize individuals’
genetic proximities. In addition, we used a new threshold-free
approach based on the results of the PCoA between species in
sympatry and allopatry to extract information on inter-specific
divergence using the MIXSMSN package in R (Prates et al., 2013).
This allows us to measure the degree of overlap of the two species
in sympatry vs allopatry.

We also applied a Bayesian approach, based on the continuous
Brownian motion model, to estimate directions of historical gene
flow between species in both sympatry and allopatry. Before anal-
ysis, we distributed all individuals in four groups, corresponding
to Q. aliena and Q. dentata in sympatry or in allopatry. Species
assignments were based on tree identification in the field. We cal-
culated the parameters h (four times effective population size
multiplied by mutation rate per site per generation) and M (mi-
gration rate divided by the mutation rate) with MIGRATE-N
v.4.4.3 (Beerli & Felsenstein, 2001; Beerli, 2006). Each run had
three long chains, with 10 000 recorded genealogies, a sampling
increment of 20, and the first 10 000 genealogies discarded as
burn-in, under a constant mutation model. This was followed by
a static heating with default temperatures. We assessed the mode
and 95% highest posterior density after checking for data conver-
gence. We selected the best model by comparing the marginal
likelihoods from three models with different gene flow directions.
To estimate asymmetrical gene flow, we used the posterior distri-
bution estimates to compute the mean and standard deviation of
mutation-scaled migration rate (M) for Q. aliena?Q. dentata
and Q. dentata?Q. aliena in sympatry and in allopatry
(Beerli, 2006). Differences among these parameters were tested
by analyses of variance (ANOVAs) followed by post hoc analyses
using Tukey’s HSD (honestly significant difference) test for mul-
tiple comparisons implemented in SPSS v.22 (SPSS Inc.).

Morphological analysis We first performed a generalized pro-
crustes analysis (GPA) (Rohlf & Slice, 1990) to minimize differ-
ences between landmark configurations by translation, scaling

and rotation to maximize the coincidence of leaf coordinate data
using the MORPHOJ program (Klingenberg, 2011). Next, we took
the mean of the landmarks across four to five leaves of the same
tree as suggested by Klingenberg (2011). Finally, we exported the
normalized matrix of 26 procrustes coordinates of mean land-
marks per tree for leaf shape analyses (Viscosi et al., 2009). Using
mean landmark values per tree rather than individual leaf land-
mark data does not result in significant loss of information in
subsequent analyses, as shown by Viscosi & Cardini (2011). Dis-
criminant analysis is considered the most powerful statistical
method for investigating taxonomic differences between groups
(Klingenberg, 2011). In this study, we subjected procrustes coor-
dinates of the 683 individuals to linear discriminant analysis
(LDA), using the MASS package in R v.4.0.2 (Venables & Rip-
ley, 2002), to determine the proportion of purebreds and hybrids
in each population, based on the resulting linear discriminant
(LD) scores (Albarr�an-Lara et al., 2018), and graphically visual-
ized the results on a map. In addition, we performed a principal
component analysis (PCA) and displayed the distribution fre-
quency of principal component (PC) scores for all individuals to
visualize the differences between species in leaf shape, using the
VEGAN package in R (Oksanen et al., 2022). We also used the
threshold-free approach on the results of PC1 for leaf shape
between species in sympatry and allopatry using the MIXSMSN

package in R, as described earlier for genetic markers (Prates
et al., 2013). We further compared the differences in leaf shape,
leaf area and SLA between species in sympatry and allopatry
using the GGPLOT2 R package (Wickham, 2016).

Patterns of inter-specific phenotypic divergence To character-
ize leaf traits’ climatic responses, we first extracted 19 bioclimatic
variables at 30 s (c. 1 km2) resolution from WORLDCLIM v.2 raster
layers (Fick & Hijmans, 2017). We transformed these variables
using z-scores set to increase with temperature and precipitation
(Table S4), using a PCA in the VEGAN R package (Oksanen
et al., 2022). We then studied SLA variation for all, sympatric
and allopatric populations as a function of climatic factors (pre-
cipitation seasonality, annual precipitation, temperature seasonal-
ity and annual mean temperature). We also estimated the
divergence of leaf shape by GMMs between species in sympatry
and in allopatry using data acquired from all sampled individuals
or only from the genetically and morphologically purebred indi-
viduals. This was performed both across the whole climatic range
(the climatic range of all studied populations) and across the cli-
matic range common to both sympatric and allopatric popula-
tions, i.e. excluding allopatric populations experiencing divergent
climates not encountered by sympatric populations. Restricting
comparisons between sympatric and allopatric populations expe-
riencing the same climatic range should make the results more
comparable. We estimated mean leaf shapes of the two species in
the sympatric and allopatric populations (Dsym and Dallo, respec-
tively), as well as the difference between them (Dsym-allo) as
described by Adams (2004). A greater divergence in sympatry
than in allopatry yields a positive Dsym-allo value. Second, we used
a linear mixed model to detect effects of species type, community
type (sympatric or allopatric), and their interaction on each trait,
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as suggested by Adams (2004) and Bates et al. (2015), using the
LME4 package in R v.4.0.2. We assessed the significance of the
effects using an ANOVA test implemented in the CAR R package
(Fox et al., 2013). A significant interaction between species
type and community implies species-specific trait divergence
(Adams, 2004). In addition, we used linear mixed modeling to
test the hypotheses (1) that the trait’s environmental response dif-
fers in sympatry and in allopatry and (2) that the divergence
between the two species in sympatry and allopatry depends on
environmental factors, focusing on purebred individuals (either
morphologically purebred and genetically purebred). We also
assessed the significance of the differences by ANOVA.

Results

Genetic diversity and divergence

Genetic diversity, differentiation and gene flow All 12 nrSSR
loci were polymorphic, with 5–28 alleles per locus. The genetic
diversity was lower in sympatric populations (HO = 0.58,
HE = 0.63) than in allopatric populations (HO = 0.63, HE = 0.64)
(P < 0.05) and heterozygote deficit much higher in the former
than in the latter (Table S5). We also found that most of the ge-
netic variation resided within populations (86% and 88% in the
sympatric and allopatric populations, respectively) (Table S6).
The fixation index (FST) values between species were higher for
sympatric populations than for allopatric populations
(P < 0.001). MIGRATE-N analysis based on Bayesian factor values
indicated that asymmetric historical gene flow had occurred
between the two closely related oaks, mainly from Q. dentata to
Q. aliena (63.7 and 48.7, respectively) (Table 1). The mutation-
scaled migration rates (M) was higher from Q. dentata to
Q. aliena (Fig. S1b) than in the reverse direction (Fig. S1a;
Table S7), significantly so in sympatry (P = 0.05, Table S7). Fur-
thermore, we inferred that the rate of historical gene flow
between species has been significantly lower in sympatric than in
allopatric populations (P < 0.05, Table S7; Fig. S1).

Table 1 Historical gene flow as estimated by MIGRATE-N betweenQuercus
aliena andQuercus dentata in sympatry vs in allopatry.

h

N e M

Q. aliena? Q. dentata?

Sympatry
Q. aliena 2.6 [0.7–4.7] 49.9 [40.0–51.2]
Q. dentata 2.9 [1.1–3.6] 34.3 [15.9–43.7]
Allopatry
Q. aliena 3.1 [1.6–4.4] 67.8 [55.4–81.8]
Q. dentata 3.4 [1.9–4.7] 58.9 [46.2–66.1]
Total
Q. aliena 3.2 [1.6–4.5] 63.7 [45.5–79.4]
Q. dentata 3.3 [1.5–4.8] 48.7 [45.6–50.4]

The mode of the posterior distribution is shown in bold and the values in
square brackets give the 95% credibility interval; h, 49 effective
population size 9mutation rate per site per generation; NeM, effective
number of migrants per generation;?, source populations.

Genetic structure The Pr(X¦K) and DK statistics obtained from
Bayesian clustering strongly support the presence of two major
clusters in the dataset, one corresponding to Q. aliena and the
other to Q. dentata (Fig. S2). In addition, analysis with the
threshold value Q set to 0.9 indicated that there is a slightly lower
percentage of admixed individuals in sympatric than in allopatric
populations (29 and 33%, respectively, Table S1). The geograph-
ical distribution of genetic clusters also revealed a higher level of
inter-specific genetic divergence in the sympatric than in the
allopatric populations (Fig. 5; Table S1). PCoA results based on
the genetic distance matrix at the individual level were largely
concordant with the STRUCTURE analysis. They point to signifi-
cant genetic differentiation between Q. aliena and Q. dentata in
sympatry, with clear separation of the species along PC1 and
small proportions of admixed individuals and a bimodal fre-
quency distribution of individuals (Fig. 5c). In contrast, in
allopatric populations Q. aliena and Q. dentata purebreds and
admixed individuals were intermingled with each other to some
extent, and there was a unimodal frequency distribution of indi-
viduals (Fig. 5d).

Patterns of phenotypic divergence

Leaf morphological variation As recommended by Klingen-
berg (2011), we manually removed 28 leaf outliers, i.e. specimens
deviating strongly from the average (Table S1 column H–I). The
final dataset included 3363 leaves corresponding to 99.2% of the
sampled leaves. For Q. aliena, we found a clear difference
between mean landmark values in sympatry and in allopatry. For
Q. dentata, the difference was not obvious (Fig. S3). The mor-
phological data provided stronger discrimination between species
than the genetic markers: 87% of the individuals were ‘pure’
according to leaf shape GMM analysis (with LD scores <�1
or > 1), compared to only 66% when genetic markers were used
for assigning species (Q scores < 0.1 or > 0.9) (Figs 5, 6;
Table S1). Overall, morphological and genetic taxonomic criteria
matched for 401 (65%) of the individuals (Table S8). Leaf shape
PC1 accounted for 47% of the total leaf shape variance, so we
used it as a proxy for leaf shape variation.

Conclusions regarding the allopatric or sympatric status of
each population based on either morphological (GMM) or
genetic analyses were the same as those arrived at in the field.
However, hybrids could only be identified in the laboratory using
dedicated approaches (GMMs or genotyping) followed by statis-
tical analyses. We provide details on field identification, genetic
and phenotypic assignment for each individual and population in
Table S1.

We detected greater differences in all leaf traits (leaf shape by
GMMs; leaf area and SLA) between species in sympatry than in
allopatry, mostly because Q. aliena was more divergent from
Q. dentata in sympatric than in allopatric populations (Figs 4b,
S4). LDA using data acquired for all individuals detected signifi-
cant differences in leaf shape between Q. aliena (LD <�1,
N = 242) and Q. dentata (LD > 1, N = 348) and smaller propor-
tions of admixed individuals in the sympatric than in the
allopatric populations (8 and 16%, respectively; Fig. 6a,b;
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Table S1). Moreover, in some allopatric populations (KA, SC,
ZS and ZY) more than 50% of the individuals were admixed
(Fig. 6b). Clearly, oak trees’ leaf morphology is more bimodal in
sympatric than in allopatric populations (Fig. 6c,d). In addition,
the degree of overlap of the two species in sympatry is signifi-
cantly lower than in allopatry for both types of markers, and phe-
notypic divergence significantly greater than molecular
divergence in sympatry in the threshold-free analysis (Fig. S5;
Table S9).

The PC1 of the 19 extracted bioclimatic variables accounted
for 53% of the total climatic variance in the species’ total range.
There were used as a proxy for climate (Table S10). Leaf traits of
Q. dentata appear to be quite stable along this climatic gradient.
In contrast, we detected significant correlation between Q. aliena
leaf shape or SLA and climate (Figs 7, S6). In allopatry, leaf shape
variation was correlated with climatic factors in both species, with
especially large divergence for Q. aliena in more humid and
warmer environments (Figs 7c, S6c). However, in sympatry, trait
divergence did not depend on the environment (Figs 7b, S6b). In

addition, we found that SLA of Q. aliena but not of Q. dentata
decreased when precipitation seasonality increased (Fig. S7).

We found positive Dsym-allo values. This indicates greater mor-
phological divergence in sympatry than in allopatry, regardless of
whether or not genetically and morphologically admixed individ-
uals are included in the analysis. After controlling for climate, by
restricting the comparison to the climatic range common to both
sympatric and allopatric populations (i.e. excluding allopatric
populations growing under climatic conditions not experienced
by sympatric populations), we still found higher divergence in
sympatry. However, the support was weaker when we considered
only genetically purebreds (Table 2). Similarly, we detected sig-
nificant species9 community interaction in all but one of the six
cases investigated (see Table 2), indicating that leaf shape
response in sympatry and in allopatry differs between the two
species.

Flowering phenology Both Q. aliena and Q. dentata produced
male flowers a week earlier than female flowers (Fig. S8), and

(a) (b)

(c) (d)

Fig. 5 Genetic differentiation betweenQuercus aliena andQuercus dentata in sympatry and allopatry. The geographic display of the STRUCTURE results with
K = 2 at population level for sympatric (a) and allopatric populations (b). For the details of sampling locations see Supporting Information Table S1. Principal
component analysis (PCA) plot at individual level in sympatry (c) and allopatry (d), with the distribution frequency and box plots of the first principal
component (PC1) and second principal component (PC2) values plotted on the top and right sides of the scatter plot. The box in each boxplot shows the
lower, median and upper quartile values, whiskers indicate the ranges of the variation. Percentage of total variance explained by each axis are noted in
brackets.
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Q. aliena trees flowered about a week earlier than Q. dentata trees
(Table S11). Hence, female Q. aliena flowers were potentially
exposed to pollen from Q. dentata at the monitoring site in the
Shangfang Mountain in the studied year (Fig. S8).

Discussion

In this study, we proposed a new ECD approach based on the
composition of local communities, by comparing plant traits
measured in mixed-species stands or in pure stands. We there-
fore tested for ECD by focusing on whether species can interact
locally or not. Considering the sessile nature of plant species,
this local approach makes things more comparable than in the
classical ECD approach focusing on broad geographic scales.
We also accounted for the effect of climate on the

corresponding traits and genetically characterized all the trees
studied to confirm species assignment and infer long-term inter-
specific gene flow.

Asymmetric ecological character displacement in sympatry

Morphological data allowed better species delimitation, with
fewer intermediates, than the genetic data. We used a direct test
for pattern associated with character displacement by calculating
the difference between species leaf trait means in sympatry and
allopatry (Dsym-allo), as suggested by Adams (2004). Despite
biomechanical constraints, leaf shape is a functionally significant
trait (Givnish & Kriebel, 2017), because it affects rates and other
parameters of photosynthesis, which play crucial roles in plant
growth, development and survival (Nicotra et al., 2011). The

(a) (b)

(c) (d)

Fig. 6 Leaf geometric morphometric analysis. Geographic display of leaf shape by linear discriminant analysis (LDA) in sympatric (a) and allopatric (b)
populations. For the details of sampling locations see Supporting Information Table S1. Principal component analysis (PCA) plot of leaf shape in sympatry
(c) and allopatry (d) at individual level, with the distribution frequency and box plots of the first principal component (PC1) and second principal
component (PC2) values plotted on the top and right sides of the scatter plot. The box in each boxplot shows the lower, median, upper quartile and the
outlier values, whiskers indicate the ranges of the variation. Percentage of total variance explained by each axis are noted in brackets.
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pattern of morphological evolution of Q. aliena in the presence
of Q. dentata is towards more lobes per leaf, a phenotype previ-
ously associated with occurrence in drier sites (Cavender-
Bares, 2019). We also found an evolution of Q. aliena in sympa-
try towards smaller leaves and lower SLA. These features have
been previously shown to be associated with a more resource-
conservative strategy (for either nutrients, water or light; Wright
et al., 2004; Cavender-Bares & Pahlich, 2009; Cavender-
Bares et al., 2015; Arenas-Navarro et al., 2020), suggesting that
Q. aliena experiences more competition in sympatry.

The greater morphological divergence in sympatry was mostly
due to Q. aliena trees having more divergent trait values in sym-
patry than in allopatry (individuals of the other species, Q. den-
tata, had similar trait values in sympatry and allopatry). Models
of ecological character divergence generally consider only sym-
metric divergence. However, there is no reason to expect diver-
gence to be the same for each species, especially if they differ
substantially in abundance, which might impose greater selective
pressures on the rarer species. Interestingly, we also found indica-
tions of more introgression in Q. aliena than in Q. dentata, based
on estimates of long-term inter-specific gene flow.

Impact of ecological variables on trait divergence

Using a variety of approaches, we found less morphologically
intermediate individuals in sympatric than in allopatric popula-
tions. Yet, if the parental species can hybridize, we would expect
instead more intermediate individuals in sympatry. We therefore
infer that stronger selection against morphologically intermediate
individuals is taking place in sympatry, resulting in ECD. A first
alternative hypothesis is that the two species have responded dif-
ferently to environmental factors, thereby confounding interpre-
tations of the effects of species’ coexistence on traits. However,

we found that the signal of greater divergence in sympatry than
in allopatry was still present after restricting the analysis to a com-
mon climatic range, both when considering all individuals
assigned to each species and when restricting the analysis to pure-
breds (defined using leaf morphology). A second alternative
hypothesis to ECD is that disruptive selection acts on other (un-
known) traits, and that the studied traits (leaf morphology, leaf
area or SLA) covary with these unknown traits. This interpreta-
tion was proposed recently by Alexandre et al. (2020) to explain
the rapid divergence in leaf morphological traits between Euro-
pean oak species. However, this model does not appear particu-
larly parsimonious, especially considering that credible adaptive
scenarios exist explaining the direction of observed phenotypic
changes, as previously stressed.

Origin of asymmetric ecological character displacement

Asymmetric divergence in leaf traits and asymmetric long-term
inter-specific gene flow between the two species might be due to
the same cause: demographic imbalance (i.e. uneven sample sizes)
during colonization of the less hardy species. As Q. aliena is
adapted to a warmer climate, we infer that Q. dentata first colo-
nized its current range following climate warming in the past,
with Q. aliena arriving later and experiencing strong selective
pressures at the time of invasion when penetrating the range of
the other, already abundant, species. This would have resulted in
both asymmetric introgression, stronger towards the colonizing
species than towards the resident species (Currat et al., 2008; Du
et al., 2011), and asymmetric ECD for leaf traits. A trade-off
between competition for resources and colonization abilities is
indeed possible, as shown in a comparative study of reproductive
strategies of two European oak species (Lagache et al., 2014). We
also note that the different flowering phenology of the two oak

(a) (b) (c)

Fig. 7 Leaf shape variation and correlation coefficient (R) and significance (P) value in all (a), sympatric (b) and allopatric (c) populations as a function of
climatic data. Morphologically pure individuals in sympatry (175 individuals, 93Quercus aliena and 82Quercus dentata) and allopatry (415 individuals,
149Q. aliena and 266Q. dentata) were used for the analysis. The P-values for each graph were calculated using a linear mixed-effect model.
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species, combined with their protandry, could facilitate asymmet-
ric inter-specific gene flow.

Reproductive isolation and ecological character
displacement

In principle, the greater divergence observed in contact zones for
both phenotypic traits and multilocus genetic markers might be
due to higher postzygotic or prezygotic reproductive isolation
(Jiggins & Mallet, 2000). However, we found numerous inter-
mediate adult individuals, both in mixed and in pure stands, so
the action of a postzygotic barrier (resulting in reduced hybrid
viability) seems unlikely. Alternatively, reinforcement of prezy-
gotic barriers could have caused the observed divergence in leaf
traits. However, this seems also unlikely. Our flowering phenol-
ogy data, obtained by observations of sympatric material, do
point towards some prezygotic restriction to their reproductive
interaction, as Q. aliena flowers earlier than Q. dentata. However,
we found that the two species are more divergent at morphologi-
cal traits than at presumably neutral molecular markers, unlike
patterns often observed in other oak studies using similar
approaches (e.g. Lagache et al., 2014). This suggests that diver-
gent selection acting on trees’ phenotypic traits (i.e. ECD) rather
than reinforcement of prezygotic barriers is the driving process.
We also note that reinforcement, if present, is more likely to be a
consequence than a cause of ECD. Indeed, the driving force of
reinforcement is disruptive selection (Merrill et al., 2012; Hop-
kins, 2013). Overall, we argue that, in these two oak species, the
most plausible explanation for asymmetric divergence in leaf
traits in sympatry is biased competition resulting in asymmetric
selection. We think that, in the future, greater consideration for
patterns of asymmetric character displacement triggered by inter-
specific competition will benefit plant evolutionary studies.
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Data availability

Photographs of sampling sites can be obtained in https://www.
oakofchina.org/photo-of-sampling/, and leaf morphological
data can be obtained in https://doi.org/10.6084/m9.figshare.
20000021. Genotyping data can be found in figshare: https://
doi.org/10.6084/m9.figshare.16821439.
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Fig. S1 Posterior distributions for mutation-scaled migration rate
(M) for Quercus aliena?Quercus dentata and Q. den-
tata?Q. aliena in sympatry and allopatry with corresponding
95% credible intervals.

Fig. S2 Population clusters identified with STRUCTURE software.

Fig. S3 The mean landmark output of Quercus aliena and Quer-
cus dentata in sympatry and allopatry by geometric morphometric
methods.

Fig. S4 Plot of leaf area and specific leaf area of Quercus aliena
and Quercus dentata in sympatry vs allopatry.

Fig. S5 Inter-specific divergence along the first principal compo-
nent (PC1) axis at genetic markers and morphological markers in
sympatry and allopatry.

Fig. S6 Leaf shape variation, correlation coefficient (R) and sig-
nificance (P) value for genetically pure individuals in all, sym-
patric and allopatric populations as a function of whole climatic
range.

Fig. S7 Specific leaf area variation, correlation coefficient (R) and
significance (P) value for all, sympatric and allopatric populations as
a function of climatic factors (precipitation seasonality, annual pre-
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Fig. S8 Line chart of flowering phenology observations of Quer-
cus aliena and Quercus dentata in one sympatric site.
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sponding 95% credible intervals computed using the posterior
distribution estimates obtained from 12 nuclear simple sequence
repeat (nrSSR) loci.

Table S8 Number of ‘pure’ or ‘hybrid’ individuals assigned using
morphological and genetic data. The bold indicate that the mor-
phological and genetic criteria matched.

Table S9 The parameters and standard deviation of the Gaussian
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