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Abstract
Functional traits are organismal attributes that can respond to environmental cues, thereby providing important ecological
functions. In addition, an organism’s potential for adaptation is defined by the patterns of covariation among groups of
functionally related traits. Whether an organism is evolutionarily constrained or has the potential for adaptation is based on
the phenotypic integration or modularity of these traits. Here, we revisited leaf morphology in two European sympatric white
oaks (Quercus petraea (Matt.) Liebl. and Quercus robur L.), sampling 2098 individuals, across much of their geographical
distribution ranges. At the phenotypic level, leaf morphology traditionally encompasses discriminant attributes among
different oak species. Here, we estimated in situ heritability, genetic correlation, and integration across such attributes. Also,
we performed Selection Response Decomposition to test these traits for potential differences in oak species’ evolutionary
responses. Based on the uncovered functional units of traits (modules) in our study, the morphological module “leaf size
gradient” was highlighted among functionally integrated traits. Equally, this module was defined in both oaks as being under
“global regulation” in vegetative bud establishment and development. Lamina basal shape and intercalary veins’ number
were not, or, less integrated within the initially defined leaf functional unit, suggesting more than one module within the leaf
traits’ ensemble. Since these traits generally show the greatest species discriminatory power, they potentially underwent
effective differential response to selection among oaks. Indeed, the selection of these traits could have driven the ecological
preferences between the two sympatric oaks growing under different microclimates.

Introduction

The biological complexity of organisms can be character-
ized by examining the strength, developmental patterns, and
evolutionary processes of covariation among phenotypic
traits, which are captured in the concepts of phenotypic
integration and its counterpart, modularity (Olson and
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Miller 1958; Berg 1960; Cheverud 1982; Murren 2002;
Pigliucci 2003; Murren 2012; Wagner et al. 2007; Klin-
genberg 2008; Armbruster et al. 2014). Phenotypic inte-
gration generally refers to some degree of cohesion and
coordination between phenotypic traits. Modularity, by
contrast, focuses on the relative independence among sets of
variables (defined as functional units or modules if they
show strong integration), and differences in the degree of
integration within and between groups of traits (Wagner
et al. 2007; Klingenberg 2008). Depending on the biological
context, the underlying research hypotheses, and approa-
ches, these concepts have been extended and partitioned,
according to their nature and the underlying processes
connecting them (Klingenberg 2008; Armbruster et al.
2014). Among these, the developmental integration includes
a large range of physiological, environmental, and molecular
genetic processes affecting the developmental pathways
causing covariation, for example, in morphological traits
(Klingenberg 2008; Murren 2012); while the functional
integration refers to the underlying processes allowing a
functional unit to perform particular functions but the links
with developmental integration are not straightforward
(Young and Badyaev 2006; Armbruster et al. 2014).

The concept of phenotypic integration has historically
been of great interest to evolutionary biologists, because, on
one hand, it has served to explain the evolutionary changes
that can occur under genetic constraints. For example,
between-trait covariances are thought to prevent the inde-
pendent evolution of traits when the selection direction is
opposite to the correlation among these traits. This has been
shown to be the case in Lycaeides butterflies, where the
biological diversity of wing patterns is constrained and
evolutionary changes can only occur in the directions of the
genetic covariances of the wing pattern elements (Lucas
et al. 2018). Another example is the evolution of the human
body shape, where genetic covariation of limb lengths
provides a compelling case for how genetically complex
traits co-evolved (Savell et al. 2016). On the other hand,
phenotypic integration can serve as an adaptive feature that
can further promote the acceleration of evolutionary
responses. This will be the case, when traits in one module
can evolve independently of traits in other modules, and
thereby, a more effective response to changes in selection
direction can be provided by phenotypic integration (e.g.,
Lewontin 1978; Pigliucci 2003; Armbruster et al. 2014;
Healy et al. 2018).

Strong integration of floral traits in several plant species
has been argued to provide an effective functional solution
for maintaining their reproductive function (Berg 1960;
Conner and Via 1993; Brock and Weinig 2007). Sub-
sequent work often found tightly integrated modules within
floral traits, suggesting that such integration had been driven
by the efficient natural selection in pollinator specialization

(see Ordano et al. 2008 in Rosaceae, and Bissell and Diggle
2010 across different Nicotiana species and their hybrids).
A recent comparison of floral/reproductive traits and vege-
tative traits (leaf size) in two sympatric Primulina species
growing in different microhabitats also showed that these
characteristics evolved independently due to different
selection pressure (Feng et al. 2019).

Leaf morphological traits were previously identified as
significant determinants of species differentiation within
Quercus spp. (Kremer et al. 2002; Viscosi et al. 2009) and
are considered to be genetically highly complex based on
results from quantitative trait locus (QTLs) analysis (Gail-
ing 2008; Saintagne et al. 2004). Most of the previously
conducted analyses have focused on the construction of
synthetic variables through principal component analysis
(PCA) or related multivariate approaches to provide evi-
dence for the use of certain leaf morphology characteristics
to distinguish among oaks. However, there is a current lack
of deeper knowledge about the integration and evolvability
of these traits.

Phenotypic/genetic correlations are measures of the
(preexisting) standing genetic variation and provide valu-
able inferences about the statistical integration of traits.
Here, we adopted a multivariate linear model (de los
Campos and Pérez-Rodríguez 2013) to estimate genetic
correlations between the studied oak characters. Never-
theless, such correlations should not be used to make
inferences about developmental or evolutionary integration
(Armbruster et al. 2014). Therefore, we also employed
evolvability-based estimates of phenotypic/genetic integra-
tion of all oak phenotypic traits under investigation to
interpret their concerted evolution (Hansen and Houle
2008).

Addressing the role of phenotypic integration on species’
adaptive potential to novel environments, Hermant et al.
(2013) found endemic species occupying narrower ecolo-
gical niches generally show higher levels of phenotypic
integration and stronger trait-environment correlations
along the different environmental gradients, suggesting that
their adaptability to new environments is lower. Leaf mor-
phological characteristics have long been recognized for
their physiological significance in plant–environment
interactions (Lewis 1972), as exemplified by leaf pub-
escence (Press 1999) or sclerophylly (Lo Gullo and Salleo
1988) for better drought adaptation in species (De Micco
and Aronne 2012). Moreover, the sizes and shapes of fossil
leaves have been serving as proxies for paleoclimatic and
paleoecological variables (Royer et al. 2005), and in fact,
whole ecosystem functioning has been related to variations
in leaf structures and function (Press 1999).

Changes in leaf structure and their functional sig-
nificance are best studied using reverse genetics (muta-
genesis) by comparing the generated transgenic lines
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against wild-type landraces. Plant ecology integrated with
taxonomy can indicate general adaptive leaf structures, and
therefore, the conserved molecular pathways underlying the
same structures in phylogenetically distant groups.

If tight or long-term co-evolution represents a set of
stabilizing selection pressures, an analogy can be made with
the environmental pressures to which long-lived organisms,
such as forest tree species are submitted, such as different
developmental stages and unpredictable heterogeneous
environmental conditions across their lifetime and space.
These could promote higher levels of modularity than in
short-lived organisms passing through simpler development
without the need for complex modularity (Kashtan and
Alon 2005; Lipson et al. 2002). Forest tree species are
therefore an excellent model for testing predictions of
higher levels of modularity across functionally related traits
and comparing patterns observed across different species.

The examples cited above (and many others, see Esteve-
Altava 2017 for a review on morphological modularity
research since 1958 to present) illustrate the diversity of
research questions related to traits’ phenotypic integration
studies, consistent with the possible ecological or environ-
mental causes which can act as selection pressures for the

efficient functioning of an organism’s developmental sys-
tem. However, alternative, nonselective processes have also
been suggested that could explain the great flexibility in
morphological structures for performing similar functions
(Young and Badyaev 2006). Whatever the processes and
their interaction, this is encompassed in the concept of
evolutionary integration which was understood as the dis-
position/ability of two or more traits to evolve jointly during
the divergence of populations or species (Armbruster et al.
2014).

Trait integration and modularity can be statistically
assessed directly from the preexisting standing genetic
variance of the investigated samples through genetic cor-
relations among different traits. These genetic correlations
can represent the evolutionary constraints which can limit
traits’ ability to change in the direction of selection (i.e.,
evolvability, defined as the capacity of an organism for
adaptive evolution; Wang et al. 2010; Wagner and Zhang
2011; Hill and Zhang 2012), especially in cases where there
is stabilizing selection acting in different directions on other
traits (conditional evolvability). Therefore, the level to
which evolvability of the investigated traits would be con-
ditionally reduced by stabilizing selection can be estimated

Fig. 1 Q. petraea (gray stripes
area) and Q. robur (black
stripes area) natural
distributions across Europe.
The seven here studied naturally
regenerating mixed Q. petraea/
Q. robur forests are indicated as
follows: 1—Petite Charnie, 2—
Escherode, 3—Dalkeith, 4—De
Meinweg, 5—Sigmundsherberg,
6—Roudsea Wood, 7—Arlaban.
The source files for species
distribution presentation
originated from www.euforgen.
org.
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by integrating indices of traits relative to other traits studied,
as proposed in recent methods (Hansen and Houle 2008).

Several methods and conceptional frameworks have been
developed over the years to describe a whole organism’s
multidimensional genotype-phenotype maps, and which
integrate traits’ genetic architecture and quantitative genet-
ics concepts such as pleiotropy and epistasis (genetic
architecture’s evolution: Hansen 2006; the integrated phe-
notype: Murren 2002, 2012; adaptation and constraints:
Armbruster et al. 2014; phenotype to fitness: Laughlin and
Messier 2015; modular genomic organization and evolva-
bility: Pepper 2003). Concerning the physical (nonrandom)
ordering of genes on chromosomes for improved evolva-
bility and increased rate of adaptation, J.W. Pepper (2003)
concluded that “such epistatic clustering may reduce the
interference present due to the selection acting on different
traits, and it may allow for simultaneous optimization of
different recombination rates for gene pairs with additive
and epistatic fitness effects.” With the advent of high-
throughput technologies, using genome-wide scans, we can
now pinpoint the actual quantitative trait nucleotide func-
tional variants that underly highly integrated (pleiotropic)
traits (e.g., for Populus: Porth et al. 2014). In general, the
current development of vast genomic resources along with
intensive phenotyping (phenomics) allows for a better
understanding regarding the evolution of functional rela-
tionships among morphological traits (Murren 2012).
However, for plants, such resources are mostly available for
model species such as the annual Arabidopsis thaliana,
which also benefits from a large collection of genetic lines.
Still, there is no genome-wide coverage of phenotypes, even
for A. thaliana (Murren 2012), that could elucidate entire
phenotypic integration in a plant organism.

The plant species of the present study, Quercus petraea
(Matt.) Liebl. and Quercus robur L., are closely related and
belong to the section Quercus, white oaks (Hubert et al.
2014). Both species can be found across Europe largely in
sympatry as illustrated in Fig. 1. However, these oaks
occupy slightly different micro-environmental niches, with
Q. robur being more tolerant of flooding and Q. petraea
more drought resistant (Lévy et al. 1992; Porth et al.
2005a, b).

Traditionally, foresters use leaf characteristics to dis-
criminate oak species when they occur in sympatry; an
operational method built on multi-trait discriminant ana-
lyses and based on a large-scale sample across Europe was
proposed by Kremer et al. (2002) to help avoid bias and to
standardize species identification across distant populations.
Here, we examined phenotypic integration for these leaf
morphology characteristics in two different European oak
species, utilizing the same metrics (Kremer et al.
2002, 2008) collected across a Europe-wide sample of
natural populations. The commonly accepted metrics in

multi-factorial analysis yielding the bimodal distribution to
assign Q. petraea and Q. robur individuals include petiole
length (PL), presence of intercalary veins, and occurrence of
pubescence. Moreover, three leaf dimensional character-
istics provide a synthetic variable, the “leaf size gradient,”
with a continuous distribution, to help distinguish between
species.

The objective of our study on wild stands of co-occurring
Q. petraea and Q. robur was to (a) characterize, at different
levels, the modular architecture among leaf morphology
traits, (b) estimate in situ genetic parameters such as herit-
ability and genetic correlations for these traits, (c) examine
how these parameters can further highlight differences in
trait integration patterns across species, and (d) discuss
species integrity concerning known reproductive barriers
between the studied species.

Material and methods

Plant material/study site

Natural oak forests with co-occurring and naturally regen-
erating Q. petraea and Q. robur were investigated among a
total of nine intensively studied plots (ISPs) (Kremer et al.
2008) within the OAKFLOW project. In our study, we
analyzed a total of 2098 individuals (896 Q. petraea, 1138
Q. robur, and 64 morphologically unclassified Q. petraea/
robur individuals) from seven Q. petraea/robur mixed
forests representing ISPs from northern Spain (Basque
country) to the UK (Scotland), Fig. 1. Among all ISPs
available within the OAKFLOW project, these seven stands
were chosen for the availability of common marker geno-
typic data (Mariette et al. 2002; Scotti-Saintagne et al.
2004). The oak species identity referred to a previous study
by Kremer et al. (2002), who used the first canonical
component from analyses performed on leaf morphology
measurements (http://www.pierroton.inra.fr/Fairoak/
Protocoles/OAKMORPH.html). For the present study, all
phenotypic data on up to ten leaves per tree (5.54 leaves on
average) were already collected in this previous work
(Kremer et al. 2002).

Genotyping

We used microsatellites, genetic markers, which we found
adequate (see Hodel et al. 2016; Ramírez-Valiente et al.
2009) to test our hypotheses and investigate the large
population sample (c. 2k individual oak trees) in our survey.
Genotypic data were used to estimate pairwise relationship
coefficients among individuals (see below) from six simple
sequence repeats (SSRs) originating from two different
sources: (a) MSQ4 and MSQ13 originally developed by
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Dow et al. (1995) for Quercus macrocarpa and subse-
quently described in Streiff et al. (1998) for Q. petraea and
Q. robur, as well as (b) ssrQpZAG9, ssrQpZAG36,
ssrQpZAG104, and ssrQpZAG1/5 developed by Steinkell-
ner et al. (1997). Genotypic data originated mostly from
Mariette et al. (2002), who assessed genetic diversity within
and among these oak populations, while data from the
Arlaban, Spain, population were taken from Scotti-
Saintagne et al. (2004). Importantly, none of these SSRs
differentiated the two species (Mariette et al. 2002), and
moreover, they were selectively neutral (Scotti-Saintagne
et al. 2004; Porth et al. 2016).

Brief description of leaf morphology phenotyping
data

Variation in eight leaf morphological primary descriptors
was investigated: lamina length (LL), PL, lobe width (LW),
sinus width (SW), length of the lamina from the lamina base
to the widest part (WP), number of lobes (NL), number of
intercalary veins (NV), and basal shape of the lamina (BS);
among these, PL, BS, SW, NV, and NL were the traits with
the highest species discriminatory power (Porth et al. 2016).
Since BS was originally scored on a scale basis, we trans-
formed this trait to a normal score (Gianola and Norton
1981) for all quantitative analysis. All phenotypic data were
collected in a previous study (Kremer et al. 2002). Figure 2
visualizes each measured phenotypic trait in detail.

Genetic clustering analyses and treatment of
putatively introgressed individuals

Using the molecular markers, genetic structure was assessed
through discriminant analysis of principal components
(DAPC) to identify genetically differentiated clusters
(Jombart et al. 2010) across all stands including both spe-
cies and interspecific hybrids. The principle of DAPC is
based on the search for synthetic variables (discriminant
functions) to maximize differences between genetic clusters
and minimize variances within clusters. Genotypes of
samples were treated altogether since a priori defined
morphological clusters are not relevant for population
structure inferred from selectively neutral markers as uti-
lized here (Scotti-Saintagne et al. 2004; Porth et al. 2016).
Raw data transformation through principal component
analysis was performed a priori of any cluster algorithm
application as follows:

XTDXU ¼ UΛ; ð1Þ

where X is the n × p matrix of p relative allelic frequencies
for n individuals (missing data were replaced by mean
allelic frequencies), D is the diagonal matrix where each

diagonal element represents the weight of 1/n, U is the p × r
matrix of eigenvectors, and Λ is the diagonal matrix of non-
zero eigenvalues.

The prior groups required for the DAPC routine were
identified by using the function “find.clusters” based on the
k-mean clustering algorithm implemented in the R package
“adegenet” (Jombart 2008) as follows:

Var XUð Þ ¼ B XUð Þ þWðXUÞ; ð2Þ

where XU is the matrix of principal components obtained in
the previous step, Var(X)= tr(Λ), B(XU) is between-group
variance defined as B(XU)= tr(UTXTPTDPXU), where P is
defined as P=H(HTDH)−1HTD, where the H matrix
assigns genetic groups to each individual, and W(XU) is

Fig. 2 Variation of eight oak leaf morphological primary
descriptors. To the left: pedunculate oak (Q. robur); to the right:
sessile oak (Q. petraea). Display samples were taken from Czech
Republic natural oak populations (courtesy: Department of Genetics
and Physiology of Forest Trees, Faculty of Forestry and Wood Sci-
ences, Czech University of Life Sciences in Prague). Lamina length
(LL), petiole length (PL), lobe width (LW), sinus width (SW), length
of lamina from the lamina base to the widest part (WP), number of
lobes (NL), number of intercalary veins (NV), and basal shape of the
lamina (BS; scoring system 1–9) were used; among these, PL, BS,
SW, NV, and NL were the traits with the highest species dis-
criminatory power (Porth et al. 2016).
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the within-group variance defined as W(XU)= tr(UTWU),
where W is the within-group covariance matrix. The
optimal number of clusters was defined by the lowest
Bayesian information criterion (BIC) value as follows:

BIC ¼ nlog W Xð Þð Þ þ glogðnÞ; ð3Þ
where n is the number of individuals and g is the number of
genetic groups. The results from DAPC are obtained by
eigen-analysis of matrix PXU(UTWU)−1UTXTPTD. The
function “optim.a.score” implemented in the same R
package was used to find the optimal number of principal
components further used in the discriminant analysis. The
analysis was performed in the R package “adegenet”
(Jombart 2008).

In situ quantitative genetics analyses

The univariate mixed linear model implemented in
“ASReml-R” R package (Butler et al. 2009) was used on
standardized phenotypes, and within each stand separately,
to estimate genetic parameters such as variances compo-
nents and narrow-sense heritability as follows:

y ¼ Xβþ Zuþ e; ð4Þ
where y is the vector of measurements across all individuals,
β the vector of fixed effects (intercept and genetic clusters
defined by DAPC analysis to capture any “local” specific
demographic processes which could confound additive
genetic effects), u the vector of genotypic effects following
var(u) ~N(0, Gσ2u), where σ

2
u is the genotypic variance and G

the marker-based relationship matrix.
First, as the Lynch and Ritland (1999) estimator was

found to be superior in populations with low levels of
relatedness (Van de Casteele et al. 2001), the composite
multi-locus estimate was estimated as follows:

rxy ¼ 1PL
l¼1 wr;xðlÞ

XL
l¼1

wr;xðlÞr̂xyðlÞ; ð5Þ

where r̂xyðlÞ is the single locus relationship estimator
following:

r̂xy ¼ pa Sbc þ Sbdð Þ þ pb Sac þ Sadð Þ � 4papb
1þ Sabð Þ pa þ pbð Þ � 4papb

; ð6Þ

and wr,x(l) is the single locus weight defined as follows:

wr;x lð Þ ¼ 1þ Sabð Þ pa þ pbð Þ � 4papb
2papb

; ð7Þ

where S represents the similarity index coded 1, when the
pair of considered alleles is identical, and 0 otherwise, and p
is the allelic frequency.

Additionally, we also used the Queller and Goodnight
(1989) estimator since it was identified as informative for
populations under more complex relatedness (Van de Cas-
teele et al. 2001):

r̂xy ¼ 0:5 Sac þ Sad þ Sbc þ Sbdð Þ � pa � pb
1þ Sab � pa � pb

: ð8Þ

This estimator was obtained using the R package “rela-
ted” (Pew et al. 2015). Since the Queller and Goodnight
estimator does not account for inbreeding, the diagonals
were set to 1 in all marker-based relationship matrices fol-
lowing Yu et al. (2006). Often, molecular marker-based
pairwise relationship matrices are not positive definite due
to internal inconsistency resulting from a lack of markers,
genotyping errors, or missing values. This might prevent the
marker-based relationship matrix to be inverted and cause
failed model convergence. Thus, we used the “nearPD”
function in the R package “Matrix” which computes the
nearest positive definite matrix to an approximate one
(Klápště et al. 2014). The vector e represents residual
effects following var(e) ~ N(0, Iσ2e ), where σ

2
e is the residual

variance, X and Z are incidence matrices assigning fixed
(cluster) and random (genotype) effects in the vectors β and
u to the measurements in vector y. Since the marker-based
relationship matrices were estimated based on six SSR
markers, a simulation was performed to compare the ability
of LR and QG estimators to estimate different classes of
relatedness using the implemented SSR markers. The
simulation was performed using the marker allele fre-
quencies observed in the studied populations, and 200
pairwise cases were simulated for each relatedness class
(parent–offspring, full sibs, half sibs, and unrelated pairs).
The simulation was performed using the R package “rela-
ted” (Pew et al. 2015).

All quantitative genetic analyses were performed on a
given species within each stand and by masking phenotypes
for the alternative species and leaf morphological hybrids as
missing data. Narrow-sense heritability for each trait was
estimated as follows:

h2 ¼ σ2u0
σ2u0 þ σ2e

: ð9Þ

Multivariate models

Since the Multiple-trait Model (MTM) software package
does not accommodate repeated measurements, genotypic
values were estimated for each individual and leaf trait. The
genotypic values were estimated using the above described
mixed linear model, except for using the identity matrix I
instead of the marker-based relationship matrix G. The
genetic correlation estimates were obtained through
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multivariate mixed linear models implemented in the MTM
R package (de los Campos and Grüneberg 2016) using
Gibbs sampling implemented in the R package “BGLR” (de
los Campos and Pérez-Rodríguez 2013) as follows:

Y ¼ Xβþ Zaþ e; ð10Þ

where Y is the matrix of genotypic values for each
combination of trait (columns) and genotype (rows), β is
the vector of fixed effects (overall means), a is the matrix of
random additive genetic effects following var(a) ~N(0,G1),
where G1 is the variance–covariance structure for additive
genetic effects following:

G1 ¼
σ2a1 � � � σa1an

..

. . .
. ..

.

σana1 � � � σ2an

2
664

3
775� G;

where σ2a1 and σ2an are the additive genetic covariances
between them, ⊗ is the Kronecker product and G is the
marker-based relationship matrix, e is the matrix of random
residual effects following var(e)~N(0,R), where R is the
variance–covariance structure for the residual effects
following:

R ¼
σ2e1 � � � σe1en

..

. . .
. ..

.

σene1 � � � σ2en

2
664

3
775� I;

where σ2e1 and σ2en are the residual variances in the 1st and
nth trait, σe1en and σene1 are the residual covariances between
them. The model used uninformative priors, and the number
of iterations was set to 500,000, with a burnIn of 200,000,
and the thin interval was set to 10. The analysis was
performed within each species by masking phenotypes of
the other species and interspecific hybrids. Genetic correla-
tions were estimated as follows:

rG ¼ σaxayffiffiffiffiffiffiffiffiffiffiffiffi
σ2axσ

2
ay

q ; ð11Þ

where σaxay is the posterior mode for the additive genetic
covariance between the xth and the yth traits, σ2ax and σ2ay are
the posterior modes for the additive genetic variance of the
xth and the yth traits, respectively. Additionally, single-site
analyses were conducted for each species and Mantel tests
were performed between each pair of site-specific

correlation matrices to investigate the impact of genotype-
by-environment interactions (G × E) on the general pattern
of the correlation structure. Similarly, the Mantel test was
performed between species’ site-specific correlation
matrices to investigate species integrity across the sampled
species’ natural distribution.

Furthermore, following Hansen and Houle (2008), we
estimated each trait’s integration, the relative reduction in
evolvability of a given trait due to its correlations with other
traits based on nonindependent additive genetic variation is
estimated as follows:

i xð Þ ¼ 1� aðxÞ; ð12Þ

where a(x) represents the autonomy (independent propor-
tion of additive genetic variation) estimated by:

a xð Þ ¼ ðxTG�1xÞ�1

xTGx
; ð13Þ

where G is the additive variance–covariance matrix and x is
the vector of 1 for the trait under study and 0 for the other
traits. The analysis was performed using the R package
“evolvability” integrating Hansen and Houle’s theory.

Next, to obtain a more detailed insight into variance/
covariance matrices differences to identify traits that cause
matrices dissimilarity (ultimately, identify traits’ differential
response to selection), we compared genetic correlation
matrices between species through the Selection Response
Decomposition (SRD; Marroig et al. 2011) approach using
the modified random skewers procedure. The method is
built on the decomposition of evolutionary responses
inferred from selection gradient vectors simulated through
random skewers (Cheverud 1996), which are then compared
regarding direct and indirect response to selection for each
considered trait. Briefly, the correspondence in response to
selection between two considered matrices is estimated as
the average correlation between vectors of evolutionary
responses derived from the same simulated vectors of
selection gradients and is plotted as the dotted line in SRD-
related figures (see “Results”). The multivariate response to
selection is estimated as follows:

Δz1

Δz2

..

.

Δzn

2
66664

3
77775
¼

G11β1 þ G12β2 þ � � � þ G1nβn
G21β1 þ G22β2 þ ¼ þ G1nβn

..

.

Gn1β1 þ Gn2β2 þ ¼ þ Gnnβn

2
66664

3
77775
; ð14Þ

where G is the additive genetic variance/covariance matrix,
β is the simulated vector of directional selection gradients,
and Δz is the inferred vector of response to selection. The
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above-mentioned product of the variance/covariance matrix
G and the vector of directional selection gradients β is then
decomposed to trait-specific vectors of response as follows:

G11β1 þ G12β2 þ � � � þ G1nβn
G21β1 þ G22β2 þ ¼ þ G1nβn

..

.

Gn1β1 þ Gn2β2 þ ¼ þ Gnnβn

2
66664

3
77775
)

ðG11β1 þ G12β2 þ � � � þ G1nβnÞ
ðG21β1 þ G22β2 þ ¼ þ G1nβnÞ

..

.

ðGn1β1 þ Gn2β2 þ ¼ þ GnnβnÞ

;

ð15Þ

where the trait-specific vectors are correlated across the
tested matrices, and the average correlation across all
simulated scenarios is called the SRD score. In case the G

matrices are different, the traits will respond differently to
direct or indirect selection, and the SRD score will be low,
and the variance of correlations will be large. In the
opposite case, the SRD score will be high and the variance
in correlations will be small. The analysis was performed
using the R package “EvolQG” (Melo et al. 2015).

Results

The genetic population structure analysis performed by
DAPC on Q. petraea, Q. robur, and few hypothetical
hybrid individuals identified 24 genetic clusters (Fig. S1).

Fig. 3 Distribution of relatedness and self-relatedness coefficients. Histograms of relatedness coefficients estimated in Q. petraea (left plots (a,
c)) and Q. robur (right plots (b, d)) using LR (upper plots (a, b)) and QG (bottom plots (c, d)) estimators as well as self-relatedness inferred
through search for the positive definite relationship matrix closest to the estimated relationship matrices using the “nearPD” function.
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However, due to extensive historical interspecific hybridi-
zation (Leroy et al. 2020), the observed pattern follows a
continuous transition between species with few “species-
specific clusters” rather than strong species differentiation
(Fig. S1). Additionally, the level of introgression was more
obvious in Q. petraea compared to Q. robur (often showing
one dominant cluster), but these differences disappeared
toward the North (Fig. S2).

The pairwise relatedness estimated by the LR method
ranged from −0.196 to 1.035 in Q. petraea and from
−0.240 to 1.205 in Q. robur and the estimates for the QG
method ranged from −0.276 to 1.007 in Q. petraea and
from −0.288 to 1.262 in Q. robur. The self-relatedness
derived through the process of searching for the positive
definite matrix closest to the marker-based relationship
matrix reached values for the LR estimator ranging from
1.009 to 2.597 (mean 1.095) in Q. petraea and from 1.007
to 2.211 (mean 1.069) in Q. robur, and for the QG estimator
from 1.001 to 1.988 (mean 1.041) in Q. petraea and from
1.001 to 2.174 (mean 1.026) in Q. robur (Fig. 3). The
relatedness classes simulations using the implemented
markers showed that the six SSR markers from our study
can recover relatedness but produced high dispersion
around the expected values, at the same time, the QG
estimator was identified as superior due to lower dispersion
of the estimated coefficients of relatedness around their
expected values for each class (Fig. S3). The two different
marker-based relationship matrices (LR and QG) were also
explored to obtain site-specific trait heritability estimates
with mixed results regarding model fit (see Akaike’s
information criterion provided in Tables S1a and S2a for
LR, and Tables S1b and S2b for QG marker-based rela-
tionships). Generally, the LR marker-based relationship
estimator provided lower and less dispersed heritability
estimates across all investigated sites, and for both species
(Fig. 4). The lowest heritability estimates were found for
SW and WP traits reaching values only between ~0.2 and
0.3, while the highest heritability was achieved for the PL
trait ranging between ~0.7 and 0.8 in both species (Fig. 4
and Tables S1a, S2a, S1b, and S2b).

Genetic correlations were highest between groups of
traits including LL, LW, and WP reaching from 0.48 to 0.60
within Q. petraea, and slightly higher from 0.47 to 0.66
within Q. robur using the LR relationship matrix (Table
S3a). Yet, higher genetic correlations from 0.46 to 0.58
were found in Q. petraea compared to their estimates in Q.
robur reaching values from 0.21 to 0.46 when the QG
relationship matrix was implemented (Table S3b). The
remaining genetic correlations were either negative or
moderately positive, reaching from −0.38 to 0.24 within Q.
petraea, and from −0.17 to 0.39 within Q. robur when the
LR relationship matrix was used (Table S3a and Fig. 5), and
from −0.30 to 0.29 in Q. petraea and from −0.19 to 0.18 in

Q. robur, respectively, when the QG relationship matrix
was implemented (Table S3b and Fig. 5). The deviance
information criterion (DIC)-based model fit values in the
multivariate analysis revealed consistent results when
comparing the LR marker-based relationship estimator with
the QG marker-based relationship estimator across both
species (Table S3a, b). We note here that DAPC-based
clustering removed species-specific population structure
effects prior to variance decomposition (Q. petraea popu-
lations usually exhibit higher spatial genetic structure which
is attributed to differences in seed dispersal characteristics
between the two species, see Streiff et al. 1998). The
investigation of G × E found strong differences in the cor-
relation matrices between sampled forest stands reaching
correlations from 0.2 to 0.8. However, the comparison of
G × E (Mantel correlation between sites) and species’
integrity (Mantel correlation between species) found that
G × E decreases with increasing species integrity. There-
fore, the correlation matrices differ mainly due to the level
of species integrity (Fig. S4).

The genetic integration estimates across leaf morphology
traits suggested different levels of integration (Table 1).
Using the LR method-based relationship matrix, values
ranged from 0.140 (NL) to 0.537 (LL) in Q. petraea, and
from 0.072 (PL) to 0.620 (LL) in Q. robur; using the QG
method-based relationship matrix, values ranged from 0.109
(SW) to 0.521 (LL) in Q. petraea and from 0.042 (SW) to
0.605 (LL) in Q. robur. Overall, trait integration was con-
sistent for highly integrated traits across oak species and
whether the LR or the QG method was used in obtaining
genetic relatedness, while results were slightly inconsistent

Fig. 4 Boxplot representation of site-specific heritability estimates
for Q. petraea (upper plot) and Q. robur (bottom), respectively,
using the LR marker-based matrix (white boxes) and the QG
marker-based matrix (gray boxes), respectively. The box in each
boxplot shows the lower quartile, and the median and the upper
quartile values, and whiskers indicate the ranges of the variation in
each trait’s heritability estimates across sites within a given species.
See Table 1 for trait codes, and Fig. 2 for trait specifics.
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for all other traits (Table 1). The SRD analysis of genetic
correlation matrices further revealed for highly integrated
traits (LL, LW, and WP) also high agreement in their

response to selection. At the same time, SRD uncovered
substantial differences for the less integrated traits, NV, and
BS (Fig. 6).

Discussion

Challenges in detecting phenotypic integration

Inferences about phenotypic integration of quantitative
characters essentially depend on patterns we obtain from
constructing networks of their genetic correlations. There-
fore, the accuracy of quantitative genetic parameter esti-
mates such as additive genetic variances and covariances is
crucial. Since genetic correlations represent the relation-
ships between any two traits, both attributes should exhibit
decent genetic variance, and hence, correlation analysis
requires samples with a high genetic divergence between
these traits. The heritabilities estimated for the traits inclu-
ded in our study showed moderate to high values which is
in agreement with studies in other species such as quaking
aspen with a heritability of 0.47 for the leaf length/width

Fig. 5 Network of genetic
correlations for Q. petraea
(left) and Q. robur (right),
respectively, using the LR
(upper row) and the QG
(bottom row) marker-based
relationship matrix,
respectively. See Table 1 for
trait codes, and Fig. 2 for trait
specifics. The thickness of
connecting lines corresponds to
the strengths of correlations; the
dashed lines indicate the
negative correlations.

Table 1 Coefficients of genetic integration (estimated using the LR
and QG marker-based relationship matrix) for each trait within Q.
petraea and Q. robur, respectively.

LR estimator QG estimator

Trait Q. petraea Q. robur Q. petraea Q. robur

LL 0.537 0.620 0.521 0.605

PL 0.187 0.072 0.225 0.083

LW 0.409 0.477 0.375 0.481

SW 0.176 0.089 0.109 0.042

WP 0.430 0.467 0.399 0.441

NL 0.140 0.119 0.129 0.139

NV 0.245 0.346 0.239 0.373

BS 0.204 0.242 0.247 0.250

Leaf morphological primary descriptors: lamina length (LL), petiole
length (PL), lobe width (LW), sinus width (SW), length of lamina from
the lamina base to the widest part (WP), number of lobes (NL),
number of intercalary veins (NV), and basal shape of the lamina (BS),
see also Fig. 2 for specifics.
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ratio (Kanage et al. 2008) or oriental beech with herit-
abilities from 0.22 (PL) to 0.99 (WP) (Bijarpasi et al. 2019).

Here, we tested several strategies to estimate correlation/
variance–covariance matrices (results not shown). We
experienced challenges in estimating evolvability-based
integration from the variance–covariance matrices that
were constructed based on the bivariate mixed linear model
using the REML algorithm with packages such as ASReml-
R (Butler et al. 2009) or breedR (Muñoz and Sanchez
2017). This was due to the internal inconsistencies of the
variance–covariance matrix which produced singularity
and, therefore, unstable estimates of integration. There are
statistical procedures such as the “nearPD” function in the
“Matrix” R package to make the G matrix positive definite,
and thus, its inversion numerically stable. However, we did
not pursue the strategy based on REML algorithm in our

study. Moreover, including all traits in the model to esti-
mate all genetic covariances at once, resulted in the inability
of tools including the REML algorithm to reach con-
vergence. Additionally, Thomas (2005) found that the
MCMC-based algorithms are superior to the regression-
based algorithms, which produced biased and unrealistic
estimates of genetic parameters. Hence, considering the
quantity/quality of the implemented genomic resources and
the population structure (wild populations), we recommend
using Bayesian approaches (Hadfield 2010; de los Campos
and Pérez-Rodríguez 2013) to avoid such constraints in the
construction of variance–covariance matrices. Additionally,
the accuracy of genetic covariances is affected by the level
of stratification of the investigated sample and the level of
precision in tracking genealogy. The classical genetic ana-
lyses are based on using expected relatedness inferred from

Fig. 6 Selection Response
Decomposition (SRD)
performed on the genetic
correlation matrices within Q.
petraea and Q. robur using the
LR (upper plot), the QG
(middle), and the best DIC
(bottom) marker-based
relationship matrices,
respectively. Left panels show,
for each trait, the average SRD
scores (points) and their two-
times standard deviations (error
bars) as well as the overall
average SRD score (dashed
line). Right panels show the
trait-specific SRD score
deviation differences from the
overall average, given on the
Y-axis, for each marker-based
relationship matrix. Empty
circles represent the traits found
significantly different in SRD
analysis. See Table 1 for trait
codes, and Fig. 2 for trait
specifics.
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documented pedigrees; Bijma and Bastiaansen (2014)
found that around 200 half-sib families are needed to
achieve statistically significant genetic covariances/
correlations.

For studies such as ours, employing a relatively sparse
set of genetic markers (six SSRs), it is recommended to
compare several relatedness estimators to test their perfor-
mances with regards to the inherent genetic structure of the
studied population for which pedigree information is not
available (Van de Casteele et al. 2001). Here, the compar-
ison of the two estimators found more reliable estimates of
relatedness for the QG compared to the LR estimator (Fig.
3), which was further corroborated in our simulation study
through less dispersion of the relatedness coefficients for
QG within each relatedness class (Fig. S3). Recent
advancements in DNA sequencing have allowed for the
generation of genome-wide dense marker arrays (Elshire
et al. 2011), which, in turn, permit the estimate of realized
relatedness (VanRaden 2008). On the one hand, the most
precise estimates of genetic parameters are achieved when
only causal variants are used to construct the marker-based
relationship matrix (Lippert et al. 2013). On the other hand,
some part of the genetic variance/covariance estimates can
be lost due to imperfect linkage to QTLs when only sparse
marker arrays are implemented (de los Campos et al. 2015).
Through further advancements in analytical tools (such as
Bayesian multivariate analysis), however, a marker’s con-
tribution to either a single trait or to multiple traits (via
estimated genetic pleiotropy) can now be uncovered
(Karaman et al. 2018).

From an evolutionary perspective, the variance–covariance
genetic matrix (G matrix) changes across generations through
the interplay of mutation, recombination, and selection (Lande
1980). Theoretical simulation studies that investigated the
stability of the G matrix found that a large population size is
needed to achieve matrix’ stability in size (i.e., their eigen-
values), and strong correlational selection is required to
achieve matrix’ stability in shape (i.e., their eigenvectors)
(Jones et al. 2003, 2004; Arnold 2005). Therefore, weakly
integrated attributes will ultimately lead to the G matrix’
instability and genetic covariance fluctuations between such
traits over generations. Moreover, the G matrix can change
due to evolutionary responses and follow the adaptive
landscape to reach an adaptive optimum peak (Arnold et al.
2001). The speed of such movement is given by the
orientation of the G matrix in the adaptive landscape and by
the topography of the landscape defined in the γ matrix
(containing information about curvature and orientation of
the adaptive optimum peak) (Phillips and Arnold 1989).
However, as in our study, the least phenotypically inte-
grated traits are contributing to species diagnostics, we do
not expect large changes in genetic covariances between the
investigated leaf attributes over generations.

Phenotypic integration of morphological attributes
as a response to spatial optimization

The present study identified the main leaf size attributes in
oak (LL, LW, and WP, Fig. 2) to be genetically highly
integrated characters in both studied species (Table 1). This
is consistent with results from multivariate analyses (PCA
or multiple correspondence analysis) that demonstrated high
phenotypic correlations among the same traits across sev-
eral Quercus species (Q. petraea, Q. robur, Quercus pub-
escens, and Quercus pyrenaica studied in Viscosi et al.
2009). These traits also correspond to the so-called “leaf
size gradient” (corresponding to the second synthetic
component in the Kremer et al. 2002 study). Indeed, our
results are also biologically meaningful as the statistical
integration reflects the developmental integration of char-
acters that are mechanistically correlated, and therefore,
demonstrates a clear allometric relationship. Such strong
phenotypic integration could directly be linked to the
leaves’ development within the bud which is known to be
driven by global regulation of leaf growth and is subject to
steric constraints (Couturier et al. 2009). Indeed, the final
shape of the developing leaves depends on how these were
initially folded within their buds. For Quercus spp., each
bud contains three types of leaves, the laminate (photo-
synthetic), the aborted lamina, and the scale leaves, with, on
average, eight laminate leaves developing within each bud
(Barnola et al. 1990). Therefore, the selection pressure to
optimize the space allocated to each leaf within the bud, and
the spatial limitations observed during the developmental
process, could result in developmental constraints (Lickliter
2014) and the observed allometric relationships. In turn,
these constraints would be consistent with the phenotypes’
stability across generations by reducing possible leaf shape
variation under differential natural selection for a given oak
species within this species complex (Alberch 1982).

Moreover, Hammond (1941) found that during leaf
enlargement, the ratio between length and width in relative
leaf growth extensions remains constant. Therefore, these
allometric relationships for mature leaves are already pre-
defined during bud formation. Indeed, the above-mentioned
global regulation hypothesis (Couturier et al. 2009) can
explain the substantial leaf traits phenotypic integration
found for both oak species. In our study, this was corro-
borated by the estimated genetic correlations (Table S3a, b)
and genetic integration (Table 1), presumably driven by
pleiotropy. Pleiotropy is considered one of the underlying
principles of phenotypic integration (Klingenberg 2008)
allowing for organ (e.g., floral) evolution in cases where
covariation between traits is aligned with the direction of
natural selection (Schluter 1996). Conversely, pleiotropy
can be considered an evolutionary constraint when direc-
tional selection would cause adverse effects on the affected

Quercus species divergence is driven by natural selection on evolutionarily less integrated traits 377



traits and force the system to converge toward an optimum
trade-off (Wagner and Zhang 2011; Smith 2016); such can
be expected for oaks with highly integrated leaf morphol-
ogy traits. Since high integration of these traits was already
observed across multiple oak species (Viscosi et al. 2009); it
can be assumed to be the product of a long-term stabilizing
selection pattern. Such a pattern usually causes the align-
ment of the G matrix with the adaptive landscape (Arnold
1992). While commonality in the alignment between G
matrices across related species defines the multi-species
primary optima, the actual optimum for each related species
is primarily driven by selection, environmental factors, and
background perturbations in traits inheritance (Hansen
1997).

While BS, NV, and NL represent the most discriminant
morphology characteristics of fully expanded leaves (see
Porth et al. 2016, in agreement with previous analyses by
Kremer et al. 2002), at oak plants’ ontogenetically young
stages, especially, NV provides only a poor discriminative
index (Ponton et al. 2004). Only the pilosity density on the
lamina and the average angle of auricles at the lamina base
(equivalent to the BS characteristic described here) were
overall the most powerful species discriminant characters
(Ponton et al. 2004). Therefore, one can assume that, for
phenotypic differentiation between species, the part of the G
matrix, especially for NV, is unstable and varying with
plants’ ontogenetic development. As mentioned above, the
unstable part of the G matrix across species can result from
shifting species primary optima to species-specific actual
optima (Hansen 1997). Thus, when species enter new
environments, the adaptive optimum peak can be moved
causing the observed deviation from species primary optima
(Arnold et al. 2001).

Trait phenotypic integration in the context of
sympatric species differentiation

Species’ phenotypic differentiation is initiated by direc-
tional selection, and also, a certain level of stabilizing
selection is required to maintain detectable differentiation
(Weissing et al. 2011). Stabilizing selection should theore-
tically produce additive genetic variance reduction (Roff
2012), however, there is no clear explanation of such pat-
tern regarding the genetic variation that is commonly pre-
sent in populations under stabilizing selection (Johnson and
Barton 2005). Hunt et al. (2007) found genetic variation
reduction when stabilizing selection acts on a small number
of traits. Our analyses showed that the main traits respon-
sible for interspecific differentiation (BS, NV, and NL)
between oaks did not suffer reduced genetic variance, as
this would be reflected in their heritability estimates but
levels were similar across the investigated traits (Tables S1a
and S2a and Fig. 4). These traits exhibited considerable

change only in their means (results not provided). Inter-
estingly, BS, NV, and NL were the only traits showing low
levels of integration (Table 1); thus, indeed, one require-
ment (Hunt et al. 2007) for hypothetical genetic variation
reduction for traits under stabilizing selection was uncov-
ered. Hence, such traits would lead to poor genetic covar-
iances/correlations estimation under multivariate evaluation
and a decreased precision in the estimation of evolutionary
response to selection would be the consequence. Evolu-
tionary integration represents the ability of two or more
traits to evolve jointly through species’ differentiation pro-
cesses (Armbruster et al. 2014), but we did not find any
evidence in oak species’ diagnostic leaf shape/structural
traits (i.e., BS, NV, and NL). These traits showed generally
low levels of genetic integration, as opposed to the leaf
dimensional traits LL, LW, and WP, see above. Moreover,
the genetic relationships for BS, NV, and NL within each
investigated species were weak and even weaker in Q.
robur than Q. petraea (Fig. 5). Such results support the lack
of evolutionary integration for certain species’ diagnostic
traits and suggest that they rather evolved as independent
traits. This supports the assumption of a more efficient
response to selection for traits that show higher modularity
and provides the argument that these traits diverged sepa-
rately. Consequently, less integrated traits can effectively
drive Quercus species divergence. These traits may also be
plastic based on the weak genetic integration uncovered in
our study (see also Ponton et al. 2004 discussed above).
Additionally, our study found G × E interactions across the
studied traits which were strongly driven by the level of
introgression between species across the tested forest stands
(Fig. S4). Therefore, the stability of the G matrix decreases
with an increasing level of genetic introgression in sym-
patric species. Leroy et al. (2020) found historical intro-
gression of Q. robur to Q. petraea with the highest extent of
such introgression within cooler and wetter environments.
Additionally, the geographical pattern in the level of
introgression was corroborated by the clinal variation in
genes contributing to phenological divergence.

We feel that the evolutionary response to selection for
the NV trait (Fig. 6) might be directly related to leaf veins’
function (Sack and Scoffoni 2013), and therefore, to the
known difference in water use efficiency and gas exchange
between both oaks (Ponton et al. 2002). Certainly, selection
for differential gas exchange properties would affect more
characters in addition to NV, because efficiency increase in
only one trait would cause limitations to all other implicated
leaf traits (McKown et al. 2010). Thus, there is strong
evidence that vein architecture traits are well integrated with
other important structural and gas exchange-related func-
tional traits (Sack and Scoffoni 2013), yet not considered in
the present study. Thus, results from our analyses indicate
that such traits would indeed belong collectively to a
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different module leading to the correlated selection of
involved characters (Sinervo and Svensson 2002). How-
ever, such selection can develop independently of the
above-mentioned global regulation in leaf dimension
development.

As stated above, the studied leaf morphology characters
are genetically complex traits (Saintagne et al. 2004; Gailing
2008). For example, the development of lobed leaves is
driven by spatially specific expression of a KNOX gene
(Pires and Dolan 2012). Porth et al. (2016) found genetic
associations between β-tubulin gene sequence variability and
the species discriminative NL. Additionally, in Q. robur ×
Q. petraea interspecific crosses, the same study found an
underrepresentation of the β-tubulin allele highly associated
with NL, an observation, likely established through possible
post-mating species barriers (Abadie et al. 2012).

Conclusions

While we implemented SSRs as molecular markers for our
study, the ongoing progress in next-generation sequencing
technologies has resulted in the development of new
genomic resources for our study species (Ueno et al. 2010;
Lepoittevin et al. 2015; Lesur et al. 2015; Bodénés et al.
2016; Lang et al. 2018) which enabled detailed insights into
the genetic similarity within populations (Lesur et al. 2018)
and further allowed the discovery of fine-scale introgression
patterns between oaks (Lang et al. 2018). Finally, all these
efforts cumulated in the Q. robur reference genome (Plo-
mion et al. 2018).

The European white oak complex Q. petraea/robur
represents the best-studied system to date for temperate tree
speciation and population dynamics (Kremer and Hipp
2019). Generally known for its extremely high genetic
diversity among forest tree species, oak exhibits an excep-
tional ecological and morphological diversification. It is
widely accepted that leaf morphology is adapted to envir-
onmental conditions; for example, leaf sizes and shapes
correlate with temperature and moisture (Fu et al. 2017).
Leaf lobation may enable faster gas exchange and heat
dissipation (Rupp and Gruber 2019). In our study, we fur-
ther elucidated the importance of genetic, epistatic, and
plastic effects associated with leaf morphology in this
important genus. By considering leaf morphology and
genetic data, our study provided important insights into the
presence/extent of leaf traits integration within two fre-
quently hybridizing oak species and these oak traits’ evo-
lutionary responses to selection. The highest level of traits’
genetic integration was found for leaf dimensions (termed
“leaf size gradient” cluster) supporting evidence of con-
served processes taking place during vegetative bud estab-
lishment and development (global regulation). By contrast,

lamina basal shape and intercalary veins’ number showed
little within-species genetic integration while allowing for
the highest difference in evolutionary response to selection
between species. Consequently, we propose that organismal
modularity allowed for the independent evolution in oak
species’ morphology that relates to ecological adaptation,
thus further driving Quercus species divergence.

Data availability

All data used in this analysis are included as a supplement.
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