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Abstract. Species boundaries in oaks are often not clear-cut, which is poten-
tially a result of interspecific hybridization with trait introgression and phe-
notypic plasticity. Quercus rubra L. and Quercus ellipsoidalis E.J. Hill are 
two interfertile partially sympatric red oak species (section Lobatae) with 
different adaptations to drought. Quercus ellipsoidalis is the most drought 
tolerant of the North American red oak species and is characterized by deep 
tap roots, a shrubby growth and by deeply dissected leaves. Genetic differ-
entiation between species is low for most molecular markers. However, one 
genic microsatellite in a CONSTANS-like (COL) gene, FIR013, was previ-
ously identified as outlier locus under strong divergent selection between 
species. In this study, we analyzed leaf morphometric traits in neighbor-
ing (parapatric) Q. rubra/Q. ellipsoidalis populations and in one sympatric 
population from the same region along an environmental gradient. Using 
multivariate statistics of leaf traits both species showed distinct bimodal fre-
quency distributions for the first canonical discriminant function with some 
overlap in the phenotypic extremes, especially in the sympatric population. 
Leaf dissection traits showed strong and consistent differentiation between 
species in sympatric and parapatric populations, while differentiation for 
leaf size was lower in the sympatric population under more similar environ-
mental conditions. Leaf phenotypes in F1 hybrids and introgressive forms 
suggested maternal effects and introgression of leaf traits between species. 
The association of outlier gene copy number at FIR013 with species-dis-
criminating leaf traits in Quercus rubra can be a reflection of population dif-
ferences since outlier gene copy number and population membership show 
significant collinearity. Similar environmental selection pressures on outlier 
alleles and leaf shape could also have resulted in this association. In future 
studies, segregating full-sib families could be used to test whether outlier 
alleles and associated genomic regions are indeed associated with leaf traits 
or other species-discriminating characters.
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Introduction

Oak species from the same taxonomic section 
frequently hybridize, but hybrids are mainly 
restricted to the contact zones between spe-
cies (Curtu et al. 2007, de Heredia et al. 2009, 
Owusu et al. 2015). Phenotypic differentiation 
between closely related oaks is often not com-
plete potentially as result of phenotypic plas-
ticity (Bruschi et al. 2003) and introgression 
between species (Curtu et al. 2007). However, 
multivariate statistics of leaf traits previously 
showed a good separation between oak species 
even across the species distribution range of 
the two hybridizing white oak species Quer-
cus robur L. and Quercus petraea (Matt.) Li-
ebl. (Kremer et al. 2002). Similarly, evidence 
that this taxon complex remains distinct even 
on a small scale was provided by using spa-
tially explicit, multivariate analyses of leaf 
morphological and nuclear microsatellite data 
conducted in a mixed oak stand of Q. petraea 
and Q. robur (Gugerli et al. 2007). 
 In closely related oak species with different 
ecological adaptations low interspecific genetic 
differentiation at most nuclear and anonymous 
DNA markers suggested interspecific gene 
flow (Mariette et al. 2002, Scotti-Saintagne et 
al. 2004, Lind-Riehl et al. 2014). In addition 
to low overall interspecific genetic differenti-
ation, the absence of significant interspecific 
differentiation at maternally inherited chloro-
plast markers and sharing of locally restricted 
chloroplast haplotypes between species of the 
same taxonomic section was interpreted as 

evidence for interspecific gene flow (Petit et 
al. 2003, Zhang et al. 2015). Likewise, pater-
nity analysis in oaks of section Quercus and 
Lobatae revealed contemporary interspecific 
gene flow in neighboring geographically dis-
tinct (parapatric) and in sympatric populations 
(Curtu et al. 2009, Lepais et al. 2009, Moran et 
al. 2012, Khodwekar & Gailing 2017). While 
low genetic differentiation alone can also be 
interpreted as shared ancestral variation (Muir 
& Schlötterer 2005), the observation of con-
temporary interspecific gene flow and the shar-
ing of rare and locally restricted chloroplast 
haplotypes in both European white oaks (sec-
tion Quercus) and North American red oaks 
(section Lobatae) is clear evidence for inter-
specific gene flow between oak species (Lexer 
et al. 2006, Neophytou et al. 2011, Moran et 
al. 2012, Zhang et al. 2015). Yet, despite in-
terspecific gene flow, hybridizing species with 
different adaptations to drought in both section 
Quercus and Lobatae are highly differentiated 
at some loci/genomic regions as a signature of 
strong divergent selection (Scotti-Saintagne et 
al. 2004, Lind-Riehl et al. 2014). 
 Here we focus on the two North American 
red oak species Quercus rubra L. and Quercus 
ellipsoidalis E.J. Hill with different adapta-
tions to drought such as differences in leaf con-
ductance, root depth and leaf shape (Abrams 
1990, Jensen et al. 1993). Both species are 
also differentiated at leaf morphometric and 
acorn traits and are characterized by different 
growth forms (Burns & Honkala 1990, Jensen 
et al. 1993). However, no single trait is diag-
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nostic for the species, only a combination of 
leaf morphometric traits is informative to as-
sign most samples to genetically identified 
species (Gailing et al. 2012). Intermediate leaf 
morphologies between Q. rubra and Q. ellip-
soidalis were interpreted as the result of inter-
specific hybridization and introgression (Jen-
sen et al. 1993). However, genetic variation 
for species-discriminating leaf traits has also 
been found within species, e.g. for the Euro-
pean white oak species Quercus robur as re-
vealed by QTL mapping in a Q. robur full-sib 
family (Saintagne et al. 2004, Gailing 2008). 
Furthermore, the expression of leaf traits is 
strongly affected by environmental conditions 
in both European white oaks and North Amer-
ican red oaks (Saintagne et al. 2004, Gailing 
2008, Gailing et al. 2012, Gailing et al. 2013). 
In summary, multivariate analyses of leaf 
morphological traits are useful to differenti-
ate between closely related species. However, 
individual traits show overlapping frequency 
distributions between species likely as result 
of a combination of factors: phenotypic plas-
ticity, genetic variation in traits within species 
and interspecific introgression.
 Quercus ellipsoidalis as the most drought 
tolerant of North American red oak species 
has small and deeply dissected leaves, while 
leaves are larger and less dissected in Q. ru-
bra (Jensen et al. 1993). Deeply dissected and 
small leaves in Q. ellipsoidalis can be inter-
preted as an adaptation to dry and hot environ-
ments allowing for a more efficient transport 
of water (Sack & Holbrook 2006, Nicotra et 
al. 2011) and a more rapid heat transfer (Gure-
vitch & Schuepp 1990) than the larger and less 
dissected leaves of Q. rubra. To quantify these 
leaf morphological differences between spe-
cies, a set of leaf morphometric traits has been 
developed and applied for species distinction 
using multivariate analyses (Jensen et al. 1993, 
Gailing et al. 2012). 
 For these two oak species, genetic marker 
analyses at non-genic nuclear microsatellites 
(nuclear Simple Sequence Repeats, nSSRs) 

and at genic EST-SSRs showed low interspe-
cific differentiation for most markers (Lind & 
Gailing 2013, Lind-Riehl et al. 2014). How-
ever, one EST-SSR, FIR013, was identified as 
outlier locus and showed highly elevated in-
terspecific differentiation in parapatric (FST = 
0.79) and in sympatric Q. rubra/Q. ellipsoida-
lis populations (FST = 0.64) from the same re-
gion as signature of strong divergent selection, 
likely driven by soil moisture, in the face of 
gene flow (Lind-Riehl et al. 2014, Khodwekar 
& Gailing 2017, Lind-Riehl & Gailing 2017). 
The variable trinucleotide SSR was located 
in the coding region of a CONSTANS-like 
(COL) gene and coded for a poly-Q repeat mo-
tif (Lind-Riehl & Gailing 2017). While both 
species were not completely fixed on alterna-
tive alleles, Q. ellipsoidalis trees were gener-
ally characterized by a one repeat unit shorter 
poly-Q repeat than Q. rubra trees (138 bp in Q. 
ellipsoidalis, 141 bp in Q. rubra) (Lind-Riehl 
& Gailing 2017). COL genes were associated 
with flowering time and growth in other spe-
cies (Herrmann et al. 2010, Hsu et al. 2012). In 
Q. petraea the same COL gene was associated 
with the timing of vegetative bud burst (Al-
berto et al. 2013) which is directly related to 
flowering time in oaks (Chesnoiu et al. 2009, 
Collins et al. 2015). In the here investigated 
sympatric Q. rubra/Q. ellipsoidalis population 
in the Baraga Plains region, gene copy numbers 
of the Q. rubra-typical outlier allele 141 in Q. 
ellipsoidalis and of the Q. ellipsoidalis-typical 
outlier allele 138 in Q. rubra were associated 
with soil quality as defined by water holding 
capacity and nutrient availability (Khodwekar 
& Gailing 2017). 
 In this study we evaluated species differentia-
tion at leaf traits by analyzing leaf morphomet-
ric traits in one sympatric and in four parapat-
ric Q. rubra/Q. ellipsoidalis populations. Our 
specific objectives are to compare interspecific 
differentiation at leaf traits between sympatric 
and parapatric stands and evaluate their utility 
for species discrimination, to analyze the asso-
ciation between species as derived from genet-
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ic assignment analysis and leaf traits, to evalu-
ate introgression of leaf traits between species 
and to assess the association of outlier alleles, 
soil humidity and population membership with 
leaf traits in each species. 
 We hypothesize that differences in leaf dis-
section and size as potential adaptations to 
drought (Nicotra et al. 2011) are (1) main-
tained between species in sympatric popula-
tions even under similar environmental condi-
tions and (2) associated with soil moisture and 
outlier allele copy number which could reflect 
correlated environmental selection.

Materials and methods

Study sites

Two to three sun leaves per tree were col-
lected for 96 adult trees from one sympatric 
Q. rubra/Q. ellipsoidalis stand (FC-S) in the 
Baraga Plains region on the Upper Peninsula 
of Michigan for leaf measurements and DNA 
extraction. Additionally, leaves from 185 adult 
trees from parapatric populations of the same 
region were included, two Q. rubra popula-

tions (FC-A: 44 samples, FC-B: 50 samples) 
and two Q. ellipsoidalis populations (FC-C: 
32 samples, FC-E: 59 samples). In the sym-
patric population, individuals of both species 
occurred next to each other on Rubicon sand, 
while Q. ellipsoidalis was absent on adja-
cent soils with higher water holding capacity 
(Khodwekar & Gailing 2017). In parapatric 
populations, Q. rubra and Q. ellipsoidalis 
were several kilometers apart from each other 
(3.2 km to 8.8 km) (Lind-Riehl et al. 2014). 
The location and site description of the investi-
gated populations are presented in Table 1. For 
the parapatric populations leaf traits have al-
ready been characterized (Gailing et al. 2012) 
(Table 1).

Leaf measurements

For each tree of the sympatric stand the largest 
and fully developed leaf was measured. For the 
parapatric stands, mean values per tree were 
derived from the measurement of the four larg-
est leaves per tree as described in Gailing et 
al. (2012). The leaf morphometric traits were 
measured as described in Jensen et al. (1993) 
and Gailing et al. (2012). Specifically, we mea-

Sympatric and parapatric Quercus rubra / Q. ellipsoidalis populationsTable 1

Note. Soil type was identified according to the Soil Survey Area, Natural Resource Conservation Services, United 
States Department of Agriculture at http://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx (Information 
downloaded and plotted on maps as a layer on September 5, 2016) (wss_SSA_MI013_soildb_MI_2003_[2015-09-
21]_Baraga county and wss_SSA_MI013_soildb_MI_2003_[2015-09-21]_Delta county) Soils are ranked from 
poor (1) to rich (4) based on water holding capacity, site index and soil composition (% organic matter, % sand). 

Abbre-
viation Species Sample 

size (n) Soil characteristics Latitude Longitude
Mean 
altitude 
(m)

FC-S

Q. rubra

Q. rubra / 
Q. ellipsoidalis

96

3: Keweenaw-Kalkaska 
Complex 
2: Rubicon sand

46°40’27’’N

45°50’01’’N

88°32’06’’W

88°32’04’’W

393

393

FC-A Q. rubra 44 3: Keweenaw-Kalkaska 
Complex 46°39’09’’N 88°36’06’’W 297

FC-B Q. rubra 50 4: Munising-Yalmer 
loamy sand 46°40’27’’N 88°31’27’’W 423

FC-C Q. ellipsoidalis 32 1: Grayling sand 46°39’14’’N 88°35’25’’W 394
FC-E Q. ellipsoidalis 59 1: Grayling sand 46°39’55’’N 88°33’19’’W 398
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sured leaf blade length (LBL), leaf blade width 
defined by the basal lobe pair (LBWB), by the 
middle lobe pair (LBWM), and by the apical 
lobe pair (LBWA), interval between the bas-
al pair of sinuses (INTB), the middle pair of 
sinuses (INTM) and the apical pair of sinuses 
(INTA), interval between center vein intersec-
tions (CENTER) and apical vein intersections 
(APEX) (Table 1 and Figure 1 - Supporting 
Information).

Data analyses

Significant differences in trait mean values 
between genetically identified species after 
exclusion of hybrids and introgressive forms 
were tested with an independent t-test in WIN-
STAT (Fitch 2006).
 Factor analysis was performed in WINSTAT 
(Fitch 2006) to find the independent factors 
underlying the leaf traits and to visualize dif-
ferences between genetically identified spe-
cies. After Kaiser normalization we applied 
varimax normal rotation to the factor loadings 
to ensure that variables with large communali-
ties have greater weight. Initial communalities 
were assumed to be equal to the highest cor-
relation coefficient. Factor extraction was con-
tinued until the calculated eigenvalue of the 
factor was greater than one. Leaf factor scores 
for the extracted factors instead of the original 
variables were used for the association analy-
ses with soil moisture, population membership 
and outlier allele count (see below).
 Discriminant analysis was performed in 
IBM SPSS version 23.0 (IBM 2015) using the 
genetically identified species as the grouping 
variable. Prior probabilities were assumed to 
be equal for the classification of samples based 
on the discriminant functions. Canonical dis-
criminant functions were calculated to de-
scribe the relation between the grouping vari-
able and the independent variables (leaf traits). 
The function with the highest eigenvalue that 
best predicted the grouping variable was used 
to visualize the frequency distributions of dis-

criminant scores for both species and their 
discrimination. The canonical correlation val-
ue was derived from the eigenvalue. The test 
statistics Wilk’s Lambda was applied to test 
the dependency of the grouping variable and 
the independent variables. Standardized co-
efficients of the discriminant function were 
calculated to evaluate the importance of a giv-
en independent variable for the discriminant 
function. Finally, the discriminant function 
was used to classify all samples to species. The 
results were compared to the species identity 
as determined by genetic assignment analysis.

Genetic assignment analysis

Genetic assignment analysis in STRUCTURE 
(Pritchard et al. 2000) using a set of 16 in-
formative microsatellites (5 nSSRs, 11 EST-
SSRs) was performed for all samples and 
populations in earlier studies (Lind & Gailing 
2013, Lind-Riehl et al. 2014, Khodwekar & 
Gailing 2017). Additionally, data on outlier 
locus FIR013 (Lind-Riehl et al. 2014, Khod-
wekar & Gailing 2017) were used to evaluate 
introgression of species-typical outlier alleles 
between species and their association with 
leaf traits in both species. Genetic assignment 
analysis (without outlier locus FIR013) identi-
fied two genetic clusters corresponding to the 
species Q. rubra and Q. ellipsoidalis. Ancestry 
coefficients (Q) were calculated for each sam-
ple (Qrubra + Qellipsoidalis = 1). For comparability 
with other related studies (Curtu et al. 2007, 
Lind & Gailing 2013, Lind-Riehl et al. 2014, 
Collins et al. 2015), individuals with Qellipsoidalis 
≥ 0.9 were classified as Q. ellipsoidalis, with 
Qellipsoidalis between 0.61 and 0.89 as Q. ellipsoi-
dalis-like introgressive forms, with Qellipsoidalis 
between 0.4 and 0.6 as F1 hybrids, with Qellip-

soidalis between 0.39 and 0.11 as Q. rubra-like 
introgressive forms and with Qellipsoidalis ≤ 0.1 as 
Q. rubra.

Correlation of species ancestry with leaf 
traits
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Spearman rank correlation coefficients be-
tween Q. ellipsoidalis ancestry and leaf traits 
and one-sided significances were calculated in 
WINSTAT (Fitch 2006) for sympatric, parapa-
tric and all populations combined. 

Association of introgressed outlier alleles at 
FIR013 with leaf factor scores in each species

Genotypes at outlier locus FIR013 were trans-
lated into the number of 138 or 141 alleles 
(e.g. 0, 1, 2 copies of allele 138 correspond 
to genotypes 141/141, 138/141, 138/138) for 
genetically assigned Q. rubra and Q. ellipsoi-
dalis trees. Based on data on water holding ca-
pacity (amount of water content), soil compo-
sition (% sand, % organic matter) and pH from 
the USDA soil survey (http://websoilsurvey.
sc.egov.usda.gov/App/WebSoilSurvey.aspx) 
we grouped soil from dry to moist (1: Grayling 
sand, 2: Rubicon sand, 3: Keweenaw-Kalkas-
ka complex, 4: Munising- Yalmer loamy sand). 
Linear models were used to test for the asso-
ciation of soil moisture, population member-
ship and outlier allele count with leaf factor 
scores (Bates et al. 2015). To reduce issues 
with multiple testing and to remove the redun-
dancy among leaf traits we used the orthogonal 
factors of the factor analysis in linear models. 
Data were tested for normal distribution us-
ing Q-Q plots in the program RStudio (Team 
2015). Generalized variance-inflation factors 
(GVIFs) were calculated to test for collinearity 
between variables with the package ‘car’ (Fox 
& Weisberg 2011) leading to the removal of 
the population identity from the models, due 
to strong collinearity with soil moisture levels. 
For Q. ellipsoidalis only one observation of 
soil moisture level 4 was available and further, 
only one Q. rubra individual had two copies 
of allele 138 thus both were dropped from 
the models. Model selection by AIC was per-
formed with the package ‘MASS’ (Venables 
& Ripley 2002), with the null model (factor 
score ~1) and the most complex model (factor 

score ~allele count * humidity level). Select-
ed models were assessed for significant pair-
wise differences by Tukey HSD test in cases 
of single fixed effects and with simultaneous 
general linear hypothesis testing with ‘mult-
comp’ (Hothorn et al. 2008) in case of unbal-
anced models with two fixed effects (Bates et 
al. 2015, Team 2015). 

Results

Species differentiation

Significant differences in trait mean values 
were determined for genetically assigned spe-
cies for parapatric and sympatric populations 
and for all populations combined (Table 2). 
Generally, trait differences between species 
were less pronounced in the sympatric popula-
tion where both species grow under more sim-
ilar environmental/edaphic conditions than in 
parapatric populations for which the contrast 
in edaphic conditions is more pronounced. 
For example, in the sympatric population both 
species occur next to each other on Rubicon 
sand, while Q. ellipsoidalis is absent on the 
neighboring Keweenaw-Kalkaska complex 
with higher water holding capacity (see Table 
1 and Khodwekar & Gailing 2017). Especial-
ly leaf length (LBL) and leaf width characters 
(LBWB, LBWM, LBWA) were significantly 
higher in Q. rubra than in Q. ellipsoidalis in 
parapatric stands, but these interspecific differ-
ences were much less pronounced in sympat-
ric stands with non-significant differentiation 
for LBWB and LBWM. Measurements of the 
intervals between leaf sinuses (INTA, INTB, 
INTM) as indicator of leaf dissection also 
showed less pronounced interspecific differ-
ences in sympatric stands, but the differentia-
tion remained highly significant.

Factor analysis 

Two factors were extracted that explained 
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most of the phenotypic variance in sympatric 
(F1: 52.51%, F2: 19.04%), in parapatric (F1: 
62.8%, F2: 19.55%), and in all populations 
combined (F1: 67.11%, F2: 14.48%). Factor 
loadings and communalities and correlations 
between factor scores and leaf traits are shown 
in Tables 2-3 - Supp. Info.. In the sympatric 
population where both species grow on the 
same soil type (Rubicon sand) factor score 1 is 
mainly correlated with leaf dissection charac-
ters INTB (r = 0.74), INTM (r = 0.87), INTA (r 
= 0.90) and with Apex (r = 0.80), while factor 
score 2 is mainly correlated with leaf length 
(LBL, r = 0.72), leaf width defined by the mid-
dle and basal lobe pair (LBWM, LBWB; r = 
0.76, r = 0.80), and with CENTER (r = 0.85). 
Genetically identified species were separated 
along factor axis 1 (Figures 2-4 - Supp. Info.). 
In parapatric populations F1 hybrids group 
with Q. ellipsoidalis in the Q. ellipsoidalis 
stands FC-C and FC-E, while no F1 hybrids 
were found in Q. rubra stands. In the sympatric 
stand FC-S, one of the two F1 hybrids grouped 
with Q. ellipsoidalis, the other with Q. rubra 
(Figures 1-2, Supp. Info.). When both sympat-
ric and parapatric populations are combined 
the separation between species along axis 1 is 
less prominent. In the sympatric stand, intro-
gressive forms generally do not group consis-
tently to morphological species along factor 
axis 1. For example, one Q. ellipsoidalis-like 
introgressive form shows the highest score for 
factor 1 and groups with Q. rubra (FR86, Fig-
ures 1-2 - Supp. Info.). 

Discriminant analysis

The frequency distributions of discriminant 
scores for canonical discriminant function 1 
were separated between genetically identified 
species with some overlap for sympatric, para-
patric and for all populations (Figures 1-2; and 
Figure 5 - Supp. Info.). The overlap was more 
pronounced for sympatric than for parapatric 
populations. Consequently, a higher discrim-
ination between species was found for para-

patric (Canonical correlation: 0.880, Wilks’ 
Lambda: 0.225, p < 0.0001) than for sympat-
ric populations (Canonical correlation: 0.817, 
Wilks’ Lambda: 0.33, p < 0.0001). The inter-
val between the basal pair of sinuses (INTB) 
had the highest absolute standardized scoring 
coefficient for sympatric (1.0895), parapatric 
(0.81145) and for all populations (1.1498).

Trait correlations with species ancestry

Ancestry coefficients (Q) for each sample (Qru-

bra + Qellipsoidalis = 1) were derived from genetic 
assignment analysis. Here, we correlated Q. 
ellipsoidalis ancestry (0 to 1, 0: Q. rubra, 1: 
Q. ellipsoidalis) with leaf traits (Supplemen-
tary Table 4). In parapatric populations, Q. el-
lipsoidalis ancestry showed highly significant 
correlations with leaf length/leaf width char-
acters (LBL, LBWB, LBWM, LBWA), leaf 
dissection (INTA, INTB, INTM) and the inter-
val between apical vein intersections (APEX). 
In sympatric populations, high and negative 
correlations with ancestry (r < -0.5) were only 
found for leaf dissection traits INTA, INTB 
and INTM. Correlations between Q. ellipsoi-
dalis ancestry and LBWB and LBWM were 
not significant. For sympatric, parapatric and 
all populations, leaf factor score 1 showed a 
high correlation with Q. ellipsoidalis ancestry 
(r = -0.60, r = -0.72, r = -0.66), while factor 
score 2 revealed no significant association.

Associations of outlier alleles at COL with 
leaf traits

Allele 138 in Q. rubra showed a significant 
negative correlation with all leaf traits as well 
as with factor 1 and 2 of the factor analysis 
across all populations, while allele 141 in Q. 
ellipsoidalis was not correlated with any leaf 
trait. To reduce issues with multiple testing 
and to remove the redundancy among traits we 
used the orthogonal factors of the factor anal-
ysis in linear models to test for the association 
between leaf shape, the outlier allele count (al-
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lele 138 in Q. rubra) and soil moisture. 
 In the species Q. ellipsoidalis no significant 
influence of the allele counts on both leaf fac-
tor scores could be detected, as well as no im-
provement of the model fit by including this 
fixed effect was observed. Soil moisture is a 
significant explanatory variable in both cases 
and as final model factor score ~ humidity lev-
el was considered. Differences in leaf factor 
scores and corresponding p-values are given in 
Table 3. 
 Both best models for Q. rubra included the 

allele count and the soil moisture level with-
out interaction (Table 4). No correlation be-
tween these two fixed terms could be detected 
(GVIF~1.038 and 1.009). The linear model 
for leaf factor score 1 indicated a significant 
influence of both fixed effects, as for factor 
score 2 only soil moisture was significant. For 
leaf factor 2, allele count was not significant 
but considerably improved the model fit and 
was therefore included in the model. In the 
multiple comparison testing displayed in Table 
4 significant differences in leaf factor score 1 

Distribution of discriminant scores in ge-
netically assigned Q. rubra (top) and Q. 
ellipsoidalis (bottom) individuals in the 
sympatric population FC-S

Figure 1 Distribution of discriminant scores in ge-
netically assigned Q. rubra (top) and Q. 
ellipsoidalis (bottom) individuals in the 
parapatric population FC-S

Figure 2

Canonical Discriminant Function 1
Pure species (0,1) = 0

Mean = 1.33
Std. Dev. = 0.862
N = 34

Canonical Discriminant Function 1
Pure species (0,1) = 1

Mean = -1.46
Std. Dev. = 1.133
N = 31

Canonical Discriminant Function 1
Pure species (1,0) = 0

Mean = 1.82
Std. Dev. = 1.150
N = 89

Canonical Discriminant Function 1
Pure species (1,0) = 1

Mean = -1.86
Std. Dev. = 0.819
N = 87
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were detected between humidity levels (4-2, 
4-3) and allele count (zero versus one copy 
of allele 138). After adjusting the p-value for 
multiple pairwise testing no significant differ-
ences were found between levels of fixed ef-
fects and factor score 2.

Discussion

Leaf traits are often used to differentiate be-
tween closely related species in oaks (Jensen 
et al. 1993, Kremer et al. 2002). However, 
their expression is characterized by a plastic 
response to environmental/light conditions 
(Gonzalez-Rodriguez & Oyama 2005) which 
might obscure species boundaries. In this 
study, mean values of most leaf traits (with the 
exception of CENTER) showed highly signif-
icant differences between species in parapatric 
populations where both species grow on dif-
ferent soil types with regard to water holding 
capacity and nutrient availability. Specifically, 
Q. ellipsoidalis which occurs preferentially 
on dry soils is characterized by much smaller 
and more deeply dissected leaves than Q. ru-

bra (Jensen et al. 1993, Gailing et al. 2012). 
In the sympatric population where both spe-
cies occur on intermediate soil types (in the 
transition zone between Keweenaw-Kalkas-
ka complex and Rubicon sand) under more 
similar environmental conditions, differences 
in leaf size (leaf length and width) are much 
less pronounced and non-significant at the 1% 
level. Thus, leaf size is strongly influenced 
by environmental/soil conditions and inter-
specific differences are emphasized in para-
patric populations which grow on different 
soils. Also, introgression and hybridization 
between species contributes to high variation 
in leaf traits in natural populations (Cottam et 
al. 1982). However, introgressive forms and 
hybrids were excluded from the calculation 
of interspecific differentiation in the present 
study. In contrast to leaf size characters, inter-
specific differences in mean values for inter-
vals between pairs of sinuses along the leaf as 
indicator for leaf dissection remained highly 
significant in sympatric populations. Differ-
ences between species at these traits reflect 
to a larger degree genetic differences and are 
useful to distinguish both species in sympatry 

Comparison Factor score 1, Q. elllipsoidalis Factor score 2, Q. ellipsoidalis
Soil moisture level Mean difference p-value Mean difference p-value
2-1 -0.287 0.001 -0.959 0.000
3-1 0.211 0.358 -1.455 0.000
3-2 0.498 0.007 -0.496 0.279

Comparison Factor score 1, Q. rubra Factor score 2, Q. rubra
Soil moisture 
level

Average marginal 
mean difference p-value Average marginal 

mean difference p-value

3-2 0.07 0.73 -0.62 0.12
4-2 -1.05 0.02 -0.47 0.43
4-3 -1.12 0.02 0.15 0.82
Allele count
1-0 -0.93 0.00 -0.59 0.20

Pairwise comparisons of leaf factor score values between soil moisture levels for the final models 
in Q. ellipsoidalis

Table 3

Pairwise comparisons of leaf factor score values between soil moisture levels and outlier allele 
counts for the final models in Q. rubra

Table 4

Note. Allele count: 0 or 1 copy of outlier allele 138.
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where environmental contrasts are weaker. Ac-
cordingly, in sympatric populations we found 
high correlations between species ancestry and 
leaf dissection (INTA, INTB, INTM), but not 
with leaf size traits. Overlapping frequency 
distributions for individual traits and for the 
discriminant scores are due to high variation 
in leaf traits within species and phenotypic 
plasticity (Kremer et al. 2002). The grouping 
of putative F1 hybrids with both Q. rubra and 
Q. ellipsoidalis in the factor analysis may be 
a reflection of maternal effects. Thus, in oaks 
F1 hybrids are frequently similar to the mater-
nal parent (Cottam et al. 1982, Kleinschmit et 
al. 1995, Kremer et al. 2002). The inconsistent 
grouping of introgressive forms to species and 
generally low separation along factor axis 1 
may reflect introgression of leaf traits between 
species or higher phenotypic plasticity of in-
trogressive forms. Typical Quercus rubra leaf 
characteristics and a Q. rubra-like growth 
form especially for one Q. ellipsoidalis-like 
introgressive form (FR086, Figure 1 - Supp. 
Info.) suggested that introgression of specif-
ic genomic regions could be associated with 
morphological species identity. 
 Leaf dissection has been described as an ad-
aptation to hot and dry environments (Kramer 
and Boyer 1995, Nicotra et al. 2011). First, 
deeply dissected leaves have a decreased hy-
draulic resistance since the ratio of mesophyll 
tissue to conductive veins is decreased (Sack 
& Holbrook 2006). Second, deeply dissected 
leaves allow for a more rapid heat transfer 
than entire leaves, but they are also prone to 
more rapid water vapor loss because of thinner 
boundary layers (Gurevitch & Schuepp 1990, 
Kramer & Boyer 1995). In the present study 
leaf factor score 1 which is associated with 
differences in leaf dissection between Q. ellip-
soidalis and Q. rubra was associated with soil 
quality along a soil water / nutrient gradient. 
While leaf dissection and the associated reduc-
tion in leaf area may be an adaptation to hot 
and sunny environments, leaf dissection was 
not associated with environmental conditions 

in other species (Nicotra et al. 2011). Thus, 
growth and survival in seasonally dry environ-
ments is likely related to leaf dissection, but 
is also dependent on a combination of other 
physiological traits.

Outlier allele copy number and soil mois-
ture show a significant association with leaf 
shape

Outlier locus COL showed signatures of strong 
divergent selection between Q. rubra and Q. 
ellipsoidalis. Quercus rubra was nearly fixed 
on allele 141 and Q. ellipsoidalis was nearly 
fixed on allele 138 (Lind-Riehl et al. 2014). 
An earlier study of the same sympatric pop-
ulation suggested that introgression of outlier 
alleles at COL was affected by environmental 
selection (Khodwekar & Gailing 2017). Thus, 
introgression of allele 138 into Q. rubra was 
significantly associated with the occurrence 
on poorer/drier soils in the sympatric popula-
tions FC-S. Likewise, introgression of allele 
141 into Q. ellipsoidalis was significantly as-
sociated with the occurrence of this species 
on richer soils (Khodwekar & Gailing 2017). 
Here, we found that gene copy number of al-
lele 138 in Q. rubra was associated with leaf 
factor 1 (smaller and deeply dissected leaves) 
across all populations. However, the frequen-
cy of this allele was higher in the sympatric 
population as in the parapatric populations. In 
a linear model using both soil moisture and 
outlier allele count of allele 138 in Q. rubra 
both variables were significantly associated 
with leaf factor 1. Since outlier allele count 
and soil moisture revealed no collinearity, soil 
moisture was included in the model as factor 
confirming the significant association between 
allele count and leaf factor 1. However, due to 
the high collinearity between allele count and 
population identity these findings have to be 
interpreted cautiously. High correlation in the 
whole dataset is present between the variables 
soil moisture and population identity as well as 
allele count and population identity. As nearly 
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no correlation between allele count and soil 
moisture was found across all populations, 
the fitted models are mathematically valid. On 
the other hand, some levels of these catego-
rial variables have few observations and thus 
leading to a very unbalanced design with high 
weight of some observations which weaken 
the general interpretability. At least for the 
observed samples we cannot rule out a caus-
al relationship between allele count and leaf 
shape or similar selection pressures on both 
outlier alleles and leaf shape. Common garden 
trials for different genotypes at COL (138/138, 
138/141, 141/141) in each species and in seg-
regating full-sib families could be established 
to test whether introgression of outlier alleles 
is associated with species differences such as 
leaf trait variation and to identify genomic re-
gions that are associated with these traits.
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Supporting Information

The online version of the article includes Sup-
porting Information:

Supp. Info. Table 1. Leaf morphometric traits 
and landmarks

Supp. Info. Table 2.

Supp. Info. Table 3. Coorelation between leaf 
factor scores and individual leaf traits

Supp. Info. Table 4. Correlation of Quercus 
ellipsoidalis ancestry as determined by genetic 
assignment analysis with leaf morphometric 
characters

Supp. Info. Figure 1. Quercus ellipsoida-
lis-like introgressive form with Q. rubra leaf 
morphology (FR86) and F1 hybrids with Q. 
ellipsoidalis (FE44) and Q. rubra (FR26) leaf 
morphology. In contrast to other leaf samples 

in FR26 the left and right side of the leaf are 
asymmetric. Landmarks for morphological 
measurements are shown according to Jensen 
et al. (1993) (Supp. Info. Table 1).

Supp. Info. Figure 2. Factor analysis for all 
samples in the sympatric Q. rubra / Q. ellip-
soidalis population.

Supp. Info. Figure 3. Factor analysis for all 
samples in the parapatric populations (Q. ru-
bra: FC-A, FC-B, Q. ellipsoidalis: FC-C, FC-
E).

Supp. Info. Figure 4. Factor analysis for all 
samples in sympatric and parapatric popula-
tions.

Supp. Info. Figure 5. Distribution of discrim-
inant scores in genetically assigned Q. rubra 
and Q. ellipsoidalis in sympatric and parapa-
tric populations


