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Plant populations at the leading edge of the species’ native range often exhibit genetic
structure as a result of genetic drift and adaptation to harsh environmental conditions.
Hence, they are likely to harbour rare genetic adaptations to local environmental
conditions and therefore are of particular interest to understand climate adaptation.
We examined genetic structure of nine northern marginal mainland, peninsular and
isolated island natural populations of northern red oak (Quercus rubra L.), a valuable
long-lived North American hardwood tree species, covering a wide climatic range, using
17 nuclear microsatellites. We found pronounced genetic differentiation of a disjunct
isolated island population from all mainland and peninsular populations. Furthermore, we
observed remarkably strong fine-scale spatial genetic structure (SGS) in all investigated
populations. Such high SGS values are uncommon and were previously solely observed
in extreme range-edge marginal oak populations in one other study. We found a
significant correlation between major climate parameters and SGS formation in northern
range-edge red oak populations, with more pronounced SGS in colder and drier regions.
Most likely, the harsh environment in leading edge populations influences the density of
reproducing trees within the populations and therefore leads to restricted overlapping
of seed shadows when compared to more central populations. Accordingly, SGS was
negatively correlated with effective population size and increased with latitude of the
population locations. The significant positive association between genetic distances
and precipitation differences between populations may be indicative of isolation by
adaptation in the observed range-edge populations. However, this association was
not confirmed by a multiple regression analysis including geographic distances and
precipitation distances, simultaneously. Our study provides new insights in the genetic
structure of long-lived tree species at their leading distribution edge.

Keywords: spatial genetic structure (SGS), northern red oak, microsatellites, island population, range-edge
populations, genetic differentiation, genetic diversity, isolation by adaptation
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INTRODUCTION

Long-lived trees are especially challenged by the changing
environmental conditions in the face of climate change. Largely
outcrossing tree species with effective means of pollen and seed
dispersal harbour considerable amounts of genetic variation, to
cope with new environmental conditions during their lifetimes
(Hamrick et al., 1979; Rajora et al., 2000; Khodwekar and
Gailing, 2017; Rajora and Zinck, 2021). However, it is unclear
whether adaptive genetic variation and phenotypic plasticity
are sufficient for them to adapt to rapidly changing conditions
(Aitken et al., 2008; Depardieu et al., 2020). Range margin
populations are expected to play significant roles in species’ range
expansion anticipated under climate change. Therefore, genetic
variation in marginal tree populations under extreme conditions
is of high interest for contemporary research to predict species’
adaptability to persist in forest systems (Hampe and Petit, 2005;
Pandey and Rajora, 2012a,b; Chhatre and Rajora, 2014). Since
marginal populations of sessile plant species are confronted with
extreme abiotic conditions, they are often exposed to stronger
natural selection (Chhatre and Rajora, 2014). Hence, range-edge
populations are especially challenged by the risk of extinction,
and often exhibit low levels of allelic diversity as compared to
central populations (e.g., Arnaud-Haond et al., 2006; Pandey
and Rajora, 2012a; Chhatre and Rajora, 2014). On the other
hand, high selective pressure makes them likely to develop
highly adapted genotypes in theory (Willi et al., 2007), which
might be important to maintain or expand their distribution
range (Rehm et al., 2015). Even though experimental support
for this assumption remains absent, range-edge populations
represent locations of extremes and are therefore of high interest
to study local adaptation to harsh environmental conditions
(Gibson et al., 2009).

The Isolation by distance (IBD) theory (Wright, 1943)
predicts differences between distant subpopulations as a result of
random genetic drift and geographically limited gene dispersal.
If different subpopulations face restricted gene flow over long
time periods, random loss of alleles in small subpopulations
can leave signatures in the genome (Willi et al., 2007). This
applies especially to range-edge plant populations, due to the
restricted pollen dispersal and founder events (Pohjanmies et al.,
2016). As physical barriers have a severe impact on the gene
flow between different subpopulations, the stepping stone model
(Kimura and Weiss, 1964) was proposed as an expansion of the
IBD theory. Apart from IBD, additional factors can impact the
genetic composition of separated subpopulations. Abiotic factors
like temperature or precipitation can act selectively on adaptive
alleles (RamÍrez-Valiente et al., 2009). Genetic differentiation
can arise from divergent environmental selection (Wang and
Bradburd, 2014) resulting in isolation by adaptation (IBA) (Nosil
et al., 2008) and various studies reported signs of environmental
impact on genetic differentiation (Sexton et al., 2014). Since
marginal populations are assumed to persist under borderline
conditions in a harsh environment, occurrence of IBA is more
likely in range-edge populations. The presence of IBA and IBD
can be detected by comparing a genetic distance matrix with
abiotic and geographic parameter matrices, respectively. For

IBA, a significant correlation between genetic and environmental
parameter distances is expected, while a significant correlation
between geographic and genetic distances would indicate IBD
(Funk et al., 2011; Dewoody et al., 2015).

Seed accumulation near mother trees due to gravity effects
on heavy seeds (Sagnard et al., 2011), and animal seed caching
(Peakall and Beattie, 1995) contribute to the formation of fine-
scale spatial genetic structures (SGS) in oaks. It has been shown,
that inbreeding has a strong effect on the formation of fine-
scale SGS (Epperson, 2007). Contrarily, outcrossing and self-
incompatible species generally exhibit lower degrees of SGS
(Vekemans and Hardy, 2004). Range-edge conditions, such as
low effective population density and isolation from conspecific
populations, can occur in fragmented or isolated populations,
and are positively correlated with the formation of fine-scale
SGS (Vekemans and Hardy, 2004), as it was observed for
example in maritime pine, Pinus pinaster Aiton (De-Lucas et al.,
2009), eastern white cedar, Thuja occidentalis L. (Pandey and
Rajora, 2012b), and Sitka spruce, Picea sitchensis (Bong.) Carrière
(Gapare and Aitken, 2005). Therefore, in marginal populations
with low adult tree densities, comparatively high SGS can be
expected. Fine-scale SGS analyses are suitable to provide insights
into basic evolutionary processes, such as gene dispersal, genetic
drift, and natural selection (Vekemans and Hardy, 2004; Cavers
et al., 2005). Knowledge of fine-scale SGS can also provide a basis
for the development of representative sampling schemes for seed
harvest and scientific research (Vornam et al., 2004).

Northern red oak (Quercus rubra L., section Lobatae) is a
wind pollinated hardwood tree species, widely distributed in
North America, where it grows from Quebec, Ontario, New
Brunswick, and Nova Scotia in southern Canada southwards to
south-western Georgia and Alabama, United States (Godfrey,
1988). During the last glacial maximum, the northern edge
of the contemporary distribution range was covered with ice.
Northern red oak re-colonized the area after the decline of
the glaciers probably via diverse migration routes (Schlarbaum
et al., 1982). Recent colonization and steep environmental
gradients make Q. rubra a good model to study the effects of
neutral and adaptive processes on genetic variation in range-
edge populations. However, studies focusing on Q. rubra range-
edge populations are rather limited. A comprehensive single
nucleotide polymorphism study based on 73 evenly distributed
northern red oak populations from the native range revealed
a clinal trend of genetic variation along latitude and longitude
(Merceron et al., 2017). Furthermore, several studies reported
genetic diversity parameters based on nuclear microsatellites
from the centre of the native range (Aldrich et al., 2003), as
well as for populations from the northern edge of the natural
distribution area (Lind and Gailing, 2013; Sullivan et al., 2013;
Lind-Riehl et al., 2014; Borkowski et al., 2017). Borkowski et al.
(2017) reported a loss of allelic richness toward the north of the
native range of northern red oak due to postglacial migration.
Range-edge populations have been investigated in Q. rubra and
the closely related Quercus ellipsoidalis (Sullivan et al., 2013; Lind-
Riehl et al., 2014; Lind-Riehl and Gailing, 2015) but only from
a small part of the species’ range in the Great Lakes Region.
Therefore, information on genetic structure of northern red oak
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populations from other parts of its marginal range, especially
from the unstudied eastern range, is crucial.

Potentially as a result of low density of reproducing trees
under suboptimal environmental conditions, pronounced fine-
scale SGS was observed in northern range-edge populations of
some oak and conifer species (Gapare and Aitken, 2005; Pandey
and Rajora, 2012b; Lind-Riehl and Gailing, 2015). In northern
red oak, however, knowledge of the degree of fine-scale SGS
remains limited. To our knowledge, reports on fine-scale SGS in
Q. rubra have solely been published on juvenile northern red oak
trees, colonizing an aspen (Populus tremuloides Michx.)- white
pine (Pinus strobus L.) forest, which may undergo pronounced
changes in SGS while maturing (Jones et al., 2006), and to
compare SGS between managed and unmanaged populations
(Lind-Riehl and Gailing, 2015). We are not aware of additional
reports of SGS in marginal populations of northern red oak.

In the present study, we aim to evaluate the genetic
composition, as well as the spatial genetic structure of northern
red oak populations from various locations (mainland, peninsula
and isolated island) at the northern margin of the natural
distribution area. We hypothesize that (1) there is strong genetic
differentiation at a small geographic scale between populations
from the northern edge of the native range as a result of founder
effects and selection during postglacial remigration, (2) strong
within-population fine-scale spatial genetic structures exist due
to the comparatively low gene flow in range-edge populations
and low effective population density, (3) signatures of isolation
by adaptation may be detected as a result of steep environmental
gradients and adaptation to harsh range-edge conditions, and (4)
the recent re-colonization of the northern range-edge resulted in
weak patterns of isolation by distance.

MATERIALS AND METHODS

Populations and Sampling
We sampled a total of eight natural Q. rubra populations from
the northern margins of the species range in four provinces in
Canada (Figure 1 and Table 1). Three of these populations were
from mainland Ontario and New Brunswick, four from Nova
Scotia peninsula, and one from Prince Edward Island (PEI). The
Phelps and McConnell Lake Road populations sampled from
Ontario are preserved as growth and yield research plots and are
believed to be of post-fire origin. The Crafts Cove population
from New Brunswick is located in a private forest near the
land margin on one side and surrounded by farms on others
in a fragmented landscape. Four populations sampled on the
peninsula of Nova Scotia, which is only linked to the mainland
by the sparsely forested Chignecto isthmus, are believed to
be of post-fire origin. These populations are relatively close
to each other within a distance of 60 km. The Crafts Cove
population from New Brunswick is separated by the Bay of
Fundy from the Nova Scotia populations. The isolated PEI
red oak population is located in the East Royalty area at the
northeast limit of Charlottetown city. With the commencement
of European settlement, much of the Prince Edward Island
forest was cleared in eighteenth and early nineteenth centuries

for settlements and agriculture. The sampled Charlottetown
northern red oak population in the current study represents
one of the last remnants of the red oak tree community on the
island. This population is located in the protected natural forest
“Royalty Oaks Natural Area” of Charlottetown, which had been
in private property from 1819 to the 1980s and exhibited the
healthiest and strongest phenotypes in terms of trunk height
and form. We aimed to sample 50 individuals per population.
However, in two populations only 31 and 40 individuals could
be sampled (Table 1). Trees were randomly selected within each
population, maintaining a distance of at least 10 m between the
sampled trees. All sampled populations are of natural origin and
have previously been investigated using chloroplast microsatellite
markers (Götz et al., 2020). Additionally, we included data for
a population, which was sampled previously from the Upper
Peninsula of Michigan (Sullivan et al., 2013). This particular
population (Brockway Mountain, BM in this study; BR-1 in
Sullivan et al., 2013) is located at the range-edge of the species.
Even though there were many northern red oak trees in this
region, the sampled population in the Brockway Mountains
consisted of mostly shrubby trees (Lind and Gailing, 2013).
The habitus of the sampled trees supports the assumption of
range-edge conditions, as the shrubby growth is most likely a
result of the heavy winds and snow loads during the winter
months and points to a transition to the conifer dominated
forests, which are common in more northern regions. The
distribution of the sampled individuals within populations is
presented in Supplementary Figure 1. Fresh and clean leaves
from each of the 427 trees sampled from eight Canadian red
oak populations were collected and placed, stored and dried
in paper bags with silica gel until DNA extraction. All plant
material (leaf samples, and extracted DNA) of the current study is
deposited at the Department of Forest Genetics and Forest Tree
Breeding, University of Göttingen and is available upon request.
Research permits were not required because all populations
except the Crafts Cove population were located on public land
without any conservation issue or designation. The owner of
the farm on which Crafts Cove population is located gave
permission and helped us for sample collection as outlined in
Acknowledgements.

DNA Extraction and Genotyping
DNA was extracted from about one cm2 of dried leaves, using
the DNeasyTM 96 Plant Kit (Qiagen; Hilden, Germany) following
the manufacturer’s manual. All samples were genotyped at 20
microsatellite markers, of which three (quru-GA-1F07, FIR024,
FIR104) had to be removed due to the difficulty in delimiting
different alleles (Supplementary Table 1). The actual marker set
included seven nuclear genomic simple sequence repeat (nSSR)
markers [1p10, 2p24, 3A05, 3D15 (Sullivan et al., 2013), quru-
GA-0C11, quru-GA-1C06, quru-GA-0E09 (Aldrich et al., 2003)]
and ten expressed sequence tag simple sequence repeat (EST-SSR)
markers (FIR013, FIR028, FIR031, FIR035, GOT021, GOT040,
PIE040, PIE125, VIT023, VIT107), developed for Q. robur
(Durand et al., 2010) and adapted to Q. rubra (Sullivan et al.,
2013). Five different multiplex PCR reactions were prepared for
each sample, by multiplexing three to seven primer pairs in PCR
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FIGURE 1 | Location and sample size of the northern red oak populations within their natural distribution area (highlighted). BM, Brockway Mountain; MR,
McConnell Lake Road; PH, Phelps; CC, Crafts Cove; OL, Oak Lake; MB, Maitland Bridge; NM, Nine Mile Woods; WL, Wentzells Lake; CT, Charlottetown.

TABLE 1 | Northern red oak populations sampled, their locations and geographic coordinates.

Population Abbreviation Sample ID number Province Latitude Longitude Altitude Sample size

Brockway Mountain BM BM 01-48 Michigan 47◦27′57.5′′N 87◦54′59.2′′W 407 m 48

McConnell Lake Road MR MR 01-52 Ontario 46◦39′00.5′′N 79◦09′26.1′′W 368 m 52

Phelps PH PH 01-54 Ontario 46◦22′30.1′′N 79◦06′21.8′′W 344 m 54

Crafts Cove CC CC 01-31 New Brunswick 45◦44′19.7′′N 65◦59′42.7′′W 35 m 31

Oak Lake OL OL 01-52 Nova Scotia 44◦31′02.6′′N 65◦24′21.9′′W 178 m 52

Maitland Bridge MB MB 01-50 Nova Scotia 44◦31′15.1′′N 65◦16′15.1′′W 188 m 50

Nine Mile Woods NM NM 01-49 Nova Scotia 44◦29′26.3′′N 65◦15′34.8′′W 169 m 49

Wentzells Lake WL WL 01-40 Nova Scotia 44◦29′22.8′′N 64◦38′41.0′′W 25 m 40

Charlottetown CT CT 01-51 Prince Edwards Island 46◦16′06.2′′N 63◦06′38.5′′W 32 m 51

reactions (Supplementary Table 1). A touchdown PCR protocol
was used for each multiplex with the following parameters:
15 min of denaturation at 95◦C, followed by ten cycles of 60 s
denaturation at 94◦C, 60 s annealing at 60◦C decreased by
1◦C each cycle, and 60 s of elongation at 72◦C. Afterwards,
25 cycles of denaturation (94◦C/60 s), annealing (50◦C/60 s)
and elongation (72◦C/60 s) were run. Finally, 20 min of
elongation was used. The plates were cooled down to 16◦C before
electrophoretic separation. Forward primers were labelled with
different fluorescent dyes as displayed in Supplementary Table 1.

The size of amplified DNA fragments and genotypes of
individual sampled trees were determined with Genemapper
software v3.7 (Applied Biosystems, Foster City, CA,
United States) after electrophoretic separation of diluted
PCR products on an ABI Genetic Analyzer 3130xl (Applied
Biosystems, Foster City, CA, United States).

Data Analysis
Genetic Diversity, Fixation Index, and Bottleneck
We used the statistical programming language R (R core team,
2018), with R studio (RStudio Team, 2020) to calculate the

following genetic parameters for each population: Number of
alleles per locus (A), observed heterozygosity (Ho), expected
heterozygosity (He), allelic richness (AR), and fixation index
(FIS). The methods were implemented in the DiveRsity package
(Keenan et al., 2013). A rarefaction approach to the lowest sample
size was applied to calculate allelic richness for comparability.
Ninety five percent confidence intervals of the Fixation index
(FIS) were based on 1,000 bootstraps. GenAlEx 6.5 software
(Peakall and Smouse, 2006) was used to estimate the number
and frequency of private alleles (AP). Bottleneck analysis was
carried out using the BOTTLENECK 1.2.02 software (Cornuet
and Luikart, 1996), based on a stepwise mutational model, 1000
iterations, and the Wilcoxon test for heterozygosity excess. Tests
for linkage disequilibrium (pairwise locus comparisons, Markov
chain approach, 10,000 dememorization, 100 batches, 5,000
iterations), deviation from Hardy-Weinberg equilibrium (exact
test for each locus and population, Markov chain approach with
10,000 dememorization, 20 batches, and 5,000 interactions per
batch), and estimation of null alleles (for all loci and populations,
maximum likelihood estimation, EM algorithm) were performed
using the GENEPOP 4.7.5 software (Rousset, 2008).
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Effective Population Size
Contemporary effective population size (Ne) was estimated using
the NeEstimator 2.1 software (Do et al., 2014) employing the
Linkage Disequilibrium method described by Waples (2006) and
a critical allele frequency value of 0.02, which was suggested for
sample sizes >25 (Waples and Do, 2010) and used by Rajora and
Zinck (2021) for eastern white pine, Pinus strobus.

Genetic Differentiation and Population Genetic
Structure
Interpopulation genetic differentiation and genetic structure
of nine red oak populations were examined using FST,
genetic distance, principal coordinate, and Bayesian
STRUCTURE analyses.

Bayesian cluster analysis was done using the STRUCTURE
2.3.4 software (Pritchard et al., 2000). Data were analysed using
an admixture model with 105 burn-ins, 106 MCMC repetitions
and 20 repetitions for each K value, ranging from 1 to 10. Allele
frequencies were assumed to be correlated. We used both the
default and LOCPRIOR models separately for the STRUCTURE
analysis. The LOCPRIOR model considers sampling locations
for genetic assignment/clustering (Hubisz et al., 2009). The
most likely K-value was determined using 1K of the method
of Evanno et al. (2005) in STRUCTURE HARVESTER (Earl
and VonHoldt, 2012).1 The high-performance computing
cluster of the association of scientific data processing
of University of Göttingen was used to perform resource
intensive data analyses. The python program StrAuto (Chhatre
and Emerson, 2017) enabled us to use parallel computing
processing units.

FST values between each population and its complement
(population-specific FST values) were calculated using GESTE
2.0 (Foll and Gaggiotti, 2006). This software uses a hierarchical
Bayesian approach to estimate FST values and adds an option
to normalize data for several factors to check whether they
are associated with FST formation. Parameters were set to a
sample size of 20,000, thinning interval of 25, 100 pilot runs
with 5,000 iterations, and 50,000 additional burn-ins. Pairwise
FST values, as well as overall F-statistics were calculated using
Weir and Cockerham’s FST estimator 2 (Weir and Cockerham,
1984), as implemented in the FSTAT 2.9.4 software (Goudet,
2003).

Isolation by distance was tested by performing Mantel
tests between genetic and geographic distances using 10,000
permutations. Isolation by adaptation was tested by performing
Mantel tests between the genetic and climate distance matrices.
A multiple regression model in the R package MMRR (Wang,
2013) was used to test simultaneously for an effect of
environmental factors (precipitation, temperature, and solar
radiation) and geographical distances on the genetic distance
matrix. Pairwise differences in environmental parameters were
calculated using the Euclidian distance between mean annual
population location values. The genetic distance matrix was
calculated in GenAlEx using the Euclidian distance (Smouse
and Peakall, 1999). Furthermore, principal coordinates analysis

1http://taylor0.biology.ucla.edu/struct_harvest/

(PCoA) was performed based on a standardized covariance
method of the genotypic genetic distance matrix between
populations using GenAlEx. The corresponding scatterplot was
examined in a three dimensional space using the ParaView
software (Ahrens et al., 2005) to examine the most representative
two dimensional view for presentation.

FST outlier analysis was carried out using the Bayescan 2.1
software (Foll and Gaggiotti, 2006), performing multiple runs
based on a sample size of 5,000, a thinning interval of 10, 25 pilot
runs, and 50,000 additional burn ins, each. Prior odds were set to
10, 100, 1,000, and 10,000, respectively.

Spatial Genetic Structure and Association With
Climatic Factors
Presence of SGS was inferred using the kinship coefficient Fij
(Loiselle et al., 1995). For this purpose, we used the SPAGeDi
1.5 software (Hardy and Vekemans, 2002). Ten thousand
permutations were run to validate the results statistically.
Distance class size was determined by SPAGeDi 1.5 to provide
similar distance classes within the single runs. The best number
of classes was found for each population using a trial-and-error
approach. We aimed for at least 100 comparisons per class, and a
low oscillating graph. Four to eight distance classes, depending on
the population, were considered optimal. To quantify the extent
of spatial genetic structure, Sp statistics (Vekemans and Hardy,
2004) were calculated using the formula:

Spi =
−bF

1− F1

where bF is the regression slope of the kinship coefficient F on
the natural logarithm of spatial distance, and F1 is the mean
kinship coefficient between individuals belonging to the first
distance class. Sp statistics provide a more robust way to compare
SGS than the sole observation of significant distance classes, or
regression slopes do. To examine the SGS extent, we performed
an autocorrelation analysis of all populations combined, with the
GenAlEx 6.5 software (Peakall and Smouse, 2006). This large
sample size enabled us to investigate SGS at a finer scale, using
fixed distance classes of 5 meters, while keeping a high number
(>100) of comparisons. Significance of SGS extent was tested
using a one-sided test, applying a level of significance of 0.05.

Correlation analysis of Sp values with different climate data
was done using standard functions of R (R core team, 2018).
Normal distribution was tested for all parameters (Shapiro-Wilk
test). Significance of the correlation coefficients was tested using
Pearson’s product moment correlation. Additionally, Mantel
tests (10,000 permutations) were performed between a distance
matrix of Sp values and environmental distance matrices. The
climate data used for the correlation analyses were taken from
the public climate data base WorldClim (Fick and Hijmans,
2017), represented by a 30 s raster (about 1 km2). To provide
representative data for long living species, we used the mean
values of a 30 years’ time frame, ranging from 1970 CE to
2000 CE. The open source program QGIS (QGIS Development
Team, 2009) was used to extract climate data from the provided
raster files. Data management was done using Microsoft Office
(Redmond, WA, United States). Graphical adjustment for
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visualization of different figures was done using the vector
graphics editor Inkscape (Inkscape Project, 2020).

RESULTS

Genetic Diversity, Fixation Index,
Effective Population Size, and
Population-Specific FST
Genetic diversity parameters, FIS and Ne for the studied red
oak populations are provided in Table 2. Overall, Brockway
Mountain range-edge population had the highest genetic
diversity, and the isolated island Charlottetown population
showed the lowest genetic diversity with the exception of
observed heterozygosity. Despite its relatively large sample
size, the Charlottetown population exhibited the lowest average
number of alleles per locus, as well as allelic richness, which
was adjusted for unequal sample sizes. Furthermore, we did not
observe any private alleles within the Charlottetown population.
The number of private alleles for the remaining populations
ranged from one to nine. Expected and observed heterozygosity
were similar in all sampled populations, with mean values of 0.67
and 0.64, respectively. Again, Charlottetown population deviated
from the pattern, as it was the only population, which exhibited
a higher HO than HE value, resulting in a significant negative
fixation index. Significantly positive fixation indices, on the other
hand, were observed in six populations (BM, MB, WL, OL, PH,
MR). Nine Mile Woods and Crafts Cove populations exhibited
FIS values which were not significantly different from zero.

The contemporary effective population size was, overall,
highest for the four populations from Nova Scotia (OL, MB, NM,
WL) with estimates ranging from 189 (95% CI = 124–367) to
432 (95% CI = 221–4,517). The lowest estimated contemporary
effective population size was found for the isolated Charlottetown
population (22, 95% CI = 19–26) (Table 2).

Population-specific FST values ranged between 0.0120 and
0.0624 (Table 2), with the exception of the Charlottetown
population, which showed a much higher population-specific FST

value of 0.1500. Additional calculations with the exclusion of the
Charlottetown outlier population resulted in similar values for
the mainland populations (Supplementary Table 2). Pairwise FST
comparisons (Supplementary Table 3) revealed predominantly
low FST values, ranging from 0.004 to 0.076. The pairwise FST
values for the isolated Charlottetown population were higher
than for the remaining comparisons, ranging from 0.046 to
0.076, while the remaining comparisons never exceeded 0.036.
Individual locus statistics are reported in Supplementary Table 4.

Genetic Differentiation and Population
Genetic Structure
We observed the most prominent peak at K = 4
(Supplementary Figure 2) after performing Evanno et al.
(2005) adjustments in STRUCTURE HARVESTER (Earl and
VonHoldt, 2012). All populations showed genetic admixture to
varying degrees. However, the Bayesian cluster analysis model
resulted in clear differentiation between Charlottetown and the
remaining populations for all K values (Figure 2). At K = 3, Craft
Cove population was differentiated from other populations.
For K = 4, the McConnell Lake Road population was further
differentiated from other populations. Thus, at K = 4, each of
the Charlottetown, McConnell Lake Road, and Crafts Cove
populations belonged to individual genetic clusters and exhibited
differentiation from the four populations from Nova Scotia (OL,
MB, NM, WL), and one population from Brockway Mountain,
all of which belonged to the same genetic cluster (Figure 2 and
Supplementary Figure 3). This was also the case for K = 5 and
K = 6. The four populations from Nova Scotia revealed a similar
genetic structure; even for K > 6 subclusters (Figure 2 and
Supplementary Figure 3). The Brockway Mountain population
exhibited a slightly different pattern, when compared with
the Nova Scotia populations, but could not be assigned to
a separate subcluster. Single samples within the Brockway
Mountain and Phelps populations were assigned to a shared
subcluster with high probabilities. Interestingly, the Crafts Cove
population showed genetic differentiation from Nova Scotia
populations. Including the Locprior option in the model revealed

TABLE 2 | Hardy-Weinberg equilibrium test (HWE, Fisher’s exact test), p-values mean values of linkage disequilibrium (LD) test between all pairwise loci comparisons,
mean estimates of null allele frequencies (Null), population-specific FST value, contemporary (Ne) effective population size and its 95% confidence intervals, average
number of alleles per locus (A), allelic richness (AR), number of private alleles (AP ), expected (HE ) and observed (HO) heterozygosity (standard error in brackets), and
fixation index (F IS–95% confidence intervals in brackets) of nine northern red oak populations.

Population HWE LD Null FSTa FSTb Ne A AR AP HE HO FIS

Brockway Mountain <0.001* 0.217 0.073 0.0120* 0.0121* 61 (52–74) 10 9.01 9 0.71 0.61 0.1319* (0.0831/0.1864)

McConnell Lake Road <0.001* 0.262 0.033 0.0514* 0.0515* 42 (36–51) 7.6 7.26 5 0.65 0.62 0.0487* (0.0116/0.0877)

Phelps <0.001* 0.416 0.041 0.0221* 0.0227* 63 (52–76) 9.2 8.42 6 0.70 0.65 0.0687* (0.0222/0.1161)

Crafts Cove 0.058 0.602 0.024 0.0624* 0.0607* 53 (39–80) 6.5 6.61 5 0.67 0.66 0.0055 (–0.0495/0.0602)

Oak Lake 0.01* 0.508 0.022 0.0230* 0.0232* 189 (124–367) 8.7 8.34 2 0.67 0.63 0.0494* (0.0084/0.0907)

Maitland Bridge <0.001* 0.528 0.034 0.0136* 0.0138* 197 (132–362) 8.9 8.49 6 0.68 0.60 0.0545* (0.0255/0.0838)

Nine Mile Woods 0.466 0.595 0.023 0.0156* 0.0155* 432 (221-4517) 8.8 8.57 4 0.68 0.68 0.0094 (-0.0233/0.0448)

Wentzells Lake <0.001* 0.551 0.033 0.0210* 0.0215* 357 (170-∞) 8.2 8.20 1 0.65 0.61 0.0604* (0.0155/0.1065)

Charlottetown 0.006* 0.325 0.003 0.1500* - 22 (19–26) 5.6 5.51 - 0.62 0.67 -0.0811* (-0.1273/-0.0367)

Mean <0.001* 0.445 0.059 0.0412 0.0276 170 8.2 7.82 5 0.67 0.64 0.0386

*Significant value, α = 0.05, FSTa, calculated for all populations; FSTb, calculated excluding the Charlottetown population.
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FIGURE 2 | Summary bar plots of estimated membership coefficient (Q) of the studied individuals from nine red oak populations for K 2-6 from STRUCTURE
analysis using the default model where population locations were not considered (no LOCPRIOR). BM, Brockway Mountain; MR, McConnell Lake Road; PH, Phelps;
CC, Crafts Cove; OL, Oak Lake; MB, Maitland bridge; NM, Nine Mile Woods; WL, Wentzells Lake; CT, Charlottetown.

additional differences between the populations Phelps and
Brockway Mountain (Supplementary Figure 3). Differentiation
increased with the assumption of additional subclusters, up to
six (Supplementary Figure 3). For higher values of K, no further
differentiation was observed (Supplementary Figure 3).

We ran an analysis with a modified dataset, excluding the
Charlottetown outlier population. The patterns of the remaining
populations were not different from the ones in the previous
analysis (data not shown).

The principal coordinates analysis (PCoA) of the nine
populations revealed a similar phylogeographic pattern
(Supplementary Figure 4) and supported the results of the
Bayesian Structure analysis (Figure 2). By far the highest
differentiation was observed between the Charlottetown
population and the remaining populations, of which the four
populations from Nova Scotia clustered most closely. The Crafts
Cove and McConnell Lake Road populations exhibited a slightly

higher differentiation from the Nova Scotia populations, when
compared to the Brockway Mountain and Phelps populations.
These two populations were also assigned to somewhat unique
genetic clusters in the Bayesian Structure analysis at K = 3
(Supplementary Figure 3). The scatterplot has been viewed
interactively in a three-dimensional virtual model to verify the
two-dimensional Supplementary Figure 4. The first three axes
of the PCoA explained 70.3% (X = 40.6%, Y = 16.0%, Z = 13.7%)
of the total variation.

Bottleneck Analyses
The bottleneck analysis resulted in a normally L shaped
distribution of allele frequencies in all populations
(Supplementary Table 5). Furthermore, we found no signs
of significant heterozygosity excess in any of the populations.
Contrarily, there was significant heterozygosity deficiency in
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TABLE 3 | Kinship coefficients of the first distance class (F1), their regression
slope on natural log distance (bF ), resulting Sp value, and the extent of SGS within
northern red oak populations.

Population Abbreviation F1
a bF Sp value Extent of

SGS (m)b

Brockway Mountain BM 0.0370*** −0.0177 0.0184 0–136

McConnell Lake Road MR 0.0250*** −0.0170 0.0172 0–33

Phelps PH 0.0207*** −0.0255 0.0261 0–42

Crafts Cove CC 0.0184** −0.0210 0.0214 0–51

Oak Lake OL 0.0090** −0.0106 0.0107 0–91

Maitland Bridge MB 0.0150*** −0.0170 0.0172 0–81

Nine Mile Woods NM 0.0102* −0.0068 0.0069 0–39

Wentzells Lake WL 0.0134** −0.0077 0.0078 0–98

Charlottetown CT 0.0259*** −0.0125 0.0128 0–52

aSignificance test after 10,000 permutations; H1: observed > expected. *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001.
bSignificant at α = 0.05 after 10,000 permutations; H1: observed > expected.

most of the tested populations, with the exception of the two
populations Charlottetown and Crafts Cove.

FST Outlier Analyses
The outlier analysis revealed four significant FST outliers (quru-
GA-0E09, 1C06, OC11, FIR028, Supplementary Figure 5)
with lower FST values than expected under neutrality at
prior odds of 10 and a False Discovery Rate (FDR) of 0.05
(Supplementary Figure 5). With more conservative settings, at
the prior odds of 100 or a FDR of 0.01, only quru-GA-0E09
remained significant, and at prior odds >100 or combination
of prior odds of 100 and FDR < 0.05, none of the markers was
detected as an outlier locus.

Fine-Scale Spatial Genetic Structure
All investigated northern red oak populations exhibited
significant kinship coefficients within the first distance class
(Figure 3). Sp values ranged from 0.0067 to 0.0213 with an
arithmetic mean of 0.0155. The extent of SGS within populations
ranged between 33 and 137 m (Table 3). A spatial autocorrelation
analysis with fixed distance classes, and combined data across
all populations resulted in significant SGS (Figure 4 and
Supplementary Table 6) within 45 m (0.001 < p < 0.046, one-
sided) with continuously decreasing autocorrelation coefficients
between 0.090 (10 m) and 0.013 (45 m). We observed no
significant SGS for distance classes above 45 m (Figure 4).

Correlation of Spatial Genetic Structure
With Climatic Factors and Isolation by
Distance
Sp values showed a significant and negative correlation
(Supplementary Figure 6) with mean annual temperature
(R2 = 0.533, p = 0.0255), annual precipitation (R2 = 0.633,
p = 0.0103), and Ne (R2 = 0.562, p = 0.020) of the sampled
population locations. However, we did not find a significant
correlation (p = 0.312) between Sp values and the mean
daily solar radiation of the sampled population locations. The
correlation of Sp values with latitude were marginally significant

(p = 0.077). Similar to the observed correlation between Sp values
and environmental parameters described above, we observed
significant correlations between differences in Sp values and
temperature (p = 0.023), as well as precipitation differences
(p = 0.044, Table 4).

Mantel tests of various pairwise parameter combinations
(Table 4) showed a marginally significant correlation
(R2 = 0.2729, p = 0.047) of the genetic distance with the
geographic distance matrix. Due to the uneven distribution of
distances between the populations, the frequency distribution of
the original data slightly deviated from the normal distribution.
However, natural log transformation of the geographic distances
resulted in p and R2 values (R2 = 0.1624, p = 0.039) comparable
to non-transformed data.

Isolation by Adaptation
Mantel tests, as well as linear regression with individual variables
revealed a significant correlation between matrices of genetic
distance and precipitation differences (R2 = 0.1618, p = 0.015).
The observed significant Mantel tests indicate isolation by
adaptation (IBA) (Nosil et al., 2008) for our dataset. However,
simultaneous examination of all environmental and geographic
distance matrices on genetic distances revealed non-significance
of the model (p = 0.161) from the multiple regression analysis.
When only precipitation and geographic distances were included
as explanatory variables, the model was marginally significant
(p = 0.058). According to this model, none of the individual
factors was significant.

DISCUSSION

Genetic Diversity, Genetic Structure, and
Genetic Differentiation
Our results show that the isolated island Charlottetown
population has lowest allelic and gene diversity of all populations
and the lowest effective population size. The Charlottetown red
oak population is completely isolated from the mainland of
New Brunswick and peninsular Nova Scotia restricting gene
exchange severely (see below). Besides severely restricted gene
flow, genetic drift and founder events may have also contributed
to low genetic diversity in this population. The second lowest
allelic diversity was observed for the Crafts Cove population,
which is consistent with its location in a small forest patch on
a dairy farm with one side almost on the edge of Washademoak
Lake front and a road going through this small population. Thus,
lower genetic diversity in the Crafts Cove population may be
due to fragmentation, restricted gene flow, bottleneck effects,
and genetic drift. Lower genetic diversity could be expected
in peninsular populations due to potential founder effects and
reduced gene flow from the mainland. However, comparatively
high genetic diversity was observed in peninsular populations
from Nova Scotia and the range-edge Brockway Mountain
population from the Keweenaw peninsula of Northern Michigan.
These populations are located in regions with continuous forest
cover suggesting that marginal peninsular conditions do not
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FIGURE 3 | Kinship coefficient (Fij ), 95% confidence intervals (grey lines), and Sp values, representing the spatial genetic structure within nine northern red oak
populations.
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TABLE 4 | Matrix of the p-values and coefficient of determination (R2) of pairwise Mantel tests between distance matrices of different parameters.

R2

GD GGD Temp Prec Rad Sp

P-value GD - 0.2729 0.0197 0.1618 0.1254 0.0008

GGD 0.047 - 0.5411 0.6374 0.2832 0.0359

Temp 0.257 0.012 - 0.5193 0.0301 0.1076

Prec 0.015 <0.001 <0.001 - 0.2447 0.1852

Rad 0.138 0.039 0.148 0.016 - 0.0102

Sp 0.422 0.156 0.044 0.023 0.374 -

Reported below the diagonal are the p-values, above the diagonal the correlation coefficients. Genetic distance (GD), geographic distance (GGD), mean annual
temperature (Temp), annual precipitation (Prec), and annual radiation (Rad) were tested against each other, respectively. Significant results (α = 0.05) are highlighted
in bold letters.

FIGURE 4 | Correlogram showing autocorrelation at 10–100 m distances for all nine northern red oak populations combined. Broken lines represent 95%
confidence intervals.

necessarily result in reduced genetic diversity if such populations
are well-connected with other populations of the species. Because
we did not have comparable real central populations in this study,
we could not compare genetic diversity patterns between central
vs. marginal populations of northern red oak. Borkowski et al.
(2017) reported genetic diversity of non-range-edge populations
with allelic richness of 10.13–12.14 (mean = 11.00 for populations
of latitude < 44), and one isolated outlier island population
(Isle Royale) with allelic richness as low as 5.50. We observed
very similar allelic richness in the isolated PEI population
Charlottetown (5.51), but slightly lower values in mainland
populations as compared to values reported in Borkowski et al.
(2017), ranging between 6.61 and 9.01 (mean = 8.11), which
could be a result of their closer proximity to the species’ range-
edge. Lower genetic diversity in range-edge populations when
compared with central populations has previously been reported
in long-lived trees (e.g., Pandey and Rajora, 2012a).

We found comparatively high genetic differentiation among
northern red oak populations in our study. FST values in the
investigated populations were lower, when the isolated outlier
population from Charlottetown was excluded. A previous study
reported lower FST values for more central northern red oak
populations (Borkowski et al., 2017). This is consistent with the
central-marginal populations theory (Eckert et al., 2008) and
empirical data (e.g., Pandey and Rajora, 2012a; Chhatre and
Rajora, 2014). Our results from the STRUCTURE, PCoA and
FST analyses clearly demonstrate that the isolated Charlottetown

population from PEI is most genetically differentiated from the
other eight red oak populations studied. This population showed
the highest population-specific FST (0.150) as well as pairwise
FST (≥0.046) estimates. Contrarily, the mean population-specific
FST value of the other populations was 0.028, and pairwise FST
estimates ranged from 0.004 to 0.036. The pronounced genetic
differentiation of the Charlottetown red oak population is most
likely due to its geographic isolation. About 10,000 years ago, PEI
was linked to the mainland via lowland, but became an island
due to the rising ocean level from deglaciation approximately
5,000 years ago. Therefore, the Charlottetown red oak population
is not only marginal, but also geographically isolated from
external gene flow. Island formation can lead to complex genetic
differentiation patterns (Gómez et al., 2003), and differentiation
from mainland populations (Dias et al., 2016). Our results are
consistent with Borkowski et al. (2017), who also observed
high population-specific FST (0.058–0.197, mean = 0.105) values
for three isolated Q. rubra populations on Isle Royale in Lake
Superior at the northern range in a range-wide study based
on the same methods and an overlapping set of markers.
Red oak populations from previously ice sheet covered regions
in the North exhibited much higher population-specific FST
values (0.014–0.197; mean = 0.097, n = 15), when compared to
more southern populations (0.010–0.040; mean = 0.023, n = 8)
(Borkowski et al., 2017). In our present study, population-
specific FST values were lower (0.012–0.150, mean = 0.041)
than values observed in Borkowski et al. (2017) for northern
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populations. Populations-specific FST values of northern red
oak populations after excluding the isolated island populations
(PEI and Isle Royale) were only slightly lower in the present
study as compared to Borkowski et al. (2017) (0.012–0.061,
mean = 0.028 vs. 0.011–0.071, mean = 0.031) and the estimates
were similar to population-specific FST values reported earlier for
southern populations (0.010–0.040; mean = 0.023) (Borkowski
et al., 2017). Thus, high population-specific FST values in our
study and in Borkowski et al. (2017) are most likely due to genetic
differentiation of geographically isolated red oak populations
from the remaining populations as a result of limited gene
exchange, genetic drift, and or founder effects.

Although all red oak populations we studied showed genetic
admixture to a certain degree, our results suggest generally four
genetic groups among these nine red oak populations. Each
of the Charlottetown, Craft Cove and McConnell Lake Road
populations appear to belong to their own genetic cluster and
four populations from Nova Scotia apparently belong to the same
genetic group along with the Brockway Mountain population.
This grouping was consistent between the Structure and PCoA
analyses (Figure 2 and Supplementary Figures 3, 4). Since
the Nova Scotia red oak populations are located in the same
region less than 60 km apart on the peninsula, high genetic
similarities among these populations are expected because of
potentially high inter-population gene flow and their origin
from a common ancestral gene pool. Indeed, we observed FST
values lower than average (FSTMean = 0.0295) among the Nova
Scotia red oak populations (ranging from 0.0045 to 0.0197).
Nova Scotia is a Peninsula connected to the mainland only
by the Chignecto isthmus, which is barely forested. Therefore,
restricted gene flow from the mainland red oak populations
is quite likely, which may facilitate genetic similarities among
the peninsular populations from the same region. Although the
Crafts Cove population was from the mainland, it was the second
most differentiated red oak population (Table 2, Figure 2, and
Supplementary Figures 3, 4). This is likely due to restricted
gene flow to this population because it is a small population
located in a fragmented landscape, where it is surrounded by
cattle farms on three sides and a lake and a road on one
side. Contrary to our expectation, the McConnell Lake Road
population was found to be genetically differentiated from the
Phelps population (Figure 2, Supplementary Figures 3, 4, and
Supplementary Table 3), both populations from Ontario and
located about 50 km apart. Interestingly, chloroplast haplotype
composition in the two populations from Ontario also displayed
strong differences (Supplementary Figure 7). The McConnell
Lake Road red oak population is located very close (about
10 km) to the extreme northern edge of the species natural range,
whereas, the Phelps population is about 50–60 km south of the
extreme northern edge. Thus, restricted gene flow and genetic
drift may have caused this genetic differentiation.

Bottleneck Effects and Inbreeding
The bottleneck analysis did not result in statistical support of a
recent genetic bottleneck in any of the populations. However,
the low allelic richness and the absence of private alleles
within the island population Charlottetown represent strong

indications for a past prolonged bottleneck on Prince Edwards
Island. Although, effective population size estimates mostly
revealed wide confidence intervals, the Charlottetown population
exhibited a very low contemporary effective population size
(Ne = 22; 95% CI = 19–26), which supports our assumption
of a prolonged bottleneck. Since the beginning of European
settlement on the island in the early 1700s, large parts of the
forest have been cleared to create space for buildings, agriculture,
and roads. This reduction in population size has most likely
created a severe bottleneck effect in the northern red oak
populations on the island.

The significant heterozygote deficiency in the majority of
mainland populations is usually interpreted as an indication of
inbreeding. Accordingly, we observed significant positive FIS
values in six populations from the mainland. The majority of
markers exhibited positive values in most of the populations,
reaching up to 15 out of 17 markers. Also, fine-scale SGS
as observed in the current study and previous investigations
of range-edge northern red oak populations (Lind-Riehl
and Gailing, 2015) can promote inbreeding due to the
geographic proximity of related mature trees. Interestingly, the
Charlottetown population showed a significant negative FIS
value with only two loci exhibiting positive FIS values. Small
effective population size can contribute to heterozygote excess
in predominantly outcrossing species (Balloux, 2004). Thus,
potentially balancing selection might be an additional factor for
the observed negative FIS value in the Charlottetown population
(Ziehe and Roberds, 1989). Similar observations were previously
reported for American chestnut [Castanea dentata (Marshall)
Borkh.] (Gailing and Nelson, 2017). Furthermore, it has been
suggested, that leading range-edge populations restore genetic
diversity quickly due to long-distance pollen flow and inbreeding
depression (Hampe et al., 2013). Hence, the negative FIS value
might be a sign of recovery from a past bottleneck effect.

Isolation by Distance
Isolation by distance (IBD) is expected as a result of
geographically limited gene dispersal (Wright, 1943). Borkowski
et al. (2017) reported significant range-wide IBD for northern red
oak populations, while they found no significant relation between
geographic distance and FST values from a geographically
restricted region in Michigan and Wisconsin. Mantel tests
and multiple regression analysis detected only a marginally
significant correlation between geographic and genetic distances
of the different populations in our current study. A likely
explanation for the low IBD observed in northern red oak
populations is their origin from different source refugia and
the convergence of postglacial migration routes after the retreat
of the Wisconsin glacier. The changing environment, including
formation and modification of several topographic barriers
of North America during the Wisconsin glacier decline has
probably opened multiple possible migration routes of northern
red oak remnants from different refugia (Schlarbaum et al.,
1982). Multiple factors like genetic drift, selection, and gene
flow in this area with diverse environmental conditions, might
have affected intraspecific genetic variation of northern red oak
populations in the Great Lakes region (Schlarbaum et al., 1982).
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Thus, convergence of postglacial remigration routes may have
resulted in contemporary patches of genetically differentiated
northern red oak populations at small geographic distances,
concealing a correlation between genetic and geographic distance
matrices. Genetic differentiation between populations from
various locations without the indication of a gradient might not
be influenced by the geographical distance alone, but also by
topographic and environmental characteristics. IBD can lead to
an overestimation of genetic groups from STRUCTURE (e.g.,
Perez et al., 2018). However, we detected only weak signals of IBD,
and the results of the Bayesian structure analysis are supported by
the PCoA and pairwise FST values.

Spatial Genetic Structure
Our study suggests highly pronounced spatial genetic structure
in nearly all populations. Each population exhibited significant
kinship coefficients within the first distance class, ranging from
0.0067 to 0.0254. The highest values were observed for the
populations Brockway Mountain and Phelps, both of which
exhibited single samples of a clearly distinct sub-cluster for
K = 5 and 6. This internal structuring might partially explain
the pronounced SGS. Sp statistics (SpMean = 0.0155) were about
three times as high, when compared to Lind-Riehl and Gailing
(2015) (Spredoak = 0.005), which ranged between 0.002 and 0.009
in northern red oak populations from northern Michigan and
northern Wisconsin. Vekemans and Hardy (2004) reported Sp
statistics and kinship coefficients of re-analysed published data
for different species, including sessile oak (Quercus petraea)
and pedunculate oak (Q. robur), which are very similar to
Q. rubra in terms of mating system, gene flow, and seed
dispersal (Streiff et al., 1998). Those species were also investigated
using microsatellite markers and exhibited comparatively low
kinship coefficients, within the first distance class, of 0.031
(Q. petraea), and 0.011 (Q. robur) and Sp values of 0.0083
(Q. petraea), and 0.003 (Q. robur) (Vekemans and Hardy,
2004). Similar to our observations, unexpected high Sp values
at the northern range-edge were recently observed in Q. robur
populations (Vakkari et al., 2020). These populations from
Finland, at the margin of pedunculate oaks’ native range,
exhibited high Sp values in a comparable range as reported here,
namely between 0.0193 and 0.0283. The sampled populations
in Vakkari et al. (2020) mostly consisted of scarce adult trees
with population sizes between 60 and 300 reproductive trees
(Vakkari et al., 2020) suggesting an effect of population size
and the number of reproducing trees on SGS formation. Lind-
Riehl and Gailing (2015) observed Sp values between 0.005
and 0.017 with a mean of 0.0105 for four northern pin oak
(Q. ellipsoidalis) populations at the uttermost edge of the
species’ natural distribution range. Likewise, pronounced SGS
was observed in other tree species (Gapare and Aitken, 2005;
Pandey and Rajora, 2012b) in isolated leading edge populations.
SGS seems to increase toward more northern populations,
which may be related to the harsher climatic conditions of
range-edge populations, their population size and density of
reproducing trees. Concordantly, a negative correlation between
effective population size and Sp values was observed in the
present study. To analyse the effect of geographic isolation and

environmental conditions in range-edge populations on SGS
comprehensively, more reference samples from populations of
the actual centre of the native range and the northern edge of
the native distribution area and data on population history would
be desirable. Especially, management (Lind-Riehl and Gailing,
2015), and disturbance history (Gonzales et al., 2010; Budde
et al., 2017) also have an effect on SGS and therefore may
influence the results.

Isolation by Adaptation and Spatial
Genetic Structure
Differences in the abiotic factors temperature and precipitation
were not correlated with population-specific FST values
(Supplementary Figure 8). However, Mantel tests revealed
a significant correlation between matrices of genetic distance
and precipitation differences (R2 = 0.1618, p = 0.015). Higher
genetic differences related to higher precipitation differences,
may indicate an impact of climatic conditions on the genetic
composition of the studied range-edge populations. Our dataset
represents various populations from the northern edge of
the species’ native range and thus the edge of their biological
niche. In such a borderline environment, high selection can be
expected, shaping the community by limiting the number of
reproductive individuals within different populations which may
lead to IBA or stronger fine-scale SGS (see above). However,
since precipitation differences are highly significantly correlated
with geographic distances (R2 = 0.63, p < 0.001), the correlation
between genetic and precipitation differences could also be
the result of neutral processes. Consequently, a multiple
regression analysis model including precipitation and geographic
distances revealed only a marginally significant effect on genetic
distances (p = 0.058). However, geographic distances were
strongly correlated with differences in environmental parameters
(Table 4), and precipitation differences with differences in the
remaining environmental parameters (Table 4). The method,
as currently implemented in the software is limited in the
interpretation of strongly related variables (Wang, 2013). Hence,
the results might be biased and the actual role of IBA remains
unclear. Further investigations of a larger number of range-edge
and central populations along steep environmental gradients
with an increased marker set, especially SNPs from expressed
genes would be desirable to detect loci under selection and
significant IBA. Such markers could provide valuable insights
in the role of single alleles in evolutionary adaptation and
contribute to the selection of highly adapted genotypes for
marginal climate conditions.

Both, precipitation and temperature showed a significant
and negative linear correlation with Sp values with correlation
coefficients of -0.796 (p = 0.0103) and -0.730 (p = 0.0255),
respectively. Likewise, a significant correlation between
differences in precipitation/temperature and Sp values (p = 0.020)
was found. Thus, our data suggest a relation between major
climate parameters, especially precipitation and SGS formation.
Nevertheless, there might be other related factors impacting
the SGS formation, and our observation does not necessarily
provide evidence for causation. The most likely cause for
more pronounced SGS in colder and drier regions is a lower
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number of reproducing trees in marginal populations during
population regeneration. Low numbers of reproducing trees
within a population lead to less overlapping seed shadows, and
thus, more pronounced SGS. There is evidence for significant
effects of the population density on SGS (Vekemans and Hardy,
2004). Indeed, Sp values were significantly negatively (p = 0.020)
correlated with Ne, supporting the assumption that the number
and density of reproducing trees have significant effects on SGS.
Also, wildfire events have been shown to promote the formation
of SGS in Pinus halepensis Mill. (Budde et al., 2017). In fact, some
of the investigated populations were impacted by fire events.
However, the post-fire originated Nova Scotia populations
exhibited comparatively low levels of SGS. Hence, our results
did not indicate a major role of fire events in SGS formation in
our sample set. Temperature and precipitation were correlated
with fine-scale SGS in alpine conifer species, and can impact the
microevolution in populations of particular species (Mosca et al.,
2018). Similar to our results in northern red oak, a significant
negative effect of spring precipitation on fine-scale SGS and
a higher impact of precipitation as compared to temperature
was reported for most of the tested conifer species (Mosca
et al., 2018). Our observations in northern red oak therefore
provide further evidence for a possible direct or indirect effect
of harsh climatic conditions on SGS formation as suggested in
Mosca et al. (2018). Specifically, Mosca et al. (2018) suggested
that environmental conditions have a selective impact on the
reproducing trees and the frequency of mast years, as well as the
maturing offspring. Accordingly, an unbalanced representation
of genotypes in the natural regeneration could directly impact
SGS (Mosca et al., 2018). While, none of the discussed studies
provided direct evidence for actual selection impacting SGS, it
may have contributed to the repeatedly observed high SGS in
range-edge populations (Gapare and Aitken, 2005; Pandey and
Rajora, 2012b; Vakkari et al., 2020).

CONCLUSION

We found high levels of genetic differentiation between the
island population Charlottetown and the remaining mainland
and peninsular populations. This particular population has
most likely undergone a genetic bottleneck due to human
impact and geographic isolation. Comparatively low genetic
differentiation was observed between several mainland and
peninsular populations from different locations of the northern
range-edge. Using a Bayesian cluster analysis, we were able
to detect subtle genetic differences between different northern
red oak populations from the northern edge of the native
range. Moreover, we observed remarkably high SGS and an
indication of inbreeding in the sampled populations, which
was most likely linked to the typical characteristics of the
species’ range-edge populations (low population density, lower
number of reproducing trees). SGS formation was significantly
linked to major climate parameters, such as temperature
and precipitation. Our results highlight the importance of
investigations of marginal tree populations in the face of climate
change and for sustainable forest management. To provide a

more exhaustive data set and to verify our findings, further
examinations with additional populations from the leading
range-edge, and more central parts of the native range would
be desirable. Also, large marker sets, especially a large number
of SNPs in expressed genes, to screen for outlier loci and
signs of selection are needed to disentangle adaptive from
neutral processes.
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