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Abstract: Croatian pedunculate oak (Quercus robur L.) populations represent southern range periph-
eral populations, often viewed as sources of valuable diversity and drought-resistant ecotypes. At
the same time, they endure stronger selection pressures as a result of climate change. The leaves
of 20 individuals per population (17) were sampled in a field trial and analyzed using 10 nuclear
and 9 chloroplast SSRs to determine the level of intrapopulation genetic variability and genetic
differentiation. Analysis with nSSRs revealed deviation from HWE in seven populations. AMOVA
showed a high intra-population diversity (98.53%) and a small but statistically significant inter-
population differentiation. Isolation by distance explained 19.6% of differentiation. Average FST

between populations was low (0.013) compared with usual values for peripheral populations. Popu-
lations were rich in cpSSR haplotypes, confirming the hotspot of diversity caused by the encounter
of recolonization routes. Unbiased haplotype diversity (HE) from 9 chloroplast SSRs and 325 indi-
viduals was (HE = 0.440). Sixty-six different haplotypes were grouped in three maternal lineages
by both a median-joining network and a neighbor-joining algorithm. AMOVA for cpSSRs showed
statistically significant diversity among populations (70.23%), suggesting genetic differentiation, but
also a probable anthropogenic effect. AMOVA of nSSRs within and between lineages showed that
original recolonization patterns of nuclear diversity were subsequently erased by gene flow.

Keywords: peripheral populations; nSSRs; cpSSRs; inbreeding; differentiation; diversity hotspot;
Quercus robur L.

1. Introduction

Genetic diversity is the foundation of biodiversity and a crucial tool for the adaptive
potential, survival, and evolution of living organisms, including forest tree species, in
changing environmental conditions [1,2]. Therefore, it is necessary to explore various
aspects of genetic diversity to shed light on evolutionary processes and to evaluate the use
and conservation of genetic resources of a species.

Forests cover 49.3% of Croatian territory (2,759,039 ha) out of which 76% of the forests
is state owned and mostly managed by the public company Croatian forests Ltd. The
pedunculate oak (Quercus robur L.) is one of the most significant tree species in Croatia,
both ecologically and economically. It comprises about 11% of overall wood stock [3]. As
a keystone species in the forest ecosystem, maintaining a high level of genetic diversity
is essential to enhance its capacity for adaptation through natural selection and to ensure
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its survival in a changing environment [4–6]. In Croatia, the majority of pedunculate oak
stands reside in the northern part of the country, as larger complexes of forests along the
Sava, Drava and Danube rivers (Figure 1). The exceptions are two separate populations;
one in the Lika region (purposefully planted against erosion) and one in Istria, by the
Mirna river.
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Figure 1. Sampling locations of the 17 pedunculate oak (Quercus robur L.) in Croatia. The distribution
range of Q. robur in Europe, according to EUFORGEN (http://www.euforgen.org/wileyonlinelibrary.
com (accessed on 20 August 2023)), is represented with a beige color, while distribution in Croatia
according to publicly available data is shown in green.

Within the species Quercus robur L., taxonomic subspecies or ecological varieties have
evolved over time in geographic sub-areas throughout its range. Regarded as such is the
Quercus robur subsp. slavonica (Gáyer) Mátyás, distributed in lowland areas between the
Drava and Sava rivers and from Zagreb to the far east of Croatia, forming the most valuable
stands in the region. Slavonian oak is in increasing demand throughout Europe as an
imported timber. This is because of its many good qualities, which include its high growth
performance, straightness, long clear trunk and fine branches [7]. Additionally, its late
flushing makes it significantly less affected by the European oak leaf roller (Tortrix viridana
L.) and late spring frost [8].

In the past decades, pedunculate oak forests in Europe have faced numerous chal-
lenges, including low underground water levels enhanced by river regulations, climate
extremes including drought stress and other effects of climate change, such as strong winds
and pest and diseases, including the continuous pressure caused by lace bug (Corythucha

http://www.euforgen.org/wileyonlinelibrary.com
http://www.euforgen.org/wileyonlinelibrary.com


Forests 2023, 14, 2290 3 of 23

arcuata Say, 1832), the long-term effects of which are yet to be sufficiently explored. All of
these negative impacts combined have resulted in the frequent deterioration of trees’ health
status, growth rate and lack of natural regeneration and sometimes even to their premature
death. Furthermore, as climate change intensifies, there is potential for significant damage
to pedunculate oak forests through interactions between causal agents, culminating in a
complex phenomenon known as oak decline [9].

Pedunculate oak populations in Croatia, as well as generally in this part of Europe,
represent peripheral populations at a southern range margin, which adds special impor-
tance to, and interest in, the state and form of their standing genetic diversity. Peripheral
populations on the lower edge of species distribution often represent reservoirs of diversity,
as well as a potential source of drought-resistant ecotypes. However, at the same time, stud-
ies have shown an increased negative effect of recent climate change on these populations,
compared with the core populations, because of stronger selection pressures. Marginal
populations more often experience various biotic and abiotic stress factors which negatively
affect their reproductive success and survival [9]. As described by Temunović et al. [10],
climate envelope models foresee significant extinctions among forest tree populations
situated at the lower latitudinal margins of species’ ranges in the coming decades, due
to diminishing habitat suitability. However, because these populations have historically
endured higher temperatures and reduced precipitation, genotypes that have evolved un-
der such specific climatic conditions could offer valuable genetic reservoirs [11,12]. These
reservoirs might play a crucial role in aiding the adaptation of more central populations to
analogous climatic conditions expected in the near future due to ongoing climate change.

As a concrete example, there is already increasing interest in Slavonian oak in forestry
due to the forest restructuring in Germany caused by climate change. Slavonian oaks
have already been introduced into the western part of Germany, especially in the region
around Münster, in the second half of the nineteenth century, as well as in other European
countries. These Slavonian oak stands are the first generation stands in Germany and are
regarded as a valuable potential tool for mitigating the possible effects of climate change
in the future [8]. Considering economic value, as mentioned, it has a great number of
valuable traits and has already been proven as broadly adaptable provenance which per-
forms well even under different climatic conditions of plantation sites [13]. From a genetic
point of view, recent research [10] on Croatian pedunculate oak populations has revealed
more consistent associations with environmental variation than in previous pedunculate
oak studies attempting to detect signatures of local adaptation in core populations. The
results provided independent molecular evidence across multiple loci that important cli-
mate change-related factors, such as water availability and its seasonal variation, have
already shaped the adaptive divergence among investigated populations on the southern
range margin. These populations may contain advantageous genetic variants that might
be important for the species’ response to a rapidly changing climate. Additionally, these
variants could be exchanged even between distant populations, contrary to common ex-
pectations for marginal populations. These genetic resources hold particular significance
for long-lived stationary species like forest trees because they rely heavily on the existing
standing genetic variation at evolutionarily significant loci to mount adaptive responses.
Additionally, results obtained from the drought-prone field trial of pedunculate oak, lo-
cated in eastern Croatia show that the studied progeny populations originating from the
southeastern part of the pedunculate oak distribution range in Croatia exhibited high mean
survival rates after being exposed to two successive years of substantial decrease in water
availability at the field trial site. This finding indicates their possible adaptation to the
relatively long-term arid conditions at the specific trial site [14].

Considering the existing and potential importance of Croatian populations, there was a
need for detailed research into their genetic diversity. For the purpose of studying adaptive
traits of different provenances of pedunculate oak, covering most of its distribution in
Croatia, three provenance trials were established on sites with different environmental
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conditions. The aim was to test the performance of all the provenances on sites covering
the main range of pedunculate oak in Croatia.

The objective of this study is to determine the level of intrapopulation genetic vari-
ability and the extent of genetic differentiation of pedunculate oak natural populations in
Croatia on the samples collected in one of the genetic trials, using DNA nuclear and chloro-
plast microsatellites (SSRs), and to propose possible recommendations for the conservation
of genetic diversity of these populations near the species’ range margin, connecting the re-
sults with existing research on adaptive traits [15,16] and candidate gene SNP variation [10]
conducted on the same trial i.e., DNA samples.

2. Materials and Methods
2.1. Plant Material

Young leaves of pedunculate oak for this study were collected during May 2012, in
a genetic field trial established with two-year-old seedlings from 16 seed stands (FRM
category selected) and one normal managed stand (identified source; P15) across the
Croatian distribution range of the species (Figure 1 and Supplement S1). Genetic field
trial Jastrebarsko was established by the Croatian Forest Research Institute (CFI) in 2008
in the area of Forest Management Karlovac, forest unit Jastrebarski lugovi (N 45.644;
E 15.699, elevation 111 m a.s.l.). The acorns for establishment were collected in the year
2006, recognized as year of full and high-quality crop of pedunculate oak in Croatia [17].
To avoid kinship, acorns were collected from mother trees, at least 50 m apart. The trial
consisted of three repetitions, with each population represented per repetition by 20 half-sib
families of five plants each [15,16]. The samples for each population were collected in one
repetition, with one individual sampled per family i.e., 20 individuals per population
(340 samples in total). Therefore, the samples represent the collection of the progeny of
2006 from the sampled populations, not the adult individuals from those populations.
Such sampling was chosen for better connectivity of the obtained data with measurements
of adaptive traits conducted in the trial, under the presumption that the diversity of the
progeny from a full crop year is a good representative of populations’ standing genetic
diversity, as noted in certain studies [7].

2.2. DNA Isolation and PCR

DNA isolation was undertaken with DNeasy Plant Mini Kit (QIAGEN®, Hilden, Germany).
For cpSSR analysis, we used nine primer pairs: µdt1, µdt3, µdt4, µcd4, µcd5, µkk3 and

µkk4 from Deguilloux et al. [18], and ccmp10 and ccmp6 from Weising and Gardner [19]. The
PCRs were carried out following a slightly changed protocol from Deguilloux et al. [18].

The nSSR primer pairs used in this study were: seven primers (ssrQrZAG96, ss-
rQrZAG7, ssrQrZAG11, ssrQrZAG87, ssrQrZAG112, ssrQrZAG101 and ssrQrZAG30) from
Kampfer et al. [20], two primers (ssrQpZAG9 and ssrQpZAG16) from Steinkellner et al. [21],
and one primer pair (MSQ13) from Dow and Ashley [22]. We followed a slightly changed
protocol from Kampfer et al. [20] for all primer pairs except ssrQrZAG112, for which PCR
was undertaken according to Guichoux et al. [23].

PCR was performed with Mastercycler® ep, Eppendorf, Hamburg, Germany. Capillary
electrophoresis was performed by Macrogen Europe Inc., Amsterdam, The Netherlands.
Alleles were scored using GeneMapper 5.0 (Applied Biosystems®, Waltham, MA, USA).

2.3. Statistical Analysis
2.3.1. Chloroplast Microsatellites (cpSSR)
Haplotype Diversity

Haplotype diversity was assessed in each population and in the metapopulation
by calculating the number of haplotypes (nh), the number of haplotypes per number
of individuals (nh/n), the number of private haplotypes (nph), the effective number of
haplotypes (nE), the haplotypic richness (nhr) and the unbiased haplotype diversity (HE)
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using the program HAPLOTYPE ANALYSIS v1.05, University of Goetingen, Goetingen,
Germany [24].

Genetic Differentiation

Genetic differentiation was assessed by calculating three coefficients, GST, NST and
RST, using the program PERMUT and cpSSR v2.0, Paris, France [25]. GST [26] is based
solely on haplotype frequencies (unordered haplotypes), NST [25] considers the genetic
similarities between haplotypes based on the proportion of common alleles (ordered
haplotypes), while RST [27] involves the calculation of genetic distances based on the
individual cpSSR loci assuming the stepwise mutation model (SMM) of microsatellite
evolution. The differences between GST and NST values and between GST and RST values
were tested using 10,000 permutations. Significantly higher NST or RST values compared
with GST indicate a phylogeographic structure in populations [25].

Total genetic variance based on cpSSR haplotypes (i.e., including a single individual
per haplotype and excluding individuals sharing the same cpSSR haplotype) was parti-
tioned (1) within and among populations and (2) among and within the three maternal lin-
eages (L1–L3) using AMOVA in Arlequin v. 3.5.2.2, University of Bern, Bern, Switzerland [28]
and the significance of variance components was tested based on 10,000 permutations.

Network/Maternal Lineages

A median-joining (MJ) network [29] was constructed based on cpSSR haplotypes found
in more than one individual using the program PopArt v1.7, University of Otago, Dunedin,
New Zealand [30]. In order to group similar cpSSR haplotypes into maternal lineages,
genetic distances between all haplotype pairs were calculated based on nine cpSSRs using
the proportion of shared allele distances (DPSA) [31] in the MICROSAT, University of
Washington, Washington, USA [32]. Cluster analysis was performed using the neighbor-
joining method implemented in the program NEIGHBOR of the package PHYLIP v3.698,
University of Washington, Washington, USA [33]. The reliability of the tree topology was
assessed by bootstrapping [34] based on 1000 replicates generated by MICROSAT and
subsequently used in the NEIGHBOR and CONSENSE programs of PHYLIP.

2.3.2. Nuclear Microsatellites (nSSR)
Microsatellite Diversity

The total number of alleles (Na), polymorphic information content (PIC) and prob-
ability of identity (PI) of each nuclear microsatellite locus (nSSR) were calculated using
Cervus v. 3.0 [35]. The microsatellite data were checked for the presence of null alleles
using Micro-Checker v. 2.2.3, University of Hull, Hull, UK [36]. The frequency of null
alleles was estimated using the expectation-maximization algorithm in FreeNA, INRAE,
Paris, France [37].

Within-Population Diversity

Genetic diversity within each population was determined by calculating the average
number of alleles (Nav) and the number of private alleles (Npr). Genepop v. 4.7, University
of Montpellier, Montpellier, France [38] was used to calculate the genetic parameters of the
populations, including observed heterozygosity (HO), expected heterozygosity (HE) and
the inbreeding coefficient (FIS). Possible deviations from the Hardy–Weinberg equilibrium
were tested in Genepop. The significance level was adjusted after sequential Bonferroni
corrections for multiple testing using SAS v. 9.4 [39]. Allele frequencies adjusted for the
presence of null alleles were used to recalculate expected heterozygosity values (HE(null))
and compare them to the original values using the Wilcoxon signed-rank test in SAS.
Evidence of recent genetic bottleneck in each population was tested using the Wilcoxon
signed-rank test [40] and the two-phase model (TPM) assuming 22% multistep changes
and a variance of 11.92 as recommended by Peery et al. [41] using BOTTLENECK v. 1.2.02,
INRAE, Paris, France [42,43].
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Population Differentiation and Structure

FSTAT v. 2.9.3.2, University of Lausanne, Lausanne, Switzerland [44] was used to
calculate the pairwise FST values. Significance levels were calculated after 10,000 random
permutations. Pairwise FST values were also estimated after correction for the presence of
null alleles using the ENA correction method (excluding null alleles; FST(null)) implemented
in FreeNA and compared with the original values using the Wilcoxon signed-rank test
in SAS. Analysis of molecular variance (AMOVA) [45] was used to partition the total
genetic variance (A) among and within populations, and (B) among and within three ma-
ternal lineages (L1–L3) inferred from cpSSRs. The variance components were tested with
10,000 permutations in Arlequin. The genetic structure of the populations was examined
using a Bayesian clustering approach implemented in STRUCTURE v. 2.3.4, Stanford
University, Stanford, CA, USA [46]. Runs were performed assuming admixture and us-
ing the correlated allele frequencies both with and without the LOCPRIOR option [47].
STRUCTURE was run for K = 1–11 with 30 replicates for each K with a burn-in period of
200,000 and 1,000,000 Markov Chain Monte Carlo (MCMC) iterations. The optimal number
of clusters was determined by calculating the average estimates of the likelihood of the
data (ln P(X|K)) and ∆K [48] using STRUCTURE HARVESTER v. 0.6.94, University of
Los Angeles (UCLA), Los Angeles, CA, USA [49]. The results were further analyzed using
CLUMPAK, University of Tel Aviv, Tel Aviv, Israel [50].

Spatial Genetics

The method of Rousset [51] was used to test isolation by distance (IBD) among popu-
lations. The matrix of pairwise FST/(1 − FST) ratios and that of the natural logarithm of
geographical distances (ln km) between pairs of populations were subjected to a Mantel test
using 1,000,000 permutations in NTSYS-pc v. 2.21L, Exeter Software, New York, USA [52].

Correlation with SNP and Quantitative Traits Data

To complement the results of previous analyses of quantitative traits in the trial [15,16],
as well as the results of the study by Temunović et al. [10] (with SNPs selected from
candidate genes, conducted on the same DNA samples) with our data on presumably
neutral genetic diversity, we tested the Pearson correlation of our populations’ genetic
parameters (Nav, HO, He, FIS for nSSRs) with parameters of interest from the quantitative
data and the SNP data (FIS). Correlations were calculated using SAS [39].

Considering the SNP data, we used the genetic variance values for all analyzed SNP
loci (both outliers and non-outliers), demonstrated by node sizes, obtained from conditional
graph distance (cGD) approach (Figure 2 in [10]). Node sizes are determined by the size
of intrapopulation variance of a population, relative to other populations included in the
network. We correlated the sizes with our FIS to compare whether the populations showing
possible signs of inbreeding at neutral loci also show signs of decreased intrapopulation
variability at all analyzed SNPs. We also performed the same correlation only for non-
outlier loci.

To establish connections between SSR and quantitative data and explore whether
the narrowed neutral diversity is somehow reflected in a diversity of quantitative traits,
we correlated Na, HO, HE and FIS values with populations’ arithmetic means, as well
as standard deviations for the following traits; flushing phenology (plant ages 5, 6 and
7 years) and height and survival (plant ages 4, 5 and 6 years). As explained in Section 2.1,
the DNA samples were taken from one repetition in the trial and each of the 20 families
per population included in the repetition was represented by one member (altogether
340 individuals). The quantitative data were measured and calculated from the entire trial,
with 17 populations being represented by the same 20 families of 5 individuals each, in
3 repetitions (altogether 5100 individuals). We used previously published quantitative
traits data [15,16].
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3. Results
3.1. Chloroplast Microsatellites (cpSSR)

The analysis of 325 individuals obtained 66 different haplotypes. Fifteen individuals
were excluded due to missing data. Nine (9) haplotypes were the most common and were
found in 196 individuals (60%). Thirty-four individuals had unique haplotypes found in
no other individual.

3.1.1. Haplotype Diversity

As seen in Table 1, the largest number of haplotypes (nh) (12) was found in the
population P07 (Sunja, FA Sisak), while the highest haplotype diversity (nh/n) was recorded
in the P08 population (Lipovljani, FA Zagreb) (0.733 haplotypes per individual). The most
uniform population, with only 0.150 haplotypes per individual, P04 (Velika Gorica, FA
Zagreb), also had the lowest diversity of haplotypes (0.195). The population P12 (Trnjani, FA
Nova Gradiška) had the most private haplotypes (nph = 7). For other diversity parameters,
population P08 had the highest values and population P04 the lowest.

Table 1. Genetic diversity of 17 pedunculate oak (Quercus robur L.) populations in Croatia based on
nine chloroplast microsatellite loci.

Population Forestry n nh nh/n nph nE nhr HE

P01 Buzet 18 7 0.389 2 2.893 5.294 0.693
P02 Karlovac 1 19 4 0.211 2 2.560 2.754 0.643
P03 Karlovac 2 20 9 0.450 5 6.667 6.921 0.895
P04 Velika Gorica 20 3 0.150 0 1.227 1.500 0.195
P05 Vrbovec 19 5 0.263 1 2.843 3.575 0.684
P06 Kutina 20 11 0.550 2 5.714 7.939 0.868
P07 Sunja 18 12 0.667 4 9.000 9.496 0.941
P08 Lipovljani 15 11 0.733 2 9.783 10.000 0.962
P09 Repaš 19 9 0.474 1 5.085 6.873 0.848
P10 Stara Gradiška 20 5 0.250 1 2.469 3.636 0.626
P11 Požega 20 9 0.450 2 6.061 6.877 0.879
P12 Trnjani 18 11 0.611 7 6.231 8.627 0.889
P13 Koška 20 7 0.350 3 3.774 4.947 0.774
P14 Darda 20 9 0.450 3 4.651 6.636 0.826
P15 Otok 1 19 11 0.579 3 5.554 8.246 0.865
P16 Gunja 20 4 0.200 2 2.469 2.697 0.626
P17 Otok 2 20 8 0.400 1 2.985 5.645 0.700

n—sample size, nh—number of haplotypes, nh/n—number of haplotypes per individual, nph—number of private
haplotypes, ne—effective number of haplotypes, nhr—haplotypic richness, HE—unbiased haplotype diversity.

3.1.2. Genetic Differentiation

Genetic differentiation was assessed by calculating three coefficients, GST, NST and
RST (GST = 0.203, NST = 0.193, RST = 0.073). There was no statistical significance between
NST and RST compared with GST, the GST was also larger than NST and RST. This leads to
the conclusion that there is no phylogeographic structure of the populations.

Total genetic variance based on cpSSR haplotypes (i.e., including a single individual
per haplotype and excluding individuals sharing the same cpSSR haplotype) was statis-
tically significant for both partitioned analyses ((1) within and among populations and
(2) among and within the three maternal lineages (L1–L3)) shown in Table 1. Highly statis-
tically significant diversity among populations suggested genetic differentiation between
17 pedunculate oak (Quercus robur L.) populations in Croatia.

3.1.3. Network/Maternal Lineages

Figure 2A shows the network of H01–H32 haplotypes i.e., haplotypes found in more
than one individual (n > 1). Haplotypes were grouped into three lineages. The size of the
circles is proportional to the number of individuals representing that haplotype. The first
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four haplotypes represent the main network. Haplotypes found in only one individual are
not shown in the picture, due to the unnecessary ‘noise’ they create when visualized.
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Figure 2. (A) Median-joining (MJ) network based on 32 cpSSR haplotypes found in more than one
sample in 17 pedunculate oak (Quercus robur L.) populations in Croatia. The size of the circles is
proportional to the number of individuals representing that haplotype. (B) Neighbor-joining tree of
66 cpSSR haplotypes found showing three maternal lineages (L1–L3). (C) Proportion of individuals
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The distribution of maternal lineages by population is shown in Figure 2C. Populations
P02 (Karlovac 1), P04 (Velika Gorica) and P05 (Vrbovec) belong only to lineage L1 (blue).
Populations P09 (Repaš), P10 (Stara Gradiška), P12 (Trnjani), P15 (Otok 1), P16 (Gunja)
and P17 (Otok 2) only to line L2 (red). The L3 lineage (green) appears in populations
exclusively in combination with the other two lineages, with the largest share in the
population P13 (Koška).

3.2. Nuclear Microsatellites (nSSR)
3.2.1. Microsatellite Diversity

An analysis of ten microsatellite loci revealed a total of 251 detected alleles (Na).
The PCR product with the highest number of alleles was ssrQrZAG30 (42), and with
the lowest ssrQpZAG9 (13). The average number of alleles was 25.10. Genetic diversity
ranged from 0.418 for ssrQrZAG96 to 0.954 for ssrQrZAG30 (Supplement S1). The PCR
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products of ssrQrZAG87, ssrQrZAG96, and MSQ13 had a significant frequency of null
alleles (Supplement S2).

3.2.2. Within-Population Diversity

Population parameters describing the intra-population diversity of 17 pedunculate
oak populations are shown in Table 2. The average number of alleles per locus (Nav) in
populations ranged from 10.30 (P02) to 13.70 (P15). A total of 44 private alleles (Npr) were
identified, the population P01 had the largest number (10), and populations P04, P07 and
P14 had no private alleles. The observed heterozygosity (HO) ranged from 0.760 (P16)
to 0.814 (P12). In all populations, the expected heterozygosity (HE) values were higher
and ranged from 0.797 (P17) to 0.846 (P10). Differences between expected heterozygosity
(HE) and expected heterozygosity after estimation of null alleles (HE(null)) were tested with
the Wilcoxon test and were not significant, so we conclude that the null alleles did not
significantly influence the values of expected heterozygosity. The multilocus test found a
significant deviation from the Hardy–Weinberg equilibrium in seven populations: P01, P03,
P08, P10, P11, P13 and P16.

Table 2. Genetic diversity of 17 pedunculate oak (Quercus robur L.) populations in Croatia based on
10 nuclear microsatellite loci.

Population Forestry n Nav Npa HO HE HE(null) FIS P(FIS) PBottleneck

P01 Buzet 20 11.90 10 0.782 0.839 0.840 0.067 *** 0.988
P02 Karlovac 1 20 10.30 2 0.790 0.825 0.831 0.042 ns 0.813
P03 Karlovac 2 20 12.10 6 0.768 0.846 0.854 0.092 *** 0.999
P04 Velika Gorica 20 10.70 0 0.785 0.809 0.817 0.029 ns 0.813
P05 Vrbovec 20 11.50 3 0.785 0.812 0.816 0.033 ns 0.652
P06 Kutina 20 12.20 1 0.785 0.817 0.822 0.040 ns 0.348
P07 Sunja 20 11.80 0 0.790 0.827 0.833 0.045 ns 0.615
P08 Lipovljani 20 11.80 1 0.770 0.840 0.847 0.084 ** 0.313
P09 Repaš 20 11.60 3 0.794 0.816 0.819 0.027 ns 0.500
P10 Stara Gradiška 20 13.00 2 0.765 0.846 0.849 0.096 ** 0.903
P11 Požega 20 13.00 2 0.760 0.831 0.840 0.086 ** 0.993
P12 Trnjani 20 11.80 4 0.814 0.844 0.826 0.036 ns 0.615
P13 Koška 20 10.80 3 0.770 0.820 0.830 0.061 ** 0.652
P14 Darda 20 11.90 0 0.785 0.839 0.855 0.064 ns 0.839
P15 Otok 1 20 13.70 4 0.807 0.836 0.846 0.035 ns 0.652
P16 Gunja 20 13.10 2 0.760 0.838 0.849 0.093 *** 0.920
P17 Otok 2 20 12.10 1 0.785 0.797 0.801 0.015 ns 0.884

n—sample size; Nav—average number of alleles; Npr—number of private alleles; HO—observed heterozygosity;
HE—expected heterozygosity; HE(null)—expected heterozygosity based on allele frequencies corrected for null
alleles; FIS—inbreeding coefficient (significance levels: ns—non-significant value; **—significant at p < 0.01;
***—significant at p < 0.001); PBottleneck—probability of a Wilcoxon signed-rank test for population bottleneck.

3.2.3. Population Differentiation and Structure

Out of 136 pairs of populations 50 were significantly differentiated. The most differen-
tiated population with statistically significant FST values from almost all other populations
was P01 (Buzet, Istria), followed by P02 (Karlovac 1), P03 (Karlovac 2) and P04 (Velika
Gorica) (Supplement S3). These populations are located in the more western part of the
distribution and are significantly differentiated from most of the more eastern ones, as well
as amongst themselves.

The results of the AMOVA (Table 3) were calculated for two assumed levels of struc-
ture: (A) among and within populations and (B) the diversity of nuclear microsatellites
within and among maternal lineages L1–L3, obtained in an analysis of chloroplast haplo-
types (cpSSR). Although the percentage of variance caused by differences among popula-
tions/maternal lineages was highly significant (p < 0.0001), both for A and B analysis, the
percentage of variance within populations (98.53% (A) and 99.62% (B)) showed that the
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differences between populations were very small and that there was almost no preserved
connection between haplotype diversity and diversity of nuclear loci.

Table 3. Analysis of variance (AMOVA) of 17 pedunculate oak (Quercus robur L.) populations in
Croatia using nuclear (nSSR) and chloroplast (cpSSR) microsatellites. The partitioning of nSSR
diversity (A) among and within populations and (B) among and within three maternal lineages
(L1–L3) and cpSSR diversity (C) among and within populations and (D) among and within three
maternal lineages (L1–L3).

Analysis Source of Variation df Variance Components % Total Variance ϕST P(ϕST)

(A)
nSSR

Among populations 16 0.060 1.47 0.015 <0.0001

Within populations 663 4.057 98.53

(B)
Among maternal lineages 2 0.016 0.38 0.004 <0.0001

Within maternal lineages 647 4.101 99.62

(C)
cpSSR

Among populations 16 0.661 29.77 0.298 <0.0001

Within populations 118 1.559 70.23

(D)
Among maternal lineages 2 1.718 54.23 0.542 <0.0001

Within maternal lineages 63 1.450 45.77

P(ϕST)—significance after 10,000 random permutations.

Bayesian analysis using STRUCTURE without LOCPRIOR option showed no ge-
netic structure between analyzed populations (Figure 3). With the LOCPRIOR option
populations showing slight differences. The highest ∆K value was observed for K = 2
(21.85), followed by that for K = 3 (5.42) (Supplement S4). At LOCPRIOR K = 2, almost
all individuals in population P01 (Buzet) and part of the individuals in populations P03
(Karlovac 2) and P12 (Trnjani) belong to the cluster A (red). At LOCPRIOR K = 3, majority
of individuals in populations P04 belongs to cluster C (green), as well a part of populations
P10 and P14, while the distribution of individuals’ percentage in cluster A (red) remains
almost unchanged.

3.2.4. Spatial Genetics

The correlation between the matrix of FST/(1 − FST) values and the matrix of nat-
ural logarithms of geographic distances (in km) between the analyzed populations was
r = 0.443 and was highly significant (PMantel = 0.0006). The coefficient of determination
was R2 = 0.196, revealing that 19.6% of the genetic differentiation between the analyzed
populations can be explained by their spatial distance (Supplement S5).

3.2.5. Correlation with SNP and Quantitative Traits Data

We found no significant correlation between the node sizes for all analyzed SNPs and
FIS for nSSR data, but performing the same correlation only for non-outlier loci (Figure 3
in [10]), which are also expected to represent neutral diversity, we obtained statistically
significant positive correlation (R = −0.563, p < 0.05) (Supplement S7). The negative
correlation with FIS means that the populations showing possible signs of inbreeding also
had narrower intrapopulation genetic variance for non-outlier SNPs.

FST matrices for SNP and SSR data (for all SNPs, both outlier and non-outlier, as
available from Temunović et al. [10]) were significantly correlated (R = 0.682, p < 0.0001).

Considering the quantitative traits data, the height was not correlated with any of the
SSR parameters. HE was also not correlated with any of the quantitative traits, nor was
the Na.
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Figure 3. Genetic structure of 17 pedunculate oak (Quercus robur L.) populations in Croatia de-
rived from Bayesian analysis using STRUCTURE (A) without LOCPRIOR option at K = 2, (B) with
LOCPRIOR option at K = 2, and (C) with LOCPRIOR option at K = 3. Each individual is represented
by a column, and the color corresponds to the percentage of membership (Q-values) of the individual
belonging to a particular genetic cluster.

However, for all three years there was a significant positive correlation of HO and for
years 6 and 7 negative correlations of FIS with standard deviation of flushing phenology
(Supplement S7). This means that populations with higher FIS i.e., lower HO were signifi-
cantly more uniform in flushing phenology (timing of bud burst), which is generally well
correlated with flowering.

In the first measurement, after the establishment of the trial, HO was not significantly
correlated with populations’ survival means and standard deviations, but in two conse-
quent years their negative (means) i.e., positive (Std) correlation with HO (year 6 (p < 0.05)
and 7 (p < 0.01)) became significant and increased with age.

4. Discussion
4.1. Chloroplast Microsatellites

The chloroplast chromosome is non-recombinant, haploid and in angiosperms mostly
inherited from the maternal line. Thus, chloroplast markers are transferred to new genera-
tions by seed. Such inheritance greatly contributes to the study of postglacial migration
pathways, i.e., the recolonization pathways of species after the last glaciation [53]. Compre-
hensive research of chloroplast diversity of the main European oak species from 2613 pop-
ulations was conducted with PCR-RFLP analysis. Since cpRFLP analysis is complicated,
laborious and sometimes has replicability issues, the cpSSR markers were developed and
comparatively tested with cpRFLP markers in the same populations. It was found that the
results match, if not more precisely with cpSSRs, with resolution increasing with added
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cpSSR loci [29]. In this study we used cpSSRs to analyze the haplotype diversity of Croatian
populations and tried to infer the origin of populations from the nearest glacial refugia.

The differences between GST and NST values and between GST and RST values were
not statistically significant. This leads to the conclusion that there is diminished phylo-
geographic structure of the populations. The chloroplasts and chloroplast markers are
inherited by the maternal line, i.e., the seeds, we assume that these results indicate an
anthropogenic impact by transferring genetic material within the pedunculate oak area of
distribution in Croatia, or that some of the analyzed seed stands are not, in the true sense
of the idea, of natural origin.

Diversity among populations based on cpSSR haplotypes has proven to be highly
statistically significant, suggesting genetic differentiation between populations.

The total genetic diversity (hT) estimated from 9 cpSSRs and 325 individuals for all
populations was quite high (hT = 0.953) [15]. This is similar to results in the study of Katičić
Bogdan et al. [54] where the total diversity of clonal seed orchards, hT, is 0.945. Other
parameters, average within-population diversity, total diversity, and genetic differentiation,
are comparable between these two studies. A smaller discrepancy in value is evident when
using the ordered allele method, considering the genetic similarities between haplotypes,
i.e., the proportion of common alleles [25]. In this study there was no statistically significant
differences for three different methods of genetic differentiation, while Katičić Bogdan
et al. [54] report statistically significant differences at the level 0.05–0.01 for the NST value,
thus confirming genetic differentiation between plantations. Both studies have higher
values of diversity over genetic differentiation.

Slade et al. [55] used a restriction fragment length polymorphism for the analysis
of four chloroplast DNA sections (cpRFLP). Due to the method used, the data are not
compatible for comparison, but the average intra-population diversity for oak in that study
was 0.200, while in the present study hS is 0.760 [15]. Genetic differentiation also differed
and was much higher in the Slade et al. study [55] GST = 0.717, and here GST = 0.203 [15].

A study of pedunculate oak in Poland [56] identified 67 haplotypes on 3938 individuals
with 14 cpSSRs. The effective number of haplotypes was nE = 5.543, and the diversity of
haplotypes was HE = 0.820. These results can be compared with the results obtained in this
study for the total average of all individuals for all loci (nE = 4.702 and HE = 0.760—Table 1).
Expected values are slightly lower due to the smaller sample size than in the study by
Chmielewski et al. [56].

Deguilloux et al. [18] showed that a comparison of different chloroplast markers
(chloroplast restriction fragment length polymorphisms (cpRFLP) and chloroplast mi-
crosatellites (cpSSR)) is possible. Likewise, in a recent study, Chmielewski et al. [56] state
that, despite the greater number of haplotypes and the greater polymorphism of cpSSRs,
the cpRFLPs can be clearly compared and that cpSSRs can be classified into three major
lineages originating from glacial refugia [57–59].

In the study of Slade et al. [55], seven haplotypes and five cpRFLP subtypes for the
Central Balkan region were found. As the cpRFLPs are less polymorphic than the cpSSRs, it
was expected that the number of haplotypes will be significantly smaller, but that the origin
is the same (three main glacial refugia). According to the authors, different recolonization
lines (Balkan and Apennine) are encountered in the territory of Croatia. Large number
of haplotypes detected in this study confirm the large cpSSR diversity expected in areas
close to the refugia, where different lineages encounter each other (n = 66, Supplement S6).
Katičić Bogdan et al. [54] found 28 haplotypes in 124 individuals in the narrower part of the
core distribution in Croatia, which also confirms the expected larger diversity compared
with the core of overall pedunculate oak distribution.

The median-joining network of haplotypes (Figure 3A), and neighbor-joining tree
(Figure 3B), separate 66 detected haplotypes into three lineages. The distribution of maternal
lineages across the studied populations, shown in Figure 3C, indicates that line L2, which
also contains the largest number of haplotypes (Figure 3A,B), extends from east to west, line
L1 is most represented in the western part of the pedunculate oak distribution in Croatia,
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while L3 occupies only the central part of the distribution range. Compared with the study
of Katičić Bogdan et al. [54] the lineages L1 and L2 from that study are pooled in L2 in this
study, L3 is L1 and L4 is L3.

AMOVA of haplotypic diversity in populations showed highly statistically significant
diversity among populations, with interpopulation variance of 30% (Table 3). AMOVA of
haplotypic diversity for maternal lineages showed the high value of intra-lineage diversity
of 54%, which further supports the allocation of haplotypes to the three lineages.

According to Petit et al. [57] and Slade et al. [55], 6 cpRFLP haplotypes of pedunculate
oak are found in Croatia; 17, 2 and 5 belong to the Italian peninsula refugium; and 4, 6
and 7 to Balkan refugium. Our lineage L1 could be connected to haplotype 2, originating
from the Italian peninsula and lineage L2 with haplotype 5 also from Italy. L3 could be
connected to haplotype 6, originating from the Balkan peninsula, but because of the great
admixture of different cpRFLP haplotypes it is hard to exactly delineate their distribution
in cpSSR lineages.

Although AMOVA for distribution of nSSR diversity between cpSSR lineages showed
statistically significant inter-lineage variance, this component was only 0.38% (Table 3—among
maternal lineages) and therefore shows no signs of real connection between the two genomes.

In oaks there is a pronounced asymmetry in gene flow by pollen compared with the
seed. Pollination is carried out by the wind, while relatively large and heavy seeds can be
transmitted over long distances mainly by animals (primarily birds) or humans. Studies
have shown that pollen migration is approximately 200 times more effective than seed
migration [57,60–62]. This difference is visible in the limited population differentiation for
nuclear biparentally inherited markers. Meanwhile, differentiation for cytoplasmic, mater-
nally inherited markers (such as chloroplast markers in angiosperms) is more noticeable.
The restricted seed migration has likely contributed to the formation of spatial patterns,
but any potential patterns at neutral nuclear loci are presumably largely erased due to the
consistent gene flow through pollen and/or by selection. In the case of these particular pop-
ulations, the lack of congruence between the two genomes’ diversity was further confirmed
by the study of Temunović et al. [10]. Comparing SNP and cpSSR variation and finding
no effects of shared ancestry owing to the species’ postglacial history within the sensitive
population network obtained by cGD approach, the authors have suggested that gene flow
since the initial establishment of the investigated populations has probably played a much
bigger role than shared ancestry in shaping populations’ current genetic variation.

4.2. Nuclear Microsatellites

The investigation of the molecular genetic diversity of the pedunculate oak has been
substantial, particularly in central Europe, as demonstrated by numerous studies [60,63–73].
Collectively, these studies reveal significant intrapopulation diversity, with much lower
interpopulation differentiation. Molecular studies on pedunculate oak within Croatia have
been limited with several contributions to the field [10,54,55,74–78].

Simple sequence repeats (SSRs), also known as microsatellites, are short repetitive
sequences found throughout eukaryotic genomes. Nuclear SSRs (nSSRs) are used to de-
tect genetic variability within individuals and populations [21], are codominant, easy to
genotype, highly polymorphic, and suitable for studying population structures [79,80].
The range lengths of the amplified fragments for microsatellite loci (Supplement S1) are
consistent with the references in the literature they were sourced from [20–22]. The genetic
diversity (expected heterozygosity) for the ssrQrZAG7 in this study (HE = 0.849) is in the
middle of the expected heterozygosity range reported by Neophytou et al. [65], while it is
very high compared with Steinkellner et al. (HE = 0.65) [21]. SsrQpZAG9 has higher HE val-
ues (0.872) than those in Neophytou et al. [65] but lower than those in Steinkellner et al. [21].
The expected heterozygosity values in this study for the ssrQrZAG11, ssrQpZAG16, and
ssrQrZAG101 are in the middle of the values reported for these loci in Neophytou et al. [65],
while they were higher for the ssrQrZAG30, ssrQrZAG87, ssrQrZAG96, and ssrQrZAG112.
Kesić et al. [9] have reported similar but slightly lower values for diversity when con-
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sidering shared loci (ssrQpZAG9, ssrQrZAG11, ssrQrZAG30, ssrQrZAG87, ssrQrZAG96,
ssrQrZAG101, ssrQrZAG112, and MSQ13).

Overall genetic diversity parameters, averaged for all 17 populations (HE = 0.828,
Nav = 11.96) were similar to other studies of pedunculate oak in Europe (Netherlands,
Germany, Bulgaria, France, Belgium, Serbia etc.) [9,65,81,82], at the higher margin of
usually observed values. It has been previously observed that these values are quite similar
throughout the pedunculate oak range and that, for pedunculate oak in general, convincing
evidence for intraspecific genetic structure is rarely found at neutral loci. In accordance
with these findings, and in the case of our study, there was virtually no geographic structure
shown in these Croatian populations, i.e., some weak structure was found only at K = 3
with the LOCPRIOR option (Figure 3). The low genetic differentiation within this species,
which is widespread in Europe, is not surprising. Even if the forests of pedunculate oak
are not continuous, large distance gene flow, current or historical, might account for a high
degree of genetic exchange among populations resulting in a rather homogenous gene pool,
compared with some other species. Additionally, at the neutral nSSR loci used in our study,
as well as those in used in the abovementioned studies, their effect on genetic variation as
a result of adaptation is almost never found, regardless of whether there were large study
areas with various site conditions [67].

Although generally peripheral populations tend to show higher differentiation than
those from core distribution [9,10], this was not the case in our study. The average FST
value between our populations (0.013) was even smaller than reported for central European
populations (0.024) [53]. The difference is even more pronounced compared with other
peripheral populations. Kesić et al. [9] have reported an average FST of 0.032 between
seven Serbian populations, Ballian et al. [83] 0.051 for twelve populations in Bosnia and
Herzegovina and Craciunesc et al. [84] 0.45 for four populations in Romania. In this study,
significant differentiation was observed for 50 out of 136 population pairs, but mostly
between the most isolated P01 population, Buzet, and all but one other population and
between more western and more eastern populations. Two more eastern populations had
almost no significant differentiation amongst themselves, while the more western were also
significantly differentiated amongst each other (Supplement S2). The crucial equalizing
factor in more eastern populations was gene flow by pollen, as the predominantly low
topography and sufficient continuity of the pedunculate oak’s complexes in this area
provided a corridor for gene transfer between undifferentiated populations. Namely,
the area between the Drava, Sava, and Danube rivers, where the more eastern analyzed
populations are located, belonged to the Military Frontier until the second half of the 19th
century, which spared it from the intensive and unplanned exploitation that led to the
fragmentation of many other oak forests in Europe [10,54]. Therefore, historically, these
populations were certainly part of the same connected complex. However, the powerful
among-population network analysis based on the cGD approach [85] in SNP analysis of
the same populations indicated that the populations in the lower Drava and Sava basins
experience reduced levels of genetic connectivity relative to neutral IBD expectations [10],
which could be related to more contemporary events.

The proportion of variance between populations (AMOVA, Table 3) was statistically
significant but amounted to only 1.47%. This was mostly driven by the differentiation
of other populations with P01 Buzet and the other two most western populations, as, in
Katičić Bogdan et al. 2018 [54], where seed regions from the core of the pedunculate oak
distribution in Croatia were analyzed, between-region proportion was only 0.04% and
not significant. The neutral nSSR variance partition of pedunculate oak populations often
shows similar values, even at much greater between population distances [69]. Of course,
it is also influenced by the number of SSR loci used [83].

Spatial analysis by the method of Rousset [51] revealed that 19.6% of genetic dif-
ferentiation can be explained by geographic distance while spatial correlation analysis
demonstrated that individuals were significantly genetically closer at distances within
40 km, and significantly more genetically distant than random pairs of individuals after
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245 km of distance [15]. In Temunović et al. [10], the isolation by distance (IBD) signals for
non-outlier SNP loci, which usually follow similar patterns of genetic diversity as those of
neutral nSSR loci, explained 8% of the genetic variation.

As mentioned, as the samples were collected in the genetic trial, one of our goals was to
complement the results of the previous analysis of quantitative traits in the trial [15,16], as
well as the results of the study by Temunović et al. [10] (with SNPs selected from candidate
genes from the same DNA samples), with data on presumably neutral genetic diversity.

Considering the correlation of SNP data with our FIS, we found no significant correla-
tion between intrapopulation variance of all SNP loci and FIS; however, when performing
the same correlation only for non-outlier loci, which are also expected to represent neutral
diversity, we obtained statistically significant positive correlation (R = −0.563, p < 0.05)
(Supplement S7). The negative correlation with FIS means that the populations show-
ing possible signs of inbreeding also had narrower intrapopulation genetic variance for
non-outlier SNPs.

FST matrices for SNP and SSR data (for all SNPs, both outlier and non-outlier) were
significantly correlated (R = 0.682, p < 0.0001). Certainly, the correlation would be even
higher considering only non-outlier data. A significant correlation between SSR and non-
outlier SNP data is expected, as they both represent neutral diversity [86]. Because the
correlation of all SNPs genetic variance with FIS was not significant, this further confirms
the effects of selection on outlier SNP loci, as discussed by Temunović et al. [10].

In our study, seven populations had significant FIS values. P01 (Buzet) is a completely
isolated complex of pedunculate oak in Istria and we presume that this is the reason for
increased FIS values. P03 (Karlovac 2) is an isolated stand surrounded by agricultural land,
although not very far from the main complex to which P02 (Karlovac 1) belongs. However,
looking at the cpSSR data from this research, it is clear that this stand was established with
reproductive material from the eastern complex, as almost all the sampled individuals
belong to maternal lineage 2, with a much smaller percentage of lineage 1 individuals,
mainly found in all of the more western populations in this study, including P02. Therefore,
we presume that, in this case, deviation from HWE is due to the different origin than
the surrounding stands, possibly causing reproductive isolation from the main complex.
This is similar to Germany, where indigenous stands of pedunculate oak grow side by
side with introduced Slavonian oak stands but sustain separate gene pools, mainly due
to phenological differences [7]. In the case of P08 (Lipovljani) we think that the lower HO
might be the result of sampling. Those pedunculate oak stands belong to a very large
complex and it seems unlikely that they would exhibit deviation from HWE, although this
entire area has suffered great oak dieback in recent decades [87]. In this particular case, the
20 mother tree samples were taken from three different parts of the complex, approximately
10 km distance by air apart from each other, each part being on the edge of the complex.
We propose that it is possible that such sampling resulted in artificial homozygotes excess
caused by subpopulation sampling; the so-called Wahlund effect. Only for this population
is the PBottleneck value low (0.313) when compared with other populations with significant
FIS values, whose PBottleneck values are mostly very high (Table 2). P11 (Požega) is situated in
the Forest management unit in Požega basin, where pedunculate oak stands come in small
patches surrounded by agricultural land. The entire basin is surrounded by hills with sessile
oak stands, presenting a probable gene flow barrier to other pedunculate oak complexes in
Slavonia. We presume this is the reason for the increased FIS in this population. Population
P13 (Koška) has been reported to be in very bad condition with intensive dieback, probably
due to a decrease in underground water. Additionally, it is situated on the lowest edge of
the complex, surrounded by agricultural land, which might be the reason for the decreased
heterozygosity. Populations P10 (Stara Gradiška) and P16 (Gunja) are both situated in
Sava catchment, where pedunculate oak is mixed with narrow leaved ash and are both
late flushing populations [16]. P16 is situated at the lower tail of the Spačva complex and
FST values for both SSRs and SNPs show no differentiation with the closest populations
P15 and P17, nor the other populations in the eastern part. However, Temunović et al. [10]
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used a conditional graph distance (cGD) approach derived from population networks to
establish patterns of differentiation, retaining only connections between populations that
are due to significant conditional genetic covariance. This approach aims to correct the
false impression of ongoing gene flow between populations whose low FST values are
in fact the result of ancestry from the same mainland [85]. In the graph topology such
connections are lost, which in this case was demonstrated for the relationship between
P16 and P17 (P15 was not included in the Temunović study), as it was for the next closest,
P12 (Trnjani), for the non-outlier SNP loci that are compatible with SSRs. P16 is a very late
flushing population, which could be the reason for its reproductive isolation and increased
HO. The part of the forest complex where P16 is situated is frequently flooded in one part
of the year, while at the same time it experiences high temperatures and extreme drought
at the other. It is an exact example of the floodplain habitat that subjects oak populations to
stronger selective pressures than those in many other environments within its range. This
is due to the extreme and frequent spatiotemporal variation in water availability that may
mimic some of the extreme conditions predicted in climate change scenarios for Central
Europe, such as increases in heavy precipitation intensity and drought risk. Although it
demonstrates narrowed intrapopulation variance both at SSR and non-outlier SNP loci,
it harbors wider than average intrapopulation variance at outlier loci, which are affected
by selection [10]. The reasons for increased FIS in P10 (Stara Gradiška) could be similar to
those of P16 but could also have been partially caused by a great dieback of oak in this area,
recorded between 1910 and 1925 [88], around the time of the P10 establishment.

Attempting to establish connections between SSR and quantitative data and explore
whether the narrowed neutral diversity is somehow reflected in the diversity of quantitative
traits, we correlated Na, HO, HE and FIS values with populations’ arithmetic means, as well
as standard deviations for several quantitative traits. We found no significant correlation
with growth (height), which is not unusual as height is a trait heavily influenced by
environment, especially at a young age.

However, for all three years there was a significant positive correlation of HO and for
years 6 and 7 negative correlations of FIS with standard deviation of flushing phenology
i.e., populations with higher FIS and lower HO were significantly more uniform in flushing
phenology (timing of bud burst), which is generally well correlated with flowering. This
trend of greater phenological uniformity of the stands with lower HO could point to
the partial reproductive isolation of some of the affected populations due to phenological
incompatibility with nearby stands, therefore forming a more unified phenological structure
within those populations.

We also found significant correlation between HO and survival in years 6 and 7 and the
correlation showed a rising trend with trial age. It has been noted that inbreeding depres-
sion causes weak survival of inbred individuals in oak, contributing to weaker geographic
structure [61,89]. Our result brings additional evidence that decreased heterozygosity
detectable at neutral loci implies lower survival abilities and should be taken in strong
consideration in choosing forest reproductive material for forest stand regeneration. This
is especially important in the context of climate change. According to some experimental
studies, climate change-induced drought stress may exacerbate the detrimental genetic con-
sequences of heterozygosity loss, as the response to low levels of individual heterozygosity
is stronger under environmental stress than under optimal conditions. In the study of
Vranckx [90] heterozygosity–fitness correlations were examined by correlating the recorded
traits of individual seedlings to their multi-locus heterozygosity (MLH), assessed by nSSRs
and by studying their response to drought stress. Weak but significant effects of MLH
on several fitness traits were found, which were stronger for transpiration variables than
for the recorded growth traits. This was also the case in our study, where we found no
correlation of heterozygosity and height. The authors therefore stress the necessity to
maximize individual multi-locus heterozygosity in forest tree breeding programs.
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4.3. Current State and Recommendations

Genetic diversity of pedunculate oak stands in Croatia is shaped by a number of
various factors. Analysis by different approaches in this genetic trial has given us an insight
into how these factors contributed to different aspects of diversity. In this study we used
nSSRs to analyze the neutral diversity and population dynamics and cpSSRs for postglacial
recolonization dynamics and possible influences of anthropogenic transfer of forest repro-
ductive material. The same samples were analyzed before with SNPs from candidate genes
connected to drought stress, water availability and similar factors connected to climate
change. Additionally, in this trial a number of quantitative traits were measured over years,
which altogether gave us the chance to compare the results of different approaches on the
same samples.

Although the distribution of pedunculate oak in Croatia represents peripheral popu-
lations at the southern-range margin, contrary to a number of studies indicating stronger
differentiation between such populations, Croatian populations are weakly differentiated,
partly due to the inclusion of most of the valuable complexes in the Military Frontier until
the second half of the 19th century, which spared them from intensive and unplanned
exploitation that led to the fragmentation of many other oak forests in Europe. Additionally,
pedunculate oak in this area formed large complexes in general, as opposed to the smaller
and fragmented populations often associated with range margins.

As these populations are situated near the refugia and in the area where different
recolonization routes encountered each other, there is a hotspot of diversity that is still
recognizable today by its pronounced haplotypic richness. However, as proven by compar-
ison of both nSSR and SNP with cpSSR analysis, original recolonization patterns of nuclear
diversity were erased by gene flow and the possible effects of selection. Signals of selection
were visible on outlier SNP loci with very small congruence between the population net-
works based on positive outliers vs. non-outliers, indicating that they had been driven by
different evolutionary processes. Positive outliers may have been at least partly shaped
by local selection and non-outliers, with nSSRs mostly shaped by neutral demographic
processes that contributed less to the shaping of outlier diversity. Analyses of quantitative
adaptive traits have also shown signals of local adaptation, providing additional important
information for gene conservation and management, while their connection to neutral
diversity has demonstrated the negative effects of decreased heterozygosity on the ultimate
indicator of fitness, which is survival.

The specific selection pressures present in these floodplain populations possibly pre-
dispose their adaptive diversity for climate change effects in the more western and northern
parts of Europe, which is why some countries there are considering Slavonian oak as a
means with which to mitigate climate change. Because of its widely recognized quality it
has already been historically and extensively planted in other countries and used for high
quality products and this potential adaptational advantage makes it even more desirable.

But what about home? Slavonian and generally Croatian floodplain populations of
pedunculate oak are faced with many challenges in their natural habitat, first and foremost
climate change, negatively effecting many species at the southern margin of distribution.
Climate extremes, changes in groundwater level, regulation of rivers and pests are putting
pressure on the populations, affecting their fitness and regeneration, therefore directly
calling the future structure of these populations into question. Pronounced oak dieback has
been present in this area throughout the last century and has particularly quickened its pace
since the 1980s [88]. The latest extreme event, the supercell storm in July 2023, caused major
damage to the most valuable stands in Spačva basin, destroying a number of trees and
causing unforeseeable problems with the natural regeneration of these stands. Both nSSRs
and non-outlier SNPs indicated the possibility that intensive geneflow by long-distance
pollen dispersal, which minimizes phenological mismatches between populations, might
be decreased compared with the past. This could possibly be affected by fragmentation
after the Military Frontier or by flowering problems due to environmental challenges. This
is not detectable by FST but was partially caught by population graphs and hinted at by the
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significant FIS values in certain populations where we did not expect signs of inbreeding,
considering the mainly flat topology of the terrain. There was significant correlation
between the level of observed heterozygosity and survival in the trial, at the early age
of 5 and 6, pointing to the importance of introducing genetically diverse reproductive
material into stands in lieu of the increasingly frequent absence of natural regeneration.
The lack of crops represents one of the greatest challenges in managing oak stands in
Croatia [91]. Results from genetic trials established with the same populations and families,
but in more challenging environmental conditions [92] (later partially confirmed by SNP
analysis) suggest an ecotypic pattern of the adaptive genetic differentiation among studied
populations and indicate a possible problem even in the transfer of western Croatian
populations’ reproductive material to the eastern part, a result of their adaptability to
wetter habitats. Taking into consideration the fact that, even within the country, problems
with maladaptation may occur with west-to-east transfer, extreme caution should be taken
when discussing the import of oak reproductive material from outside sources. Even if
the outsourced reproductive material is taken from compatible habitats and is able to
adapt to local conditions in Croatia, a toll would certainly be paid in the decreased quality
of timber compared with the well-recognized quality of Slavonian oak. Thus, emphasis
should be put on ensuring the best regeneration by local sources by careful handling of
local reproductive material in order to maximize the successful utilization of collected
crops and survival of progeny in the stands. Special care should be taken to ensure the
broad base of genetic diversity for forest regeneration, which also means using the crops
from different years and optimizing storage techniques to preserve the quality of seed.
Greater effort should be placed in the nursery production of saplings from the collected
crops, especially those of higher genetic quality, collected in three clonal seed orchards of
pedunculate oak. Increased regeneration by saplings should complement the prevalent
regeneration by scattering acorns. As it is no longer realistic to expect the full crop every
few years, a comprehensive change in the treatment of the available resources is necessary
to preserve the viability of reproductive material. Additionally, in order to minimize the
detrimental effect of extreme events such as destructive storms, there may be a need to
change the established management practices and switch to cuttings and regeneration on
smaller surfaces. These are all great challenges, of both technical and logistical natures,
but certainly it is becoming impossible to avoid them, considering the changed conditions
that the forests are facing. The main goal should be the conservation of their sustainability
and adaptability. The existing clonal seed orchards should be extensively used as polygons
for monitoring the influence of various factors on acorn yield and should be properly
managed in order to maximize production of high-quality reproductive material and act as
valuable ex-situ conservation units. The in-situ gene conservation units (registered seed
stands) that demonstrated signs of inbreeding should be reconsidered and replaced by
more appropriate ones. Our research, as well as some previous research on the importance
of multi-locus heterozygosity points to the importance of choosing appropriate stands as
seed sources to ensure long term survival and adaptability of future stands.

This study and other studies by the same and other authors [10,15,16,92] underline
the importance of genetic trials and different approaches to studying their genetic diversity
in order to ensure a scientific background for gene conservation and management in
challenging conditions.

5. Conclusions

This study investigated the genetic diversity of Croatian pedunculate oak populations
in a genetic trial, employing nSSR and cpSSR loci to analyze neutral diversity, population
structure and post-glacial recolonization. Genetic diversity of both nSSR and cpSSR loci
was high and most pronounced at intra-population level. The weak differentiation among
Croatian populations is attributed to topography and historical protection in the Military
Frontier until the 19th century, preventing intensive exploitation. Large oak complexes and
recolonization near refugia contributed to a diversity hotspot, but original recolonization



Forests 2023, 14, 2290 19 of 23

patterns at nSSR loci were obscured by gene flow and selection. Diversity parameters
at nSSR loci were partly correlated to diversity of SNPs from candidate genes as well as
results from previous studies of quantitative traits in the same genetic trial. Observed
heterozygosity was significantly and positively correlated to survival in the trial. Signals of
local adaptation are evident in adaptive traits, suggesting potential adaptability to climate
change in other parts of Europe. However, in their native habitat, Croatian oak populations
face challenges such as climate change, extreme events and pests, impacting fitness and
regeneration. Oak dieback, exacerbated by a 2023 storm, poses significant threats, including
potential decreases in gene flow and regeneration. The study emphasizes the importance
of introducing genetically diverse reproductive material to counteract inbreeding and
challenges in managing oak stands. It underscores the need for caution and evidence-based
consideration in transferring reproductive material across regions and emphasizes local
sourcing for optimal regeneration and survival.
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15. Morić, M. Genetska Raznolikost Hrasta Lužnjaka (Quercus robur L.) u Pokusnim Nasadima s Potomstvom Iz Odabranih
Sjemenskih Sastojina. Ph.D. Thesis, University of Zagreb, Faculty of Forestry and Wood Technology, Zagreb, Croatia, 2016.
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