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Pedunculate and sessile oaks (Quercus robur L.; Q. petraea [Matt] Liebl.) often coexist in mixed forest stands. 
However, species-specific investigations and forest management actions in such populations require reliable 
methods of identification of the species status of individuals. We investigated genetic diversity and species dif-
ferentiation of adult and naturally established seedling cohorts in a mixed forest stand composed of Q. robur and 
Q. petraea, located in the Jamy Nature Reserve in north-central Poland. Using nineteen nuclear microsatellite
loci and a model-based clustering approach as a tool for species delineation, we efficiently identified 105 and
60 adults, as well as 191 and 456 seedlings of pedunculate and sessile oaks, respectively. While the adult trees
of both species were randomly distributed throughout the sample plot, the seedlings demonstrated significant
spatial clustering, which was particularly evident for Q. petraea. The two oak species exhibited similar levels of
genetic diversity in adult and offspring cohorts. Inbreeding was found to be low and significant only at the stage of
seedlings. The estimates of effective population size were higher for Q. robur than Q. petraea, despite the overall
greater reproductive success of the later one. There was a significant level of differentiation between the studied
oak species, as measured by Fst coefficient (0.084 – adults; 0.099 – seedlings). The results on genetic diversity and 
species differentiation obtained in the studied indigenous near-natural stand of Q. robur and Q. petraea could be 
considered as a reference for other population genetic studies of oaks.
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INTRODUCTION

Genetic variation is the foundation of biodiversity. It 
allows populations and species to evolve and adapt 
to changing environmental conditions, increasing 
their chances of survival (Lindenmayer et al., 2006; 
Hughes et al., 2008). Genetic diversity of key-stone 
species important for ecosystem functioning, such as 
many forest trees, is of particular significance, as it 
is believed that genetic variation of forest trees is one 
of the factors shaping the biodiversity and stability 
of entire forest ecosystems (Whitham et al., 2003; 
Whitham et al., 2006; Gugerli et al., 2013).

The adaptation ability of populations largely 
depends on the level of genetic diversity existing 
within the populations (Booy et al., 2000; Aitken et 
al., 2008), but also on the mechanisms that determine 
transmission of this variation from generation to 
generation. The identification of these mechanisms 

is fundamental to understand how the level of 
population genetic variation is shaped and enhances 
our knowledge on the adaptation of populations and 
species evolution (Aitken et al., 2008; Sork, 2016). 
Such knowledge can also have practical applications 
when creating conservation programs to protect 
the genetic resources of particular populations 
and species. In the case of forest trees, it may also 
have economic implications in the development of 
appropriate breeding programs that will guarantee 
the preservation of an appropriate level of genetic 
variation.

Despite the longevity of most forest trees 
and their complex age structure, the question 
arises whether genetic diversity present in adult 
populations is preserved in young, naturally 
regenerating generations. Maintaining genetic 
diversity between generations is considered a major 
factor in the persistence of forest tree populations 
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(Aitken et al., 2008) and is particularly important in 
protected areas such as national parks and nature 
reserves.

Pedunculate oak (Quercus robur L.) and 
sessile oak (Q. petraea (Matt.) Liebl.) are among 
the most important broad-leaved tree species in 
Central Europe, from an ecological and economic 
point of view (Eaton et al., 2016). Oaks were the 
dominant forest species from about 5000 BC, 
spreading in Europe immediately after the end 
of the last glaciation, and over the next several 
millennia the current range of these species has 
been formed (Huntley, 1988). Human interference 
in the structure of European forests, like cutting 
forests for agricultural purposes or replacing them 
with faster growing conifers, such as spruce, fir 
or pine, caused decimation of the oak population 
(Fischer and Fischer, 2012).

Both oak species often grow together in mixed 
stands, which is possible due to their partially 
sympatric distribution (Eaton et al., 2016). 
Morphological differences between Q. robur and 
Q. petraea are visible mainly in leaf traits and the 
length of the acorn peduncle stalk; however, it is 
hard to indicate one or two distinct morphological 
features allowing to precisely distinguish these two 
species from each other. The distinction between 
the species requires simultaneous analysis of 
several leaf traits (Kremer et al., 2002). This can 
be particularly problematic in old stands, where 
trees are often very high, and the access to well-
developed leaves for species identification is 
difficult. Distinguishing the species based on leaf 
traits at the stage of young seedlings is even more 
challenging (Ponton et al., 2004; Boratynski et 
al., 2008). Additionally, Q. robur and Q. petraea 
have the ability to hybridize (Petit et al., 2003; 
Lepais et al., 2009; Lepais et al., 2013; Chybicki 
and Burczyk, 2013; Gerber et al., 2014; Lagache 
et al., 2014), which can result in intermediate leaf 
phenotypes for some trees in the stand.

The need to distinguish both species was 
driven mainly by their different ecological 
requirements (Eaton et al., 2016), that need to be 
taken into account during artificial reforestation. 
Q. robur prefers more humid areas than Q. petraea 
(Danielewicz, 1995). Additionally, Q. robur has 
a more pioneer character compared to Q. petraea 
and shows a greater capability of seed dispersal 
with the participation of birds, such as jays. 
This affects the shape of the local spatial genetic 
structure, which is different from that observed for 
seed dispersal only by gravity, which in turn is more 
frequent in Q. petraea (Bossema, 1979; Petit et 
al., 2003). Recently, newly developed multiplexes of 
microsatellite loci designed for oaks to facilitate the 
species delimitation and parentage analyses have 
become available (Guichoux et al., 2011), providing 

more power for genetic discrimination between 
the two species and hybrid detection (Guichoux et 
al., 2011; Neophytou, 2013; Rellstab et al., 2016).

In our previous study (Sandurska et al., 2017), 
using 19 nuclear microsatellites, we investigated 
the genetic diversity of oaks in an old-growth mixed 
forest stand, composed mainly of beech and oak 
trees. According to the local forest documentation, 
the oak population was represented solely by 
Q. robur individuals. Because the plant material 
for isolation of DNA originated mostly from 
leaf fragments sampled by shooting leaves with 
a slingshot, the species status of individuals was 
not verified, assuming the presence of a single 
oak species. However, our later and more detailed 
observations indicated the presence of both oak 
species, namely Q. robur and Q. petraea. Here 
we present a reanalysis of our earlier genetic 
data and thus correcting the previous results 
(Sandurska et al., 2017). We first focus on genetic 
identification of the species status of adult oak 
trees and seedlings, and then investigate genetic 
diversity within and between cohorts of the two oak 
species. Finally, we emphasize the need for proper 
species identification of oaks and its importance 
in conservation genetics and forest management of 
mixed forest stands composed of both oak species.

MATERIALS AND METHODS

The study was performed in a forest stand being 
a part of the Jamy Nature Reserve, established 
in 1968 in the Jamy Forest District in north-
central Poland. It functions as a phytocenotic 
reserve focusing on the conservation of beech 
forest communities: Galio odorati-Fagetum and 
Luzulo pilosae-Fagetum. The central point of the 
designed round-shaped study plot of approximately 
5.5 ha has the coordinates φ 18°56’6.07”E, 
λ 53°35’9.67”N. The area is relatively flat, with no 
forest management, at least over the last 50 years. 
In the canopy of trees, mostly oaks dominate, at 
the age of over 215 years (based on forest records) 
and a diameter at breast height often exceeding 
100 cm. However, there is also a considerable 
fraction of beech (Fagus sylvatica) of similar age 
and size with some linden (Tilia cordata Mill.) and 
pine (Pinus sylvestris L.) trees. In the understory, 
there is mainly beech at the age of 40–80 years 
(DBH: 30–60 m) with an admixture of hornbeam 
(Carpinus betulus L.) and linden. Oaks in the 
intermediate age class do not occur at the stand. 
Finally, the layer of the forest floor consists mainly 
of beech seedlings; however, oak seedlings are also 
present but at lower densities. For this study, plant 
material was sampled from two cohorts of oaks: 
adults (165 trees, all individuals sampled); and 
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seedlings – <30 cm tall (647 seedlings, regardless 
of the species status, sampled proportionally to 
the density distribution). All adult individuals 
were georeferenced using a GPS mapping system 
Pathfinder® ProXT™ (Trimble, Sunnyvale, USA). 
The location of seedlings was identified based on 
the nearest adult trees. The samples of leaves were 
collected in August of 2013 and 2014.

Total genomic DNA was extracted using 
GeneMATRIXPlant & Fungi DNA Purification 
Kit (EURx, Poland). Genotyping was done based 
on the set of 19 microsatellite markers: PIE-20, 
PIE-102, PIE-215, PIE-223, PIE-242, PIE-243, 
PIE-267, ssrQrZAG 7, ssrQrZAG 11, ssrQrZAG 
20, ssrQrZAG 96, ssrQpZAG 15, ssrQpZAG 110 
(Guichoux et al., 2011); ssrQrZAG 30, ssrQrZAG 
65, ssrQrZAG 87, ssrQrZAG 101, ssrQrZAG 112 
(Kampfer et al., 1998); ssrQpZAG 9 – modified 
(Steinkellner et al., 1997). PCR products were 
separated using an ABI PRISM 3130XL sequencer 
(Applied Biosystems, Foster City, USA). Allele 
identification was performed with GENESCAN 3.7 
and GENOTYPER 3.7 software provided by Applied 
Biosystems. 

In this study, a set of microsatellite loci well-
delineating oak species (Guichoux et al., 2011) 
was used. Therefore, we attempted to identify 
the species status of individuals by assigning 
them to one of the two genetic clusters defined 
with STRUCTURE v.2.3.4 software (Pritchard et 
al., 2000). Such genetic identification of the species 
was particularly important in the case of seedlings 
for which the explicit species recognition is 
particularly difficult. The analyses were conducted 
jointly for adults and seedlings, assuming the 
existence of two groups (K = 2), using 100 000 
burn-in periods, 500 000 MCMC repeats and the 
admixing model, assuming correlations between 
allele frequencies. Individuals were assigned to 
a particular genetic cluster according to the value 
of the admixture coefficient (q). The species status 
of each of the two clusters was determined based 
on the leaf morphology of adult trees assigned to 
particular clusters. Every tree and seedling was 
assigned to a particular species based on the 
highest admixture coefficient (q).

Following the species identification, we 
characterized the spatial distribution of individuals 
of adults and seedlings. For that purpose, 
univariate O-ring statistics O(r) (Wiegand and 
Moloney, 2004) was used with a ring of a constant 
width of 5 m. The maximal ring was set at 130 m – 
less than half of the plot width to avoid estimation 
bias due to edge effects. The significance of the 
O(r) function was tested with common null model 
of complete spatial randomness (CSR) and 95% 
confidence interval was calculated using 25th and 
975th of total 1000 randomizations (999 replicates 

by Monte Carlo simulation plus the observed value) 
of the function O(r). O(r) values above and below 
this envelope indicate significant spatial clustering 
or repulsion (hyper-dispersion), respectively, at 
radius r. 

To characterize the small-scale interaction 
structure between both oak species we used 
bivariate analysis with the same parameters 
as for univariate analyses (ring width = 5 m, 
maximal ring = 130 m). As a null model, we 
chose the toroidal shift, where pattern 1 is shifted 
with a random vector against pattern 2, which 
is fixed (Wiegand and Moloney, 2014). Moreover, 
to investigate if the spatial distribution of DBH 
of the study species was random we conducted 
bivariate analysis with one quantitative mark. As 
a function, we chose spatial Moran I correlogram 
(Legendre and Legendre, 2012) and as a null 
model – complete spatial randomness (CSR). The 
main interest in analyzing patterns of this type 
is to explore the impact of proximity (and mark) 
of the first pattern on the marking of the second 
pattern (Wiegand and Moloney, 2014). To test if 
a given null model fits summary statistic of the 
observed data over a particular distance interval we 
used a simulation Goodness-of-Fit test (GoF test) 
proposed by Loosmore and Ford (2006) (see also 
Wiegand and Moloney, 2014). All these calculations 
and simulations were performed using the software 
PROGRAMITA (Wiegand, 2003).

The parameters of the genetic structure, 
including the frequencies of null alleles and 
inbreeding coefficients accounting for the presence 
of null alleles and genotyping errors were calculated 
within each cohort using INEST v.2.0 software 
(Chybicki and Burczyk, 2009). Allelic richness 
was estimated using Fstat 2.9.3.2 (Goudet, 1995). 
Differentiation measures (Fst, Rst) between different 
cohorts and between species were calculated using 
SPAGEDI v.1.5 (Hardy and Vekemans, 2002). 
Effective population size (Ne) was estimated 
for individual cohorts based on the linkage 
disequilibrium method (Waples and Do, 2008) 
using NeEstimator v2 (Do et al., 2014); however, 
we screened out alleles with frequencies lower than 
0.02 (PCrit = 0.02), as suggested for microsatellite 
data (Do et al., 2014).

RESULTS

GENETIC IDENTIFICATION OF SPECIES

The STRUCTURE procedure detected a very 
distinct delineation of oaks into two genetic clus-
ters. Phenotypic analysis of adults’ leaves indicated 
that the resulting cluster 1 was represented by 
pedunculate oak and the cluster 2 by sessile oak. 
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Comparisons of species identification based on 
genetic assignment and leaf morphology revealed 
that in 154 (93.3%) cases there was full agreement 
of species identification, while for two (1.21%) 
individuals there was disagreement between 
phenotypic and genetic indication. In other cases 
(9 individuals) the intermediate phenotype was 
noticed, although among them five individuals were 
genetically assigned as Q. robur, two as Q. petraea, 
and finally in two cases the genetic assignment 
also indicated an intermediate species status 
(intermediate q values). Finally, the individuals 
were assigned arbitrarily to one of the two clusters 
(species) only based on the highest probability 
of assignment in genetic analyses. Ultimately 
105 adult trees were classified as Q. robur and 60 
as Q. petraea, with relatively high probabilities 
of assignment within each group (0.986 ± 0.047 
and 0.965 ± 0.079 for the first and second group, 
respectively) (Table 1).

 TABLE 1. The numbers of adult trees (NA) and seedlings 
(NS) classified as Q. robur or Q. petraea based on STRUC-
TURE software with average individual probability of as-
signment (PA, PS) to a particular species cluster. 

Quercus robur Quercus petraea

NA 105 60

PA
0.986

(± 0.047)
0.965

(± 0.079)

NS 191 456

PS
0.980

(± 0.059)
0.962

(± 0.080)

Seedlings were assigned to species only based 
on the highest probabilities of assignment in genetic 
analyses. In this way – 191 seedlings were identified 
as Q. robur, and the remaining 456 seedlings as 
Q. petraea. The average probabilities of assignment 
to particular species clusters were very high 
and equaled 0.980 ± 0.059 and 0.962 ± 0.080 
for pedunculate and sessile oak, respectively 
(Table 1). It should be noticed that in both adults 
and seedlings the average probability of assignment 
was higher for cluster 1 (Q. robur).

Despite the detection of uneven numbers 
of adult trees of Q. robur and Q. petraea, the 
distributions of the diameter of both species were 
similar, which was confirmed by the shape of the 
histograms for both oak species (Fig. 1), as well 
as not significant p-value of Kolmogorov-Smirnov 
test (p > 0.05). This may indicate a similar age 
structure of both species in the studied area.

SPATIAL DISTRIBUTION OF ADULT TREES 
AND SEEDLINGS

O-ring analyses showed a random distribution of 
adult trees of oaks within the population, which 
was additionally confirmed by the GoF test, giving 
statistically insignificant values suggesting no 
deviations from random distribution (Fig. 2), and 
also the correlogram function of bivariate analysis 
of both oaks together did not show any spatial 
grouping of one species against the other (data not 
shown). Additionally, there was no clear deviation 
of Moran I function from a random distribution of 
DBH, both for each species separately as well as 
together in bivariate analysis (data not shown).

In the case of seedlings, the O(r) function 
showed a strong and statistically significant 
spatial autocorrelation of both species (Fig. 2). 
In the case of sessile oak, this significance was 
present for almost all distance classes beyond the 
furthest ones, while pedunculate oak seedlings 
were less clustered. The O(r) values for Q. robur 
were above the confidence envelope for distances 
between 0 and 10 m, while for further distances 
fluctuated close to the upper limit of the confidence 
interval, sometimes giving statistical significance. 
Stronger clustering of sessile oak seedlings for 
close distances is also notable on the diagram of 
distribution of oak individuals (Fig. 3). Statistically 
significant deviations from the null hypothesis 
of random distribution of seedlings were also 
demonstrated by the GoF test, with p values equal 
to 0.001 for the distance 0–100 m (Fig. 2). The 
pair correlation function of bivariate analysis for 
seedling of both oaks together was well within the 
simulation envelopes, although its values were 
closer to the upper limit of the confidence interval, 

Fig. 1. Distribution of the diameter at breast height (DBH, 
in cm) among adult trees of Q. robur and Q. petraea.
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Fig. 2. Spatial demographic structure of (a) all adult trees and (b) seedlings as measured using the O-ring statistic [O(r)]. 
Dotted lines indicate 95% confidence envelopes about the null hypothesis of random spatial structure. GoF(0-100m) 
denotes Goodness-of-Fit test results on the given distance. Note that y axes show different scales of clarity for adults and 
seedlings.

Fig. 3. Distribution of sampled adult trees (circles) and seedlings (crosses) of Q. robur and Q. petraea.

a

b
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which resulted in a significant value of GoF 
test statistic over the distance interval 0–100  m 
(p  =  0.007), indicating a slight grouping of one 
species against the other. 

GENETIC DIVERSITY

The analysis of nineteen microsatellite markers 
showed very high polymorphism of the loci used 
in this study (Tables 2 and 3). In the case of 
Q.  robur adult trees, the number of alleles per 
locus ranged from 5 to 30, with an average of 
15.158 (±  7.338), and a similar value of mean 

allelic richness (15.052). In Q. robur seedlings, 
a slightly higher mean number of alleles and mean 
allelic richness (about 16.7) was recorded. The 
mean observed heterozygosity was at the same 
level as the mean expected heterozygosity, both in 
adults and in seedlings, which resulted in the value 
of the fixation index (Fis) close to zero (Table 2). 
This corresponded well with nonsignificant 
deviations from the Hardy-Weinberg expectations. 
In general, the frequency of null alleles was low. 
In adults, significant levels of null alleles were 
observed only for 2 loci (QrZag11, QrZag65; 
Table 2); in seedlings for 5 loci (PIE242, PIE243, 

TABLE 2. Genetic diversity of Quercus robur in the reserve Jamy. Details for each locus are presented only for adult 
population, mean values are given for adults (N = 105) and seedlings (N = 191). A – mean number of alleles; Ae – effec-
tive number of alleles; AR – allelic richness; Ho – observed  heterozygosity; He – expected heterozygosity; Fis – inbreeding 
coefficient; Null – frequency of null alleles; H–W – significance of departure from Hardy-Weinberg equilibrium. Standard 
errors in parentheses.

Locus A Ae AR Ho He Fis Null HW

PIE102 7 2.037 6.998 0.552 0.509 -0.085 0 ns 

PIE20 11 4.902 10.903 0.743 0.796 0.067 0.0178 ns 

PIE215 6 3.390 6 0.8 0.705 -0.135 0 ns 

PIE223 8 5.076 7.998 0.829 0.803 -0.032 0 ns 

PIE242 12 5.319 11.855 0.762 0.812 0.062 0.0182 ns 

PIE243 5 1.980 4.998 0.505 0.495 -0.019 0 ns 

PIE267 13 5.952 12.948 0.857 0.832 -0.03 0 ns 

QrZag101 16 9.524 15.912 0.874 0.895 0.024 0.0046 –

QrZag11 28 13.158 27.8 0.865 0.924 0.063 0.0247* –

QpZag110 16 3.077 15.9 0.667 0.675 0.012 0 ns 

QrZag112 17 9.615 16.855 0.905 0.896 -0.01 0 –

QpZag15 9 3.390 8.903 0.705 0.705 0 0 ns 

QrZag20 14 6.098 13.851 0.81 0.836 0.032 0 –

QrZag30 30 15.873 29.664 0.962 0.937 -0.026 0 –

QrZag65 28 18.519 28 0.88 0.946 0.069 0.0281* –

QrZag7 19 13.333 18.883 0.942 0.925 -0.018 0 –

QrZag87 20 10.526 19.805 0.905 0.905 0 0 –

QpZag9 12 7.143 11.905 0.876 0.86 -0.019 0 –

QrZag96 17 2.119 16.807 0.562 0.528 -0.064 0 ns 

Mean
adults

15.158
(7.388)

7.423
(4.942)

15.052
(7.331)

0.790
(0.136)

0.789
(0.147)

-0.006
(0.053)

0.005
(0.009)

Mean
seedlings

16.737
(8.245)

7.340
(5.030)

16.636
(8.158)

0.779
(0.145)

0.789
(0.144)

0.011
 (0.05)

0.0085
(0.011)

Significance: * p < 0.05; ** p < 0.01; ns – not significant at p < 0.05



Genetic diversity and differentiation of oak species 23

QrZag101, QpZag110, QrZag65). Nevertheless, 
when accounting for the presence of null alleles, 
a low but significant level of inbreeding was 
observed only for seedlings (Fis = 0.0115; 95% 
CI: 0.0065–0.0163).

Analysis of genetic diversity in Q. petraea 
adult trees showed slightly lower mean values of 
population genetic parameters than those observed 
in Q. robur (Table 3). The mean number of alleles 
per locus was equal to 13.368, and ranged from 
6 (QrZag112) to 27 (QrZag65). The value of the 
allelic richness coefficient was similar to the 
mean number of alleles (13.269). In the case of 

seedlings, these parameters had similar values 
to Q. robur, except for the effective number of 
alleles, which was the lowest among all studied 
cohorts. As in the pedunculate oak, the expected 
heterozygosity values He = 0.778 (± 0.128) and 
the observed Ho = 0.773 (± 0.106) were similar, 
which resulted in the low value of the fixation index 
equal to -0.0035. Most of the loci had statistically 
insignificant levels of null alleles, only for 3 loci in 
adults (PIE102, QrZag20, QrZag7; Table 3) and 
5 loci in seedlings (QpZag15, QrZag65, QrZag7, 
QrZag87, QpZag9) the level of null alleles was 
significantly different from zero. Again, the level 

TABLE 3. Genetic diversity of Quercus petraea in the reserve Jamy. Details for each locus are presented only for adult 
population, mean values are given for adults (N = 60) and seedlings (N = 456). A – mean number of alleles; Ae – effec-
tive number of alleles; AR – allelic richness; Ho – observed heterozygosity; He – expected heterozygosity; Fis – inbreeding 
coefficient; Null – frequency of null alleles; H–W – significance of departure from Hardy-Weinberg equilibrium. Standard 
errors in parentheses. 

Locus A Ae AR Ho He Fis Null HW

PIE102 11 5.076 10.932 0.767 0.803 0.046 0.0342* ns

PIE20 8 2.591 7.966 0.617 0.614 -0.005 0.0274 ns 

PIE215 9 3.650 8.866 0.7 0.726 0.036 0 ns 

PIE223 7 1.976 6.966 0.55 0.494 -0.113 0 ns 

PIE242 9 6.024 8.967 0.883 0.834 -0.06 0 –

PIE243 7 3.891 7 0.817 0.743 -0.099 0 ns 

PIE267 9 4.049 8.966 0.8 0.753 -0.062 0 ns 

QrZag101 19 9.804 18.797 0.883 0.898 0.017 0 –

QrZag11 14 3.521 14 0.69 0.716 0.037 0.0103 ns 

QpZag110 21 6.329 20.797 0.883 0.842 -0.049 0 ns 

QrZag112 6 1.980 5.932 0.6 0.495 -0.213 0 ns 

QpZag15 13 5.814 12.932 0.85 0.828 -0.026 0 –

QrZag20 18 7.752 17.831 0.8 0.871 0.081 0.0323* –

QrZag30 17 3.968 16.832 0.75 0.748 -0.002 0 ns 

QrZag65 27 15.152 26.666 0.933 0.934 0 0 –

QrZag7 16 15.152 15.967 0.717 0.934 0.233 0.1086* –

QrZag87 14 6.096 13.931 0.767 0.836 0.083 0.0218 ns 

QpZag9 11 6.135 10.932 0.817 0.837 0.024 0 ns 

QrZag96 18 7.7528 17.832 0.867 0.871 0.005 0 –

Mean
adults

13.368
(5.639)

6.143
(3.777)

13.269
(5.566)

0.773
(0.106)

0.778
(0.128)

-0.004
(0.092)

0.012
(0.026)

Mean
seedlings

16.526 
(7.479)

5.604 
(3.220)

16.471 
(7.456)

0.751 
(0.137)

0.759 
(0.138)

0.011 
(0.050)

0.009 
(0.019)

Significance: * p < 0.05; ** p < 0.01; ns – not significant at p < 0.05
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of inbreeding estimated when accounting for the 
presence of null alleles was found to be statistically 
significant only for seedlings (Fis = 0.0184; 95% 
C.I.: 0.0115–0.0252).

GENETIC DIFFERENTIATION AMONG COHORTS

Genetic differences between different cohorts within 
the species were generally low and statistically 
insignificant (Table 4). The consistency between Fst 
and Rst suggests that genetic drift is the main reason 
for differentiation between the parent and offspring 
populations within the species. However, we 
detected significant levels of genetic differentiation 
between species. The differences between the Fst 
and Rst parameters for cross-comparisons between 
species show that the interspecific diversity is also 
the effect of mutations occurring in the process of 
differentiation of these species.

TABLE 4. Levels of genetic differences between pairs of 
parent and offspring (seedlings) populations and between 
Q. robur and Q. petraea.

Species Fst Rst

Genetic differentiation between adults 
and seedlings within species

Quercus robur -0.0001 ns 0.0001 ns

Quercus petraea 0.0015 ns -0.0004 ns

Genetic differentiation between Q. robur and Q. petraea 

Adults 0.0843 * 0.1494 *

Seedlings 0.0989 * 0.1281 *

Significance: * p < 0.05; ns – not significant at p < 0.05

EFFECTIVE POPULATION SIZE

The estimates of effective population size (Ne) 
appeared to be slightly higher for Q. robur than 
for Q. petraea (Table 5); however, considering the 
ratio of the effective population size to the actual 
number of individuals (Ne/N), it turned out that 
this proportion was over 100% in both species. It 
should be noted that the estimated Ne generally 
refers to the parental population that generated the 
population under study. The high correspondence 
between the effective and the actual population 
sizes in adults indicate that these populations well 
represent the available gene pools of the studied 
populations and large numbers of individuals 
contributed to the generation of these populations.

The effective population sizes of the seedlings 
correlated relatively well with the actual numbers 
of adults in the parental population. Interestingly, 

although the number of sessile oak seedlings was 
much larger than that of pedunculate oak, the 
lowest estimates of the effective population size 
were observed just for sessile oak. This suggests 
that the population of seedlings of this species was 
created by a limited number of individuals or their 
contribution to the offspring generation was largely 
unbalanced.

 TABLE 5. The estimates of effective population sizes ob-
tained based on linkage disequilibrium method (95% CI in 
parentheses; N – sample size).

Q. robur Q. petraea

Adults
115.1

(100.8–133.2)
N = 104

72.5
(62.8–84.9)

N = 61

Seedlings
80.5

(73.6–88.3)
N = 191

42.4
(39.5–45.5)

N = 456

DISCUSSION

Pedunculate and sessile oaks often exist jointly 
in mixed forest stands (Eaton et al., 2016). 
Conducting research studies and forest mana-
gement (e.g., thinning or seed harvesting) of oaks 
in such populations requires precise species 
identification of individuals. One way of species 
determination involves the assessment of leaf 
morphological traits (Kremer et al., 2002), which 
is, however, laborious, time-consuming, requires 
well-developed leaves (preferably from upper parts 
of the crown), but sometimes is also confusing if 
intermediate (e.g., resulting from interspecific 
hybridization) individuals are present. Recently 
available sets of multiplexed microsatellite loci 
designed to facilitate discrimination between the 
two species and hybrid detection (Guichoux et 
al., 2011) provided an opportunity for genetic 
species identification of individuals. Some 
researchers even suggested that for research 
purposes, genetic methods could be preferred over 
morphological assessment, given its simplicity and 
precision (Rellstab et al., 2016). Genetic species 
identification seems to be appealing particularly 
for seedlings, where morphological species 
differentiation is more difficult (Ponton et al., 2004; 
Boratynski et al., 2008; Truffaut et al., 2017).

In this study, we used model-based approach 
implemented in STRUCTURE software to identify 
species status based on genetic markers, which was 
successfully applied for the same purpose also in 
other oak studies (Lepais et al., 2009; Neophytou 
et al., 2010). For example, Neophytou et al. (2010), 
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using 14 microsatellite loci, demonstrated clear 
delineation of Q. robur and Q. petraea individuals, 
with relatively high probabilities of assignment of 
individuals to a particular cluster, reaching 0.982, 
on average. In our study, STRUCTURE grouping 
appeared to be particularly efficient, resulting in 
the high probability of individual assignment to 
the species clusters, which was equal to 0.986 for 
Q. robur and 0.965 for Q. petraea . Slightly lower 
values of the assignment probability for Q. petraea 
may be caused by the presence of interspecific 
asymmetric introgression, which was observed 
between these two species (Petit et al., 2003; 
Lepais et al., 2009; Chybicki and Burczyk, 2013; 
Lepais et al., 2013; Lagache et al., 2014). The 
precise identification of the species status of 
individual trees and seedlings enabled subsequent 
demographic and population genetic analyses. 

The trees belonging to the two oak species were 
largely spatially intermixed with no apparent clus-
tering of any species. Although Q. robur predomi-
nated in the generation of adult trees (63.3%), most 
seedlings were classified as Q. petraea (70.5%). 
This discrepancy of reproductive success between 
the species could be incidental, although it was pre-
viously reported in other Polish stands (Boratynski 
et al., 2010); however, several site-specific factors 
are expected to influence the difference between 
the species reproductive output (Annighofer et 
al., 2015). The sessile oak is known to tolerate 
denser and more shaded condition than Q. robur, 
therefore site specific conditions in an old-growth 
forest stand, as the studied one, may favor regen-
eration of Q. petraea.

The spatial structure of forest stands, 
especially natural populations, is a frequent and 
attractive subject of research in forest ecosystems 
(Szwagrzyk, 1990; Szwagrzyk and Czerwczak, 
1993; Szwagrzyk et al., 2001). Such studies are of 
particular interest when they concern multispecies 
stands, where apart from the distribution pattern 
of individuals of particular species, it is possible 
to study inter-specific relationships of spatial 
arrangement (Strimbu et al., 2017).

In this study, we used the O(r) function which 
examines the degree of aggregation of individuals in 
a given class of distance, and unlike the Ripley’s K 
function is not cumulative (Wiegand and Moloney, 
2004). Therefore, the function O(r) seems to be 
more appropriate to investigate the relationship 
between the spatial structure of the population and 
its spatial genetic structure, and has often been 
used for this purpose (Chung et al., 2011; Lara-
Romero et al., 2016). The recommended ring width 
of 5 m has been used in this study (Wiegand, 2003). 
Nevertheless, it has been reported that the width 
of the ring may influence the interpretation of the 
results (Strimbu et al., 2017). 

We found a relatively regular distribution of 
adult trees of both oak species (Fig. 2a) with no 
noticeable groups of any species, which along with 
the observed normal distribution of DBH of trees 
(Fig. 1), may suggest their long-term coexistence 
in the study area. However, we noticed a highly 
concentrated distribution of seedlings, especially 
those of sessile oak (Figs. 2b, 3). Different clustering 
intensities of seedlings of both oak species seedlings 
may be due to the differences related to the 
predominant modes of seed dispersal. Pedunculate 
oak acorns are preferred by jays, which spread 
them over further distances and shape the long 
seed dispersal of this species (Bossema, 1979; 
Ducousso et al., 1993; Petit et al., 2003). The seed 
dispersal in sessile oak is shaped mainly by gravity, 
and therefore is more limited, so this clustering (in 
low distance classes) can result from the natural 
distribution of seedlings.

The parameters of the genetic structure, 
obtained in this study in the Jamy Reserve, 
were similar to those observed by other authors 
(Streiff et al., 1998; Cottrell et al., 2003; 
Neophytou et al., 2010; Curtu et al., 2015; Burczyk 
et al., 2018). However, an interesting aspect of 
population genetic studies is how the genetic 
variation is transferred from adult to offspring 
generations. This is particularly important in 
populations where natural regeneration occurs. 
This type of research has been recently conducted 
in oaks (Dering and Chybicki, 2012; Vranckx et 
al., 2014). Vranckx et al. (2014) investigated 
various parameters of the genetic structure in 
Q. robur stands and did not find any significant 
differences between adult and seedlings cohorts. 
However, these results were based on a relatively 
small numbers of adults and seedlings, which 
makes statistically significant differences difficult to 
be detected. In the other study, Dering and Chybicki 
(2012) compared the genetic variation of the parent 
and offspring generations of mixed Q. robur and 
Q. petraea stands (natural regeneration and 
plantations), and observed a decrease in expected 
heterozygosity in seedling populations compared 
to relevant adult populations, which is consistent 
with our findings. However, it should be noted 
that the decrease in heterozygosity was smaller 
in populations of naturally regenerating seedlings 
than in planted ones. The authors also noticed the 
differences in the estimates of effective population 
size of the naturally established seedlings (Ne from 
49 to 237), which correlated well with the level of 
genetic variation between generations, expressed by 
Fst coefficient. 

We found no inbreeding in the adult oak 
populations. However, low but significant levels of 
inbreeding were noticed among seedlings (Q. robur: 
0.0115, Q. petraea: 0.0184). This contrasts with 
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results from some other studies, where significant 
levels of inbreeding were found also in adult 
populations (e.g., Fis = 0.070–0.082 for Q. petraea; 
Fis = 0.100-0.117 for Q. robur; Neophytou et 
al., 2010). Nevertheless, the elevated levels of 
inbreeding coefficients reported in the literature are 
likely to be the effect of the presence of null alleles 
which biased inbreeding estimates.

The level of genetic differentiation (Fst) between 
the two oak species was considerable and reached 
0.084 for adults and 0.099 for seedlings. These 
estimates were very similar to earlier reports 
including the same pair of species based on 
microsatellites (0.096 – Curtu et al., 2007; 0.101 
– Neophytou et al., 2010) or even based on AFLP 
markers (0.0733 – Coart et al., 2002). 

CONCLUSIONS

Unpredictable consequences of forest management 
and climate changes on genetic diversity of forest 
trees in the long term call for population genetic 
studies of natural populations that are not 
influenced by human activities. Such populations 
could be considered as indigenous reference 
populations. The results on genetic diversity and 
species differentiation in a near-natural stand of 
Q. robur and Q. petraea obtained in this study can 
thus be used as a reference point for comparisons 
of the genetic status of oak populations artificially 
created and managed by humans. 

Relatively high estimates of genetic diversity 
parameters, considerable effective population sizes 
but low levels of genetic differentiation between 
adults and offspring indicate that the gene pool of 
the studied adult generations is well represented 
in the seedling cohorts in both oak species. The 
uniformly high level of genetic diversity parameters 
at different life stages suggests that the studied 
oak populations probably reached the maximum 
available level of genetic diversity, taking into account 
the set of genetic markers used in this study.
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