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Abstract

The Białowiez·a Primeval Forest is located northeast-
ern Poland. It is one of Europe’s most precious old
growth forests in terms of abundance and richness of
vegetation, retaining features of a primeval lowland for-
est which cannot be found anywhere else on the Euro-
pean continent. The aim of the study was to assess the
genetic heterogeneity of the naturally regenerated Picea
abies population using five chloroplast microsatellite
markers. In total, 290 trees representing five age classes
were studied. Clear patterns of genetic differentiation in
relation to demographic substructuring were found
within the population. The class of embryos exhibited
the greatest genetic richness as evident from the highest
number of alleles and haplotypes, the highest mean
number of private alleles and haplotypes and the high-
est haplotype diversity. In the subsequent age classes, a
significant decrease in the level of genetic variation was
observed. Our data demonstrate that long-lived, highly
outcrossing tree species growing in continuous stands
can be genetically heterogeneous on a small geographic
scale. The heterogeneity is related to age structure and
it is likely due to the underlying mating system and
selection processes.

Key words: cpSSR markers, age dynamics, genetic diversity,
Białowiez·a Primeval Forest, Picea abies.

Introduction

The Białowiez·a Primeval Forest is located in north-
eastern Poland and belongs to Europe’s most valuable
pristine old growth forests in terms of abundance and
richness of vegetation (KORCZYK, 2008). It has retained
features of a primeval lowland forest which cannot be
found anywhere else on the European continent. Due to
its unique nature, the most valuable section of the
Białowiez·a Forest was officially covered by a protection
scheme in 1932 as the Białowiez·a National Park
(OKOŁÓW et al., 2009), the Poland’s first national park
and one of the first in Europe. The Białowiez·a Primeval

Forest is one of only seven worldwide (and three in
Europe) UNESCO transboundary biosphere reserves
entered in the World Heritage List. Furthermore, the
entire Polish section of the Białowiez·a Forest was desig-
nated as a Special Protection Area (SPA) and a Special
Area of Conservation (SAC) within the framework of the
Natura 2000 network of protected areas. A very charac-
teristic feature of Białowiez·a’s old-growth forests is their
complex biodiversity structure with a variety of species
including trees of extreme age classes. The Białowiez·a
Primeval Forest is a mosaic of diverse habitats with a
very high degree of biodiversity and a large proportion
of ancient trees and natural population (primeval gene
pool) (OKOŁÓW et al., 2009). It offers a unique opportuni-
ty for monitoring processes involved in natural regener-
ation of tree population in a completely developed forest
ecosystem. 

Old-growth forests are considered essential for main-
taining biodiversity (MOSSELER et al., 2003). Genetic
diversity of forest trees plays a major role in the stabili-
ty and dynamics of forest ecosystems (SCHUELER et al.,
2012). Knowledge of the genetic diversity and genetic
structure is a prerequisite for managing and conserving
populations of tree species (HAMRICK et al., 1992;
WILLIAMS and HAMRICK, 1996; GEBUREK, 1997). Genetic
diversity is also crucial from the economic viewpoint
because it determines the persistence of economically
desirable features, represents a basis for selection
towards improvement of certain tree properties and it
can reduce negative impact of some biotic and abiotic
factors (MATRAS, 2006). This is particularly important
for Picea abies, one of the most ecologically and economi-
cally important forest tree species in Poland and
Europe, managed intensively for more than 200 years.
We still know very little about the dynamics of genetic
variation due to demography in natural tree popula-
tions. Most of the studies on genetic diversity of tree
populations refer to adult individuals or seedlings
derived from sampled seeds (ROBERDS and CONKLE,
1984; BERG and HAMRICK, 1995; POLITOV et al., 2006).
However, there is still little understanding of the demo-
graphic genetic structures of populations within multi-
ple age classes (KITAMURA et al., 1997). However, for
long-lived trees, demographic genetic structures provide
a chance to reveal the key factors influencing the genet-
ic variation within populations (CHEN and SONG, 1997).
It is important to take into account the dynamics of old-
growth forests because they are related to natural
regeneration processes. Analysis of age dynamics of the
population genetic structure may be of key importance
for better understanding of the mechanisms of mainte-
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nance of genetic diversity and evolution (KORSHIKOV and
MUDRICK, 2006). 

The goal of the present study was to assess intraspe-
cific genetic diversity in age classes of the naturally
regenerated Picea abies population from the Białowiez·a
Primeval Forest using chloroplast microsatellite mark-
ers. Paternally inherited cp DNA SSR markers with
high levels of variability have proved to be valuable for
detecting genetic structure of populations in many
conifer species (ECHT et al., 1998; VENDRAMIN et al.,
1998; ZIEGENHAGEN et al., 1998). The uniparental inheri-
tance, lack of heteroplasmy and recombination of
organelle genome make them an attractive tool for with-
in-species genetic studies (SOLTIS et al., 1992; ENNOS et
al., 1999), pollen migration, population histories and
levels of differentiation (Provan et al., 2001).

Material and Methods

Plant material

The research was conducted on naturally regenerated
tree stand of Norway spruce (Picea abies) located in the
Białowiez·a Primeval Forest in central-eastern Poland in
Hajnówka forest division (section 631A). The only treat-
ments applied recently in this compartment were
removing of trees toppled over and infested by bark bee-
tles (KORCZYK, 1994). 

Fresh needles from 232 trees representing four differ-
ent age classes were collected. Those included 60 trees
older than 100 years (old O), 55 trees between 100 and
11 years (middle-aged trees M), 59 trees of 10–4 years
old (young trees Y) and 58 individuals up to 3 years old
(seedlings S). The age of each individual at the class O
and M was estimated by their diameter at breast height
and by counting their growth rings. The distance
between sampled trees was between 10 to 100 meters.
In addition, 58 embryos (E class) were obtained from the
seeds of a few cones collected from 50 individuals of M
and O age classes. Seeds were mixed together and

formed a pooled sample which was germinated in a labo-
ratory conditions. 

DNA extraction and chloroplast microsatellite screening

DNA was extracted from needles (ca. 100 mg of fresh
material) and two-week-old seedlings with the standard
CTAB (cetyltrimethylammonium bromide) protocol.
Polymerase chain reaction (PCR) primers, previously
derived from chloroplast genome sequence of Pinus
thunbergii (VENDRAMIN et al., 1996), were used to ana-
lyze variation at five microsatellite loci: Pt63718,
Pt26081, Pt15169, Pt30204 and Pt71936. The loci were
selected because of their high polymorphism detected in
previous studies (VENDRAMIN et al., 2000). The primers
were multiplexed in PCR with the forward primer of
each pair labeled with corresponding fluorescent dyes
(Life Technologies). PCR-amplification was carried out
in a total volume of 15 µl, containing about 10 ng of tem-
plate DNA, 2.5 mM MgCl2, 100 µM of each dNTP,
0.2 µM of each primer and 0.25 U Taq polymerase
(Sigma-Aldrich) with the respective 1x PCR buffer. All
multiplex PCR amplifications were performed in a PTC-
200 MJ Research thermocycler with the following cycle
profile: initial denaturation for 5 min at 94°C, followed
by 30 cycles of 1 min denaturation at 94°C, 1 min
annealing at 50°C, 1 min incubation at 72°C and 10 min
final extension at 72°C. PCR products were elec-
trophoresed with an ABI Prism 310 DNA Sequencer
(Life Technologies), and genotypes were scored with
GeneScan and Genotyper software packages (Life Tech-
nologies).

Chloroplast microsatellite data analysis

The level of polymorphism of the whole population
scale and within each age class was estimated using the
number of alleles per locus (A), number of haplotypes
(H) and haplotype diversity (NEI, 1978) with the use of
GenAlex 6.5 (PEAKALL and SMOUSE, 2012) and Statistica
10 software.

Table 1. – Number of alleles and haplotypes and haplotypic diversity H detected at five chloroplast
microsatellites loci for particular age classes (number of private alleles and haplotypes in parenthesis).
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Hierarchical tests of the population structure in a set
of samples from different age classes were performed
taking into account the number of mutations between
haplotypes under an infinite allele model and under a
stepwise mutation model with the use of analysis of
molecular variance (AMOVA, EXCOFFIER et al., 1992) as
implemented in Arlequin (SCHNEIDER et al., 2000). The
level of genetic differentiation between subpopulations
was estimated using �-statistics for haploid data (analo-
gous to F-statistcs for diploid data) calculated via
AMOVA option following MERIMANS (2006). The genetic
distance between pairs of subpopulations was computed
according to NEI (1972). Unweighted pair group method
with arithmetic mean (UPGMA) analysis was used to
generate a dendrogram of the relationships among the 5
age classes, supported by bootstrap analysis (TFPGA;
MILLER, 1997).

To further evaluate the genetic relationships between
populations, we run Principal Coordinate Analysis
(PCoA) based on the genetic distance between each age
classes. We also clustered each class using bayesian
approach as implemented in BAPS 6.0 software (CORAN-
DER and TANG, 2007). The GenePop format of the data
was used for the studied loci and ten independent runs
were conducted for each K (1–5 for age classes and 1–30
for clustering of individual samples) to estimate the
number of inferred groups. The number of iterations
was set to 100 that were used to estimate the admixture
coefficients for the individuals, number of reference indi-
viduals was set to 100 and the number of iterations that
were used to estimate the admixture coefficients for the
reference individuals was 10. The number of popula-
tions was inferred as the combined maximum likelihood

and highest posterior probability estimates over the
runs.

Results

In five examined cpSSR loci, from 3 to 6 alleles were
found (on average 5.2) in the whole examined sample of
290 individuals (Tab. 1). Range of the SSR lenght varied
between 93–145 base pairs (Table 1). The highest mean
number of alleles per locus observed in the class of
embryos was 4.4, while the lowest value (3.4) was noted
in the two oldest age classes of Norway spruce. Two pri-
vate alleles were found in the class of embryos and
seedlings and one in each of the two oldest groups. They
were not observed only in the class Y (4–10 years). Gen-
erally, loci Pt63718, Pt15169 and Pt30204 were charac-
terized by high frequency of one allele and lower fre-
quencies of other alleles. In loci Pt26081 and Pt71936,
the frequencies of two alleles were quite high and rela-
tively similar, while those of other alleles were lower. In
all the loci, considerable variance in the frequencies of
alleles between individual age classes was observed. In
the tree group 0–3 (S) and >100 (O), locus Pt15169 was
monomorphic in allele 122. Results of analysis of molec-
ular variance (AMOVA) indicate 2% variance between
the age classes of the P. abies population (PhiPT-statis-
tics, Table 2). Loci Pt15169 and Pt71936 proved to be
the most differentiating, for which variance between the
age classes was 18% and 6%, respectively (probability of
0.001 and 0.002).

In the whole examined sample of 290 individuals, alto-
gether 54 haplotypes were found: from 20 to 26 in sepa-
rate age classes (Tab. 1). Five common haplotypes were

Probability for PhiPT is based on 999 permutations across the full data set.

Table 2. – Results of the Analysis of Molecular Variance  (AMOVA) for particular loci and total
population: PhiPT-statistics by locus in age classes of P. abies.

Table 3. – Nei’s (1972) genetic distances between 5 age classes  based on frequency of alleles at five chloro-
plast microsatellite loci.
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observed with the mean frequency of 0.052–0.186 in all
the age classes. Private haplotypes were found in all the
examined age classes including 8 in the class of embryos
(E), 6 in the class 0–3 (S), and 5 in each of the other
classes.

The mean genetic diversity (H) of the chloroplast loci
was the highest in the tree class of 4–10 years (Y) was
0.531, and in the class of embryos (E) was 0.518. In the
other three classes the level was quite even and ranged
from 0.354 to 0.393 (Table 1). The highest values of H in
all the age classes were noted at the loci Pt26081 and
Pt71936.

The greatest genetic distance according to NEI (1972)
was found between the class of embryos and the class 
of the oldest trees – 0.058, as well as between the 
class of embryos and the class of seedlings – 0.057. The
lowest distance was observed between the class of
embryos and the class of trees of 4–10 years (0.01)
(Table 3). PCoA analysis clearly identified two major
groups including age class E+Y vs. S+M+O and such
two clusters were identified also in BAPS analysis
(K=2, log(ml) = –1269.22, probability=1). Genetic rela-
tionships between the age classes defined are shown at
the dendrogram (Fig. 1). 

Discussion and Conclusions

Chloroplast microsatellites are known in general to be
highly variable markers (LEFORT et al., 1999) and due to
their high level of variation in Norway spruce (VEN-
DRAMIN et al., 2000) they should be considered as a use-
ful molecular tools for studying gene flow and popula-
tion differentiation. In our study we included five cpSSR
markers that among others exhibited high levels of
diversity in European Abies (VENDRAMIN and ZIEGEN-
HAGEN, 1997; ZIEGENHAGEN et al., 1998; VENDRAMIN et
al., 1999) and large polymorphism within four Swiss
stone pine populations from the Carpathians (HÖHN et
al., 2005) Those loci proved high level of variability in
Polish population of Norway spruce resulting in a high

number of haplotypes within each age classes and pro-
viding adequate resolution for assessment of within pop-
ulation variation. 

Our results demonstrate clear patterns of genetic dif-
ferentiation in relation to demographic genetic substruc-
turing within the population. From 5 to 8 private alleles
were found in each of the age classes defined in our
study except for the class represented by 4–10 years old
trees. They account for 25% to 31% of all haplotypes in a
given age class, respectively, which emphasizes varia-
tion of their genetic structure. Presence of population-
specific cpSSRs haplotypes was observed also by VEN-
DRAMIN et al. (2000) in other parts of Norway spruce dis-
tribution in Europe. This characteristic seems to be a
general peculiarity of conifer species (PROVAN et al.,
1998) and within species differentiation among different
sample cohorts within population was observed also in
Populus and Fagus (LITTLE and DALE, 1999, TAKENAKA

et al., 2002, KITAMURA et al., 2008). The proportion of
reported population-specific haplotypes ranged between
40% in Abies alba (VENDRAMIN et al., 1999) and 89% in
halepensis-complex pines (BUCCI et al., 1998). 

Previous study shows that chloroplast microsatellite
variation in Norway spruce revealed a relatively low
degree of differentiation among populations, typical for
forest tree species with large distributions and efficient
gene flow by pollen (VENDRAMIN et al., 2000). The pro-
portion of the total genetic variation found between pop-
ulations of widespread, wind-pollinated outcrossing
conifer species is usually less than 10% (LEDIG, 1998). In
the present research, a similar level of differentiation
(2–18%) was observed between separate age classes of
one population. Locus Pt15169 turned out to be especial-
ly diverged in the group of seedlings and the two oldest
tree groups (11–16%). The class of embryos exhibited
the greatest “genetic richness”, expressed as the highest
number of observed alleles and haplotypes, the highest
mean number of alleles per locus, private alleles and
haplotypes, and the highest value of haplotypic diversi-
ty. In the subsequent age classes, a decrease in genetic
variation level was observed. Only the class of 4–10
years (Y) exhibited a very high level of haplotypic diver-
sity, similar to that of the class of embryos. We suspect
this is the consequence of the participation of many dif-
ferent trees as pollinators resulted from special environ-
mental conditions (wind, flowering period, etc). In addi-
tion, each age class may be distinguished on the basis of
several private alleles and haplotypes. Overall, the
examined natural self-regenerated population of Picea
abies showed narrowing of the gene pool in older genera-
tion of trees. Our analysis of variance of five cpSSR loci
in five age classes of Picea abies of the Białowiez·a
Primeval Forest supports the genetic patterns observed
at isoenzyme loci (WOJNICKA-PÓŁTORAK et al., 2013). In
contrast, results of the cpDNA study of 45 young and old
individuals of Norway spruce from Austria (MAGHULY et
al., 2006) revealed more private alleles in the old trees
but similarly to our study the number of detected alleles
was lower in old trees than in young trees.

Considerable genetic differentiation between separate
age classes of the examined Norway spruce population
may be a consequence of several factors including differ-

Figure 1. – Dendrogram constructed on the basis of genetic dis-
tances.

O=>100 years, M=11–100 years, Y = 4–10 years, S = 0–3 years,
E=embryos.
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ent participation of individuals from separate age class-
es in pollen generation and pollination or pollen inflow
from outside the population. In fact the old trees are cer-
tainly not the only ancestors of the young age groups of
the population and new alleles in young trees or
embryos may suggest that reproductive gene pools may
differ among reproductive episodes (CHUNG et al., 2003).
The fact that private alleles occurs in old trees but are
not present in young trees may be also explained by nat-
ural selection taking place in different stages of develop-
ment of Picea abies population. A similar level of diversi-
ty between parental subpopulations and progeny of
6–10 years of Norway spruce (FST =1–3%) was demon-
strated in a study by MAGHULY et al. (2006) with the use
of nuclear microsatellites. These markers exhibit a high
degree of among-population differentiation and signifi-
cant differences in allele frequency. Results of the isoen-
zyme study by LINHART et al. (1981) on Ponderosa pine
population indicate significant differences in the genetic
constitutions of trees occupying very different environ-
ments or located at different elevations. SCHNABEL and
HAMRICK (1990) investigated the temporal genetic struc-
ture of Gleditsia triacanthos and found significant dif-
ferences between age classes at nine allozyme loci out of
the 27 examined loci.

Our study demonstrates that naturally renewing pop-
ulation of Norway spruce from the Białowiez·a Primeval
Forest is genetically heterogeneous. The heterogeneity
is likely related to age structure and reproductive events
but also selection processes. The age structure of popu-
lation has serious implications for sampling procedures
of the studied material depending on the hypothesis
tested and overall aims of the research study. As genetic
structure is naturally dynamic, there is a need to study
its fluctuations over time to better understand the
mechanisms of successful survival and adaptation to
environmental changes of forest tree populations
(NAMKOONG, 1991; NIJENSOHN et al., 2005). Phenological
observation in the investigated population and
nucleotide polymorphisms analyses of other types of
genetic markers including genomic regions potentially
under selection are needed to enhance our knowledge on
the factors that contribute to genetic and demographic
structure of this unique natural forest stand.
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