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*  Genetic diversity parameters and meiotic recombination frequencies in the relict populations
were comparable to those from widespread localities.

»  Contribution of seeds without ovule was very high.

»  Fully developed seeds germinated better in central populations.

» Significant differences of groundwater parameters were observed between relict and central
populations.

In the present study, the impact of geographical isolation and habitat conditions on genetic diver-
sity and sexual reproduction was tested in four relict populations of dwarf birch Betula nana L.
in Poland and Belarus. Amplified fragment length polymorphism (AFLP) method revealed that
the endangered central European stands were not genetically extirpated compared with the wide-
spread localities from Finland and Russia, which can result from infrequent outcrossing events
in long-living clonal populations. However, genetic clustering methods indicated significant
differentiation of the Polish populations because of their small sizes and long-term geographical
isolation. Considerable numbers of empty seeds were observed in both relict and central loca-
tions, although fully developed seeds germinated better in widespread populations. Analysis of
groundwater chemical parameters indicated that two relict populations were significantly differ-
ent from the remaining samples with respect to pH, electrical conductivity and concentrations of
phosphorus ions, which can also influence the efficiency of sexual reproduction. In the light of
results obtained it seems that endangered B. nana localities are relatively stable.
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1 Introduction

The present pattern of genetic diversity distribution within the boundaries of species is a conse-
quence of range shifts forced by Quaternary climatic changes (Hewitt 2004; Hampe and Petit 2005).
During glacial cycles, the ranges of tropical and temperate species were significantly changed by
the decay of individuals in unfavourable habitats, altitudinal population dislocations and fragmenta-
tion of populations in refugia (Jolly et al. 1998; Hewitt 2004). In turn, arctic and boreal taxa were
either pushed to lower latitudes or divided into small temperate or northern refugia (Stewart and
Lister 2001; Pruett and Winker 2008). Rising temperatures enabled an expansion of thermophile
species from south to north, whereas cold-tolerant taxa either spread from high latitude refugia or
contracted their ranges. However, some populations of boreal and arctic species have remained in
small, isolated enclaves of suitable environments at the retreating range limit. Such populations
are known as climatic relicts (Hampe and Jump 2011). Relict populations, being out of the con-
tinuous range, could be subjected to differential pressures of natural selection, strong genetic drift
and limited gene flow. These evolutionary forces can drive small isolated populations to either
significant genetic differentiation and consequently to speciation (Ellstrand and Elam 1993) or to
genetic erosion resulting in a decrease of population productivity, growth and stability (Hughes et
al. 2008; Bolnick et al. 2011).

One of the climatic relict plants in central Europe is the dwarf birch Betula nana L. Because
the occurrence of dwarf birch is related to low temperatures, it was more widespread during glacial
periods of the Weichselian than it is today (Provan and Bennett 2008). The current continuous
European range of B. nana spreads over Greenland Island, the northern part of Scotland, Fen-
noscandia and Siberia. The species also exists in isolated populations in Germany, Poland, the
Czech Republic, Belarus and Lithuania, where it is recognised as endangered (EN category of the
International Union for Conservation of Nature). This is a monoecious, self-incompatible, wind-
pollinated and wind-dispersed shrub. In the continuous range, the species occupies moist, acidic and
nutrient-poor localities. Relict populations of the dwarf birch inhabit open raised-bogs, where the
main threat is expansion of forest plants (Kruszelnicki et al. 2014; Schwartz and Poschlod 2015).
B. nana is found in three nature reserves in Poland: ”Linje” (population code — LIN) in northern
part of the country as well as ”Torfowisko pod Zielencem” (ZIEL) and Torfowiska Doliny Izery”
(IZER) in the Sudety Mts.

Analysis of chloroplast DNA (cpDNA) diversity has revealed that all Polish populations
are fixed in respect of the most common birch haplotypes (Jadwiszczak et al. 2012). LIN and
ZIEL reserves share the same haplotype, whereas the IZER reserve is characterised by another
haplotype. Based on this result, it was hypothesised that either Poland was populated from distinct
glacial refugia or haplotype fixation resulted from genetic drift acting strongly in relict populations
(Jadwiszczak et al. 2012). The aim of the present work was to assess resources of genetic diver-
sity in three Polish and one Belarusian relict populations of B. nana using the amplified fragment
length polymorphism (AFLP) method to determine if they are genetically eroded compared with
the central localities from Finland and Russia. We also tested the extent of genetic differentiation
among populations located within and out of the continuous range. Because the level of genetic
variation mainly results from ongoing contemporary processes in populations (Paun et al. 2008),
the next question we asked was about the effectiveness of sexual reproduction of the dwarf birches
in Poland and Finland. We also determined if Polish and Finnish localities of dwarf birch were
differentiated with respect to chemical groundwater parameters because it has been proven that
the investment of wetland and grassland plants into sexual reproduction is related to the amount
of nitrogen and phosphorus in the ground (Fujita et al. 2014).
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Table 1. Population names, their geographical locations, number of individuals sampled for genetic analyses, parame-
ters of genetic diversities and inbreeding coefficients (F) for B. nana sampling sites studied. P}, = number of polymor-
phic loci; Hj = Nei’s gene diversity.

Country  Population Code Location No of Ploc H; F
Latitude, Longitude  individuals
1. Poland Linje LIN 53°11'N, 18°18'E 23 83 0.120 0.249
2. Torfowisko pod ZIEL 50°20'N, 16°25'E 20 91 0.129 0.130
Zielencem
3. Torfowiska Doliny Izery IZER 50°51'N, 15°21'E 20 102 0.136 0.060
4. Finland Juttuvaara JUT 62°57'N, 30°22'E 21 87 0.103 0.075
S. Kaitaa KAI 63°14'N, 28°52'E 20 87 0.114 0.402
6. Tuusniemi TUS 62°52°N, 28°24'E 21 91 0.091 0.035
7. Belarus Berezin’skij Zapovednik Bz 54°37'N, 28°21'E 7 85 0.120 0.078
8. Russia  Ural Mts. UR 63°03'N, 58°36'E 7 89 0.115 0.057

2 Materials and methods
2.1 Sample collection and chemical analyses of groundwater

Detailed studies of genetic variation and reproduction were carried out in three endangered Polish
populations of B. nana located out of the continuous range and three abundant Finnish popula-
tions from the centre of species distribution. Moreover, to assess the genetic differentiation, one
sample from Belarus and one from Russia were included in the genetic investigations (Table 1,
Fig. 1). In total, 139 individuals were collected for genetic analyses. Flowering was explored in
66 individuals from Poland and 74 from Finland (Table 2). Finnish and Polish populations were
also analysed for seed weight and germination success (100 specimens). In general, reproduction
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Fig. 1. Locations of study populations. Population codes according to Table 1.
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analyses concerned the same individuals for which AFLP genotyping was performed, although
in some cases genotyping failed. All Polish and Finnish localities were visited twice in 2013: in
the spring to collect fresh leaves for DNA isolation and to count the male and female flowers and
in autumn to sample the seeds. To increase the probability of collection of genetically distinct
individuals (genets), samples were distant from one another by at least 10 m. The leaf material for
DNA isolation was dried in silica gel, seeds were collected in paper bags, and plant material was
stored at room temperature.

To conduct chemical analyses of groundwater [pH, electrical conductivity (EC; pSm cm™1),
the concentrations of NH4* (mg 1'!) and PO43>~ (mg 17!) ions], 5 to 10 habitat plots were set up
during the spring and autumn at each locality in Poland and Finland (Table 2). In the field, EC and
pH were determined using a CPC-401 pH-meter (Elmetron). In the laboratory, the concentrations
of NH;* and PO4> ions were estimated by colorimetric analysis using PhosVer HACH reagent
and the salicylate method, respectively.

2.2 DNA extraction and AFLP procedure

The leaf material was homogenised in a TissueLyser LT bead mill (Qiagen) and used for DNA
extraction with an AX Plant Kit (A&A Biotechnology) according to the manufacturer’s instructions.
The AFLP procedure was as described by Vos et al. (1995) with some modifications suggested by
Applied Biosystems (AFLP Plant Mapping Protocol). First, 56 primer combinations were tested
on two Polish and two Finnish individuals to choose the four most polymorphic and repeatable
primer pairs. The highest quality was shown by EcoRI-ACA/Msel-CTC, EcoRI-ACA/Msel-CTG,
EcoRI-AGG/Msel-CAC and EcoRI-ACG/Msel-CAA combinations. The fluorescently (FAM or
JOE) labelled amplification products were mixed with a GeneScan 500 LI1Z Size Standard (Applied
Biosystems) and run on an ABI PRISM 3130 (Applied Biosystems) instrument. AFLP genotypes
were identified based on the presence (1) or absence (0) of bands between 70 and 500 bp using
GENEMAPPER 4.0 software (Applied Biosystems). Only variable fragments were chosen. To
minimise technique-related and scoring errors, the AFLP profiles were tested by replication of two
individuals from each population starting from the restriction/ligation reaction. The error rate was
estimated by the method recommended by Bonin et al. (2004).

2.3 Germination experiment

The total wet mass of 100 seeds per individual studied was measured with an accuracy of 0.0001 g
(Table 2). To break dormancy, seeds were maintained at +4 °C from 1st December until mid-January
and from 1st March until 31st March, and at —20 °C from mid-January until 1st March. After
vernalisation, a germination test was conducted in a phytotron at a constant temperature of 20 °C
and a photoperiod of 10 hrs light/14 hrs dark (Holm 1994). During this experiment seeds were
placed in closed Petri dishes on wet filter paper. Petri dishes were examined every day to count
germinated seeds (having visible radicles) and to remove them. Because the number of germinated
seeds was extremely small (0.2%), we decided to examine the non-germinated seeds under a bin-
ocular microscope with x8 magnification using dissecting needles. During examination, the seeds
were classified as: empty (without ovule), filled, partially filled or damaged by insects (Table 2).
In total, 9977 seeds were tested in this way. Filled seeds having coats destroyed by dissecting nee-
dles (mechanical scarification) were again placed in a phytotron, and 100% of them germinated.
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2.4 Statistical analyses

For each population, the number of polymorphic loci (Pyo), Nei’s gene diversity (H;) and the
inbreeding coefficient (F) were calculated as measures of genetic variation. The inbreeding coeffi-
cient was determined using a Bayesian approach (mixed Gibbs-Metropolis algorithm) implemented
in [4A computer program (Chybicki et al. 2011) with 60000 sampling steps after 10000 burn-in
updates. Prior values of beta-distribution were a=p=1.0. The F calculations were preceded by
detection and removing loci under selection (‘outlier’ loci) because they could influence the level
of inbreeding. The outliers were identified based on log(Bayes Factor) >2 and a corresponding
posterior probability >0.99 in the hierarchical Bayesian method implemented in the BayeScan
software version 2.1 (Foll and Gaggiotti 2008). Next, Pj,. and H; parameters were estimated at the
5% level using a Bayesian method with uniform prior distribution of allele frequencies (Zhivot-
ovsky 1999) implemented in AFLP-SURYV version 1.0 (Vekemans et al. 2002).

To resolve the problem of whether the intra-population genotypic variation of B. nana is either
a consequence of recombination resulting from sexual reproduction or accumulation of somatic
mutations in vegetative ramets, the cladistic approach of matrix incompatibility analysis was used
(Mes 1998). Matrix incompatibility counts (MICs) were determined with the help of the JACTAX
jack-knifing option in PICA version 4.0 (Wilkinson 2001). In this approach, incompatibility means
that all four possible combinations at two AFLP binary loci, i.e., 0/0, 0/1, 1/0, and 1/1, are found
in a population. Because the simplest explanation of this phenomenon is sexual reproduction, the
level of genotypic incompatibility is equivalent to the extent of meiotic recombination: higher MIC
values evidence more frequent recombination events. Genotypes generated by somatic mutations
do not contribute to the MIC. The MIC was tested with 1000 permutations using the model of
empirical frequencies. In each round, genotypes having the highest contribution to the MIC were
removed from the total sample and the procedure was repeated until the MIC was zero (situation
when only genotypes differentiated by somatic mutations remain). Because of the low number of
individuals, genotypic incompatibilities were not tested in Belarusian and Russian populations.

The most likely number of independent genetic clusters was assessed using two software
packages: STRUCTURE 2.3.4 (Pritchard et al. 2000) and SAMOVA 2.0 (Spatial Analysis of
MOlecular Variance; Dupanloup et al. 2002). In STRUCTURE, 10 independent runs examining
the number of populations (between K1 and K8) with 500 000 iterations and 50 000 burn-in periods
were performed. The analyses were based on the admixture model with correlated allele frequen-
cies. The optimal K values were inferred from the maximum value of AK (Evanno et al. 2005) as
implemented in STRUCTURE HARVESTER v0.6.93 (Earl and vonHoldt 2012). SAMOVA allows
the definition of groups of populations (K) that are geographically homogeneous and maximally
differentiated from each other. Because contributions of one or more single-population groups mean
that the group structure is disappearing (Magri et al. 2000), tests for K=2 to K=4 were performed
for the eight populations of B. nana. Analysis of molecular variance (AMOVA) using ARLEQUIN
version 3.11 (Excoffier et al. 2005) was then conducted to test the genetic relationships between
and within the groups defined by SAMOVA. Genetic differentiation (FST) among pairs of popula-
tions was estimated with the help of ARLEQUIN. Genetic relationships between individuals were
identified by principal component analysis (PCA) using the PAleontological STatistics (PAST)
software version 3.14 (Hammer et al. 2001). The program PAST with 1000 bootstrap over 240
AFLP loci was also used to calculate Jaccard’s similarity coefficient (Hammer et al. 2001) between
individuals and draw the resulting neighbour joining (NJ) tree. Only bootstrap values >50% were
placed at the nodes of this tree.

Sexual reproduction performance of the Polish and Finnish populations of B. nana was
evaluated based on the median values of the number of flowers as well as the mass, quality and
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germination capacity of seeds (Table 2). A two-sample randomisation test (10000 randomisations)
implemented in Rundom Pro 3.14 software (Jadwiszczak 2009) was used to compare the relict
and central localities in terms of the total number of flowers per flowering individual, numbers
of female and male flowers per flowering individual, wet seed mass, germination ability of seeds
without (GS) and after scarification (GSC), and the contribution of empty (ES), partly filled (PF)
and infected (IN) seeds. The Spearman’s correlation coefficient was calculated to infer a monotonic
relationship between the seed mass and the number of germinated seeds (GS + GSC). A randomised
one-way ANOVA (including post hoc tests and Holm’s correction; test statistic — mean difference;
10000 randomisations) was conducted using Rundom Pro to compare chemical habitat factors (pH,
EC, NH4", PO4*") among the populations studied. Sequential Bonferroni correction (Rice 1989)
was applied to the results of multiple tests.

3 Results

In total, 240 polymorphic AFLP loci were included in the genetic analyses (39 from EcoRI-ACA/
Msel-CTC, 71 from EcoRI-ACA/Msel-CTG, 67 from EcoRI-AGG/Msel-CAC and 63 from EcoRI-
ACG/Msel-CAA). The error rate was 3.4%. The highest contribution of polymorphic loci (Pj,)
was recorded in the IZER population and the lowest in the LIN reserve, both situated in Poland
(Table 1). The Nei’s gene diversity parameter (H;) ranged from 0.091 in Tuusniemi (TUS) in Finland
to 0.136 in the IZER. In all populations, mean inbreeding coefficient (F) values were higher than 0
(Table 1). Both the minimum and maximum F values were noted in the Finnish populations TUS
(0.035) and Kaitaa (KAI; 0.402), respectively. Inbreeding coefficients were calculated after remov-
ing one AFLP locus because it was likely under selection pressure [log(Bayes Factor) = 3.5227,
P=0.9997]. The MICs revealed that most genotypes in Polish and Finnish populations were formed
by meiotic recombination. Participation of a single genotype in overall incompatibility was quite
low; therefore, the successive deletion of the genotypes with the highest contributions generated
a gradual loss of the MIC (Fig. 2).

2500

Matrix incompatibility

500 -

0 5 10 15 ‘ 20
Number of genotypes deleted

Fig. 2. The graph of matrix incompatibility counts (MICs). Reduction of MIC is related to the suc-
cessive removal of genotypes from each of the specific population. Graphic symbols refer to codes of
populations described in Table 1.
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Table 3. Results from analyses of molecular variance in the B. nana populations divided
into two groups: LIN + ZIEL (Poland) and all other samples.

Source of variation Percentage of variation P Fixation indices
Among groups 12.87 0.032 Fer=10.12866
Among localities within groups 15.82 <0.0001 Fgc=0.18153
Within localities 71.32 <0.0001 Fsr=0.28684

Table 4. Genetic differentiation (Fsr) between pairs of populations of B. nana. Population codes according
to Table 1. * = statistically significant values after Bonfferoni’ s correction.

ZIEL 1ZER JUT KAI TUS BZ UR
LIN 0.244* 0.271* 0.314* 0.196* 0.339* 0.228%* 0.278*
ZIEL 0.234* 0.359* 0.249%* 0.367* 0.285%* 0.301*
IZER 0.246* 0.159* 0.252% 0.222%* 0.261%*
JUT 0.049* 0.051* 0.161* 0.203*
KAI 0.085%* 0.097* 0.136*
TUS 0.176* 0.217*
Bz 0.037

SAMOVA analyses revealed single-population sets for K=3 (ZIEL and LIN were classified
as two distinct sets, and all remaining populations were classified as a third group) and K=4 (LIN,
ZIEL and IZER were classified as three independent groups and all other populations were classified
as a fourth group). The only combination including at least two populations in one group was for
K=2. In this combination, LIN and ZIEL localities formed one group and all remaining samples
were included in a second group. AMOVA showed statistically significant genetic differentiation
between LIN and ZIEL populations from Poland and all other samples (Table 3). Differentiation
between populations within groups was highly significant (Fsc=0.18153, P<0.0001); however,
most of the genetic variation was found within populations (Fsy=0.28684, P<0.0001). All results
of the pairwise comparisons of Fgp were significant after Bonferroni’s correction except for
Berezen’skij Zapovednik (BZ) and Ural (UR) samples (Table 4). The K statistics of Evanno et al.
(2005) revealed the maximum value for K=2. In general, all Polish samples were assigned to one
genetic cluster and all central populations and BZ from Belarus to another cluster (Fig. 3). However,
the relict IZER population was assigned by STRUCTURE to the first cluster with P=0.52 and to
the second group with P=0.48. In the PCA, grouping of the individual genotypes was similar to
the pattern shown by STRUCTURE. The multilocus genotypes from the Polish populations were

1.00
0.80 T
0.60
0.40

0.20

0.00

T
LIN ZIEL IZER JUT KAl TUS BZ UR

Fig. 3. Clustering results for the B. nana populations (K=2) generated by STRUCTURE software.
Population codes according to Table 1.
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Fig. 4. Principal component analysis (PCA) plot revealing the genetic distances among 139 individuals of B. nana.
Graphic symbols refer to codes of populations described in Table 1.

more diverse and most of them were separated from the remaining specimens, although mixing
among two groups appeared to some extent (Fig. 4). Genotypes from the central populations Jut-
tuvaara (JUT), KAI TUS and UR as well as from the relict BZ were generally closely related one
to another. In the PCA analysis the first axis explained 14.9% and the second 8.3% of the overall
variance. Phylogenetic analysis using the NJ method also revealed genetic distinctness between
the Polish and all remaining populations, although the bootstrap supports were below 50% (Fig. 5).
In the biggest Polish cluster, some individuals from the KAI, BZ and UR samples were included.
Almost all IZER specimens were nested into the two small groups, related more closely to the
Polish samples than to the remaining ones.

All median values of the reproductive output parameters [the total number of flowers per
flowering individual, numbers of female and male flowers per flowering individual, seed mass,
germination ability of seeds without (GS) and after scarification (GSC), and number of empty
(ES), partly filled (PF) and infected by insects (IN) seeds] are given in Table 2. After Bonferroni’s
correction, three statistically significant results of the two-sample randomisation tests comparing
the different parameters of sexual reproduction in the relict and central populations were found:
the number of male flowers and seed mass were higher in the relict populations, and the number
of seeds germinated after scarification was higher in central locations (Table 5). The correlation
analysis did not demonstrate any relationship between the seed mass and total number of germi-
nated seeds, e.g., without and after scarification (r;=0.0955, P=0.3447).
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Fig. 5. Neighbour-joining tree based on 240 AFLP fragments comprising 8 populations
of B. nana (based on Jaccard’s similarity coefficient; Hammer et al. 2001). Numbers on
branches represent bootstrap support (1000 replicates). Graphic symbols refer to codes
of populations described in Table 1.
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Table 5. Results of the two-sample randomisation tests comparing the reproductive parameters
(dependent variable) in the relict (R) vs. central (C) populations (grouping variables). * = value
significant after Bonferroni’s correction.

Variable Test statistic P
Grouping  Dependent Medians
Relict Female flowers R =1.0000 1.0000 0.3956
samples Male flowers R =6.0000 3.0000 0.0074*
C =3.0000
Total no. of flowers R =7.5000 3.0000 0.0161
C=4.5000
Seed mass [g] R=0.0159 0.0027 0.0035*
C=0.0132
Seeds germinated without scarification R =0.0000 0.0000 1.0000
C =0.0000
Seeds germinated after scarification R =0.5000 -3.5000 0.0002*
C =4.0000
Empty seeds R =95.5000 0.5000 0.7345
C =95.0000
Partly filled seeds R =0.0000 0.0000 1.0000
C =0.0000
Seeds infected by insects R =1.0000 0.0000 1.0000
C=1.0000

The means of chemical parameters (pH, EC, NH4", PO43") of habitat quality are shown in
Table 2. One-way ANOVA analyses displayed that the two relict populations IZER and LIN had
markedly different water characteristics (Table 6). [ZER was significantly different from LIN,
ZIEL, KAl and TUS for pH (F=9.768, P=0.0001); in turn, EC in the LIN sample differed strongly
from all other populations (F=9.293, P=0.0001). Additionally, LIN and IZER were substantially
different from some Polish and Finnish populations considering the concentrations of PO4*~ ions
(F=8.696, P=0.0001).

Table 6. Results of ANOVA comparing the chemical parameters of environment in the populations of B. nana.
Populations codes according to Table 1. P,gj= P adjusted. * = value significant after Bonferroni’s correction.

Variable DF F P Post hoc tests
pH 52 9.768 0.0001* IZER vs. TUS P,4;=0.0015
IZER vs. LIN P,g;=0.0028
IZER vs. KAI P,qj=0.0026
IZER vs. ZIEL P,gj=0.0432
Electrical conductivity (EC) 52 9.293 0.0001* LIN vs. ZIEL P,gj=0.0015
LIN vs. JUT P,g;=0.0070
LIN vs. KAI P,gj=0.0065
LIN vs. TUS P,gj=0.0072
LIN vs. IZER P,g;=0.0297
NHy4" concentration 52 1.924 0.1085 - -
PO43 concentration 52 8.696 0.0001* LIN vs. ZIEL P,g;=0.0015
LIN vs. TUS P,gj=0.0014
ZIEL vs. IZER P,g;=0.0065
IZER vs. TUS P,gj=0.0084
LIN vs. JUT P,gj=0.0209

11
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4 Discussion

Analysis of AFLP markers revealed that most genetic variation was found within populations of
B. nana (AMOVA; Fs1=0.28684, P<0.0001), and relict stands from Poland and Belarus were not
genetically depauperate compared with the central localities from Finland and Russia. The number of
polymorphic loci was similar or higher (P;,.=83-102) and Nei’s gene diversity parameter was higher
(H;=0.120-0.136) in the relict samples than in samples derived from the widespread populations
(P1oc=87-91; H;=0.091-0.115). These results were most striking because nuclear microsatellite
investigation has suggested low levels of intrapopulation genetic diversity in the Polish populations
of B. nana (Jadwiszczak et al. 2012). It was explained as an effect of small population sizes, insuf-
ficient sexual reproduction and lack of gene exchange between the studied localities. However, the
AFLP study showed that most genotypes in the B. nana populations arose as an effect of outcrossing.
The MIC values were high and decreased gradually when individuals with the highest contribution to
MIC were removed in succession. Only four or five genotypes in specific populations were formed
by somatic mutations, which obviously indicated that meiotic recombination contributed to the
overall genetic diversity of B. nana localities in Poland and Finland to a similar extent.

The next surprising outcome was the different rankings of Polish populations for genetic
diversity estimated using the AFLPs and microsatellites. The highest and lowest levels of micro-
satellite variation were recorded in the LIN and IZER samples, respectively (Jadwiszczak et al.
2012). In turn, AFLPs were most variable in IZER and least variable in LIN. Diversity patterns
obtained by microsatellite and AFLP systems were also poorly correlated at the population level in
Pinus pinaster Aiton (Mariette et al. 2001), Eryngium alpinum L. (Gaudeul et al. 2004) and three
Draba species (Skrede et al. 2009). Mariette et al. (2002) and Gaudeul et al. (2004) stated that
lack of congruence between different molecular markers could result from uneven coverage of a
genome by different marker systems, the differences in mutation rate of microsatellites and AFLPs,
low heterogeneity of populations for their diversity and recently created populations. Considering
the first explanation, it is obvious that in all studies the number of microsatellites used was much
smaller than the AFLP loci. In the Polish populations of B. nana, 11 microsatellite loci (Jadwiszc-
zak et al. 2012) and 240 AFLP loci were analysed; therefore, the coverage of the birch genome is
considerably broader with AFLPs than with the microsatellites. More numerous markers appear to
be more conclusive in the evaluation of population genetic diversity despite the codominant and
multiallelic state of microsatellites (Mariette et al. 2002; Gaudeul et al. 2004). Additionally, the
presence of null alleles, which can decrease the level of genetic variation assessed by the microsat-
ellites, was not excluded at some microsatellite loci in the B. nana study (Jadwiszczak et al. 2012).

Discrepancy between AFLP and microsatellite results can also arise as an effect of the dif-
ferent mutation rates of both molecular systems. In general, the rate of mutation was found to be
much faster for microsatellites (103—-10-* locus/generation) than for AFLP markers (10-¢ locus/
generation) (Mariette et al. 2001). However, it was observed in Pinus sylvestris L. inhabiting the
Chernobyl exclusion zone that specific factors such as ionizing radiation could cause DNA damage
across the entire genome and thus significantly increase the mutation rate at AFLP loci (Kuchma
et al. 2011).

Simulations conducted by Mariette et al. (2002) indicated that low differentiation of popula-
tions for their diversity could be a reason for a lack of correlation between diversity parameters
among markers. Low heterogeneity for diversity is observed in large-sized populations frequently
exchanging genes. However, such explanation is not true for B. nana because the AMOVA analysis
demonstrated significant genetic differentiation among populations within groups (Fsc=0.18153,
P<0.0001). We also rejected the hypothesis of Mariette et al. (2002) that the recent origin of
samples could generate a discrepancy between values of genetic diversity parameters calculated
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from different markers. B. nana has occupied its stands in the Sudety Mts. since the Boreal period
(9.0-7.5 ka) of the Holocene. The LIN locality is much older because the species has been there
since the Younger Dryas (12.9-11.7 ka) of the Late Glacial (Jadwiszczak et al. 2012 and refer-
ences therein).

Based on the nuclear microsatellite investigation, Polish populations of B. nana were rec-
ognised as locally critically endangered (Jadwiszczak et al. 2012). Although the AFLP analyses
revealed that they represented a level of genetic variation comparable to that observed in the samples
from the centre of the species range, we maintain that these relict locations should still be preserved.
Genetic resources found in the relict stands can result from a long lifespan of genets, additionally
enhanced by infrequent sexual reproduction, as was suggested for B. nana populations from the
Svalbard archipelago (Alsos et al. 2002). Longevity of genets in clonal plants depends on success-
ful clonal reproduction. B. nana is a polycormic shrub in which specific ramets are connected to
the parent plant; however, they can exist as independent shoots when severed (Kummerow 1983).
The oldest ramets in the LIN stands were 17 years old (Ejankowski 2008), although it has been
found that sprouting in birches could occur from centuries-old root fragments (Brodie 1994). It is
likely that clonal growth allows specific genets to survive in unsuitable habitat conditions and to
produce flowers and seeds when conditions are relaxed. Hybridisation with close congeners can be
a second possible explanation for the observation of comparable genetic variation in marginal and
central B. nana localities. It was noticed that individuals in endangered populations, lacking from
the mates of the same species, were more likely to hybridise with abundant congeners (Rhymer
and Simberloff 1996). However, recent studies based on the nuclear microsatellites and AFLP
fragments denied an extensive gene flow between B. nana and sympatric Betula pubescens Ehrh.
(Wang et al. 2014; Eidesen et al. 2015).

Except for the UR and BZ samples, the values of genetic differentiation (Fst) among popu-
lations of B. nana were statistically significant. Such results must be a consequence of the limita-
tion or lack of gene flow among geographically isolated localities. Even Finnish populations were
significantly different from each other, although they were physically most adjacent. A high degree
of geographical isolation of the Polish populations prevents pollen and seed dispersal; these relict
localities were thus considerably different from one another and from the other samples. Micros-
atellite investigation also indicated significant differentiation among Polish stands (Jadwiszczak
et al. 2012). However, they were included in one genetic cluster by the STRUCTURE software
in the present study. All remaining localities formed the second cluster. Note that incorporation
of the IZER sample into the Polish group was not very explicit. First, the probability of the [ZER
membership in the Polish group was only slightly higher (P=0.52) than the probability of its incor-
poration into the second cluster (P=0.48). Second, the IZER individuals were clearly distinct from
other Polish birches in the NJ tree. Third, some genotypes from the IZER sample were combined
with the group formed by JUT, KAI, TUS, BZ and UR individuals in the PCA ordination. Fourth,
SAMOVA analysis revealed a problem with group definition. A group identified by SAMOVA
should consist of at least two populations that are geographically close and phylogeographically
homogenous, whereas two groups should be maximally differentiated from each other (Shi et al.
2012). In our study, SAMOVA defined two groups, LIN and ZIEL from Poland, that were opposed to
all other populations; the genetic differentiation among them was statistically significant (AMOVA;;
Fer=0.12866, P=0.032). The IZER sample was included in the second group, although it is located
far from the closest BZ stand.

The weak parameters of sexual reproduction in the B. nana populations were rather prospec-
tive. It has been shown that the species reproduced mainly clonally in the Arctic localities (Alsos
et al. 2003) and that sexual reproduction could be impaired in the LIN (Ejankowski 2004) as well
as ZIEL and IZER (Jadwiszczak et al. 2012) stands, at least in some years. Clonal propagation is

13



Silva Fennica vol. 51 no. 2 article id 5643 - Jadwiszczak et al. - Genetic diversity and sexual reproduction in...

typical for Arctic and Alpine plants, which often grow in severe climate conditions with a deep
litter layer that impedes the development of seedlings (Grime 2001; Ejankowski 2010).

Comparisons of reproductive parameters among relict and central stands of B. nana revealed
that the number of male flowers and seed mass were significantly higher in Poland, whereas the
number of GSC seeds was significantly higher in Finland. We think that the last result is more
important in determining the sexual reproduction efficiency of the populations studied. First, the
number of flowers (male and/or female) is not necessarily compatible with reproductive success.
Flowering was abundant in the LIN locality in 2003, but inflorescences were later damaged by
insects, which limited seed production (Ejankowski 2010). In the present study, we also noted insect
activity, especially in LIN and TUS. Second, as the number of fully developed seeds was very low
in both regions, seed mass was in fact the weight of seed coats. This was confirmed by the non-
significant result of the Spearman’s correlation between the seed mass and the total number of GS
and GSC seeds (1;=0.0955, P=0.3447). The lowest median value of empty seeds was recorded in
TUS (77.5) and the highest values were noted in ZIEL, IZER, JUT and KAI, where almost all seeds
were empty. Empty seeds are frequently found in birches. Holm (1994) discovered that 36-74%
and 43-81% of seeds in northern Swedish populations of Betula pendula Roth and B. pubescens,
respectively, were without ovules. X-ray analysis conducted in 10 relict populations of B. nana in
Germany revealed no more than 13% of viable seeds per sample (Schwarz and Poschlod 2015).
For empty seed production in angiosperm plants, either self-incompatibility or inbreeding can be
responsible (Wang 2003). In our opinion, these factors are not very important in the B. nana loca-
tions because all samples were genotypically diverse. The inbreeding coefficients were increased
in the KAI LIN and ZIEL samples. At the same time one of the lowest numbers of empty seeds
was recorded in the LIN population. It is likely that huge numbers of empty seeds can result from
lack of pollination because such a phenomenon has been shown in birches (Atkinson 1992).

Based on the GSC parameter, we assume that the effectiveness of sexual reproduction of
B. nana can be higher in the central populations compared with the relict stands. Greater seed germi-
nation ability has also been indicated as a determinant of better sexual reproduction of endangered
Betula humilis Schrk. in the subcentral localities than in the marginal ones (Chrzanowska et al.
2016). However, it is difficult to say why some seeds were not able to germinate without mechanical
destruction of their coats. Because frost treatment enhances germination ability in Arctic species
(Alsos et al. 2013), one possible explanation is the too short time of frost treatment. B. nana seeds
were maintained for one and a half months at —20 °C, which was much longer than in the more
successful germination trial of B. humilis (Chrzanowska et al. 2016). On the other hand, seeds
of B. nana var. tundrarum from the Arctic Archipelago of Svalbard were stored for almost five
months at —14 °C and no seed germinated (Alsos et al. 2013). Another explanation is the presence
of inhibitors in coats. It has been demonstrated that the intact seeds of B. pendula and B. pubescens
require higher oxygen concentrations to sprout, whereas damaged coats probably enhance oxygen
entry and quicker development of embryos (Black and Wareing 1959). It has also been revealed that
germination was sometimes blocked by an impermeable seed coat (physical dormancy), without
additional physiological reasons, as in the cases of the two Alpine species Anthyllis alpicola and
Trifolium pallescens (Schwienbacher et al. 2011).

The efficiency of sexual reproduction of plants can change in relation to habitat conditions.
The germination capacity of B. humilis seeds was significantly reduced at dry or more shaded sites
compared to wet or sun-exposed sites (Chrzanowska et al. 2016). In the LIN population, shading
by Ledum palustre and Vaccinium uliginosum and high water level were responsible for the low
number of flowering ramets (Ejankowski 2008; 2010). Comparing plant communities supplied
with phosphorus and nitrogen with those with ambient soil nutrients, Gough et al. (2015) found that
B. nana started to produce more inflorescences after 5 years of N+ P fertilisation and more seeds
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after 22 years of treatment. Increased soil nitrogen and organic matter contents were also proven
to increase investment in flower production of circumpolar Bistorta vivipara (Bills et al. 2015).
Analyses of chemical parameters of water in the B. nana locations suggested that the IZER and
LIN samples were significantly different from other populations because of pH and EC measures,
respectively. Both populations also showed considerably higher concentrations of PO,3~ ions com-
pared to some other sites. According to Fujita et al. (2014), plants growing in N-limited habitats
begin to flower earlier, have longer flowering time, more seeds and heavier seeds compared to
plants inhabiting P-limited areas. Because sexual reproduction requires a substantial amount of P
(Obeso 2002), it is likely that the highest number of male flowers per flowering individual noted at
the LIN locality, and in consequence, the total number of flowers, was related to the higher PO43-
concentrations at this site. Unfortunately, at the same time many seeds (median value of 7.5) in
LIN were destroyed by insects.
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