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Genetic status of Norway spruce (Picea abies) breeding populations
for northern Sweden
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Abstract

Efficient use of any breeding resources requires a good
understanding of the genetic value of the founder breed-
ing materials for predicting the gain and diversity in
future generations. This study evaluates the distribu-
tion of genetic variation and level of relatedness among
and within nine breeding populations of Norway spruce
for Northern Sweden using nuclear microsatellite mark-
ers. A sample set of 456 individuals selected from 140
stands were genotyped with 15 SSR loci. Over all loci
each individual was identified with unique multilocus
genotype. High genetic diversity (average H,=0.820)
and low population differentiation (F¢,=0.0087) charac-
terized this material. Although low in Fg,, the two
northernmost populations were clustered as a distinct
group diverged from the central populations. The popu-
lation differentiation pattern corresponds well with the
post glacial migration history of Norway spruce and the
current gene flow and human activity in the region. The
average inbreeding coefficient was 0.084 after removal
loci with high frequency of null alleles. The estimated

1) Department of Ecology and Environmental Science, Umeé
University, SE-901 87 Umea, Sweden.

2) Forestry Research Institute of Sweden (SkogForsk), SE-918 21
Savar, Sweden.

3) Department of Forest Genetics and Plant Physiology, UPSC,
Swedish University of Agricultural Sciences, SE-901 83 Umea,
Sweden.

4 Department of Genetics, Faculty of Biology and Biotechnology,
University of Warmia and Mazury in Olsztyn, Poland.

*) Corresponding author: Dr. X1a0-RU WANG. Department of Ecol-
ogy and Environmental Science. Umea University, SE-901 87
Umed, Sweden. Phone: +46-90-7869955, Fax: +46-90-7866705.
E-mail: xiao-ru.wang@emg.umu.se

Silvae Genetica 62, 3 (2013)

DOI:10.1515/sg-2013-0017
edited by Thinen Institute of Forest Genetics

relatedness of the trees gathered in the breeding popula-
tions was very low (average kinship coefficient 0.0077)
and not structured. The high genetic variation and low
and not structured relatedness between individuals
found in the breeding populations confirm that the Nor-
way spruce breeding stock for northern Sweden repre-
sent valuable genetic resources for both long-term
breeding and conservation programs.

Key words: breeding stock, genetic diversity, long-term breed-
ing, population subdivision, relatedness.

Introduction

Norway spruce (Picea abies (L.) Karst.) is one of the
dominant forest species in Scandinavia. In Sweden, the
production forests are based mainly on two conifer trees,
Norway spruce and Scots pine (Pinus sylvestris L.),
among which Norway spruce is economically the most
important. The productivity of Norway spruce forests is
supported by using improved and certified seed and
seedling materials, and backed up by long-term breed-
ing programmes, which at the same time serve gene
conservation purpose. Intense breeding and seed
orchard programs are developed for this species in Swe-
den (LINDGREN et al., 2008; LINDGREN, 2009). The
Swedish spruce breeding program considers the clinal
variation in photoperiod and temperature, and thus
divides the country from north to south into 20 partly
overlapping, latitudinally distributed breeding popula-
tions (also called breeding zones) (SKOGFORSK, 2011).
This subdivision considers the geographic origin and the
target climate area, expressed with heat sum (altitude)
and light climate (latitude), of each breeding population.
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The division and selection of target climate areas are
based on the field performance in progeny and clonal
tests. Each breeding population consists at least 50 test-
ed genotypes selected from natural stands (SKOGFORSK,
2011). These selections serve as a founder stock for long-
term breeding and gene conservation program. A deploy-
ment material (e.g. seed orchard) drawn from the breed-
ing stock typically is derived from four adjacent breed-
ing populations. This study comprised the nine north-
ernmost of these populations; jointly they represent
almost half of the Swedish range of the species (Fig. 1).
Knowledge of the genetic diversity, differentiation, and
the relatedness in the founder breeding population is
essential for efficient use of the breeding resources.
Such knowledge is valuable for predictions of the conse-
quences of tree breeding programs, e.g. on genetic diver-
sity or risks for building up inbreeding and relatedness
over generations.

Picea abies with its wide natural distribution covering
most of continental Europe is characterized by high
genetic diversity and low among population differentia-
tion (MULLER-STARCK et al., 1992). However, toward the
north in Fennoscandia and adjacent areas, significant
decrease in allelic richness and genetic diversity is
reported, which is assumed to be associated with small-
er effective population size caused by local reduction in
seed and pollen production and increased inbreeding
(TOLLEFSRUD et al., 2009). The decrease of outcrossing
rate and lower diversity of available gamets within pop-
ulation could be a result of low population density, as it
is shown for peripheral populations of Pinus sylvestris
(ROBLEDO-ARNUNCIO et al., 2004), Pinus strobus (RAJORA
et al., 2002) and Picea sitchensis (MIMURA and AITKEN,
2007). In such populations, assortative mating mediated
by local pollen flow between close relatives, could build
up relatedness within local populations. Information
about coancestry is important for any breeding program
as it impacts upon the effectiveness of the selection.
Long-term breeding aims at an appropriate balance
between achieving high genetic gain and managing
coancestry at a level that results in more sustainable
genetic gain. This knowledge is even more relevant for
spruce breeding for northern Sweden if there is a risk of
increased relatedness in the local populations and of the
increasing problem of vanishing of Norway spruce nat-
ural forest by widely transferred plantings in large part
of the area.

In this study, we analysed the distribution of genetic
variation in the founder breeding populations for north-
ern and central Sweden using nuclear microsatellite
(SSR) markers. The primary aim of the present study
was to provide an overview on the genetic structure and
relatedness in the Swedish breeding populations of Nor-
way spruce. In addition, since these accessions also rep-
resent natural population sampling, our analysis would
also serve as a natural population structure investiga-
tion for the northern range of the species, a region that
has not been extensively sampled in early studies.
Although plus trees were selected, considering the low
heritability of the phenotypes and that the SSR markers
are assumed to be neutral, it is unlikely the selected
trees do not reflect the conditions in natural forests. The
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founders for southern breeding populations are of mixed
(some non-native) origins, and the documentation of
their origins are often imprecise (Dag Lindgren and
Johan Westin personal communication). Analysis of
these southern breeding stocks should largely reflect
human activities rather than natural history and native
resources of the species in Sweden. For this reason they
are not included in the present investigation. In this
study, we addressed the following questions: (i) what is
the level of genetic diversity and differentiation of Nor-
way spruce in central and northern Sweden? (ii) what is
the level of relatedness among the funders of Norway
spruce breeding populations? and (iii) what is the impli-
cation for the long-term spruce breeding in Sweden?

Materials and Methods

Study site and sampling

We sampled 456 trees from Skogforsk Norway spruce
archive at Siavar (outside Umea, Sweden), which holds
the main collection of northern Swedish spruce founder
trees. These trees are from 140 stands in nine breeding
populations (Fig. I). The nine breeding populations
cover northern to central Sweden with latitudinal range
from 61°22'N to 67°55'N. The number of trees from each
stand ranged from 1 to 12, and each breeding population
was represented by 51 to 56 individuals, with exception
for population No. 9, which was represented by 31 trees.
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Figure 1. — Geographic distribution of the 140 sampled stands
of Norway spruce that represent nine breeding populations for
Northern Sweden. Each breeding population is represented by
a different color.



In this study trees from each breeding population are
regarded as a population. Needles were collected in the
spring 2010 and stored at —20°C until DNA extraction.

DNA extraction and SSR genotyping

Genomic DNA was extracted from needles of each
individual tree using an E.Z.N.A™ SP plant DNA mini
kit (OMEGA Bio-tek). We screened a large number of
dinucleotide and trinucleotide microsatellite (SSR)
markers for our spruce materials, from which 15 that
showed high polymorphism and easy scoreable alleles
were selected. Genotyping was conducted for the follow-
ing SSR loci: SpAG2, SpAGG3, SpAGC1l, SpAGC2,
SpAGD1, SpAC1H8 and SpAC1F7 (PFEIFFER et al.,
1997), paGB3 and paGB5 (BESNARD et al., 2003),
EAC6B03, EAC7TH07 and EAC2C08 (Scotti et al.,
2002b), EATC2B02 and EATC2GO05 (ScorTi et al.,
2002a) and UAPgAG150A (HIDGETTS et al., 2001).

For SSR amplification, polymerase chain reaction
(PCR) was performed in 10 pl reaction volume contain-
ing 1 x PCR buffer, 2.0 mM of MgCl,, 0.2 uM of each
dNTP, 0.12 uM of each primer, 0.15 unit of Top Taq poly-
merase (QIAGEN) and 10-30 ng of template DNA. Loci
SpAG2, SpAGG3, SpAGC1, SpAGC2, SpAC1F7, paGB5,
EATC2B02, EATC2G05 and UAPgAG150A were ampli-
fied using the following protocol: an initial denaturation
(83 min at 94°C), eight cycles of touchdown (30 s at 94°C,
30 s at 64°C to 56°C with 1°C decrement per cycle, 30 s
at 72°C), 25 cycles of amplification (30 s at 94°C, 30 s at
56°C and 30 s at 72°C) and final extension (10 min. at
72°C). Loci EAC6B03 and EAC2C08 were amplified
using the same protocol but with a touchdown from
58°C to 50°C, for loci SpAGD1 and SpAC1HS8 the touch-
down temperature was from 62°C to 57°C, whereas for
paGB3 from 60°C to 50°C. Locus EAC7THO07 was ampli-
fied under the following conditions: 3 min at 94°C, 30
cycles of 30 s at 94°C, 30 s at 62°C, 30 s at 72°C and a
final extension at 72°C for 10 min.

The fluorescently labelled PCR products together with
size marker (size standard-400, Beckman-Coulter) were
resolved on a CEQ8000 capillary sequencer (Beckman-
Coulter). Allele identification and genotyping were per-
formed using the CEQ8000 Fragment Analysis software
(Beckman-Coulter). All peaks and binning were manual-
ly checked to minimize genotyping error.

Data analyses

For each SSR locus, and in each population, the total
number of alleles detected (V,), the average number of
alleles per locus (N ), allelic richness (A), the effective
number of alleles (V,,=1/1-H,), the number of private
alleles by breeding population (N,.) the observed (H)
and expected (H,) heterozygosity, and inbreeding coeffi-
cient (F=1-H /H,) were estimated. The allelic richness
within each breeding population was calculated in
SWAP v.0.9 (http://www.unimarburg.de/fb17/fachgebi-
ete/naturschutz/naturschutzbiologie/downloads).
Inbreeding coefficients were estimated using ARLE-
QUIN 3.5 (EXCOFFIER et al., 2005). The other diversity
measures were calculated using GenAlEx 6.2 (PEAKALL
and SMOUSE, 2006).
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Genotypic disequilibrium for each pair of loci in each
population was tested using GENPOP 4.0 (ROUSSET,
2008) with a sequential Bonferroni correction (RICE,
1989). Hardy-Weinberg Equilibrium (HWE) was tested
using the exact test (Guo and THOMPSON, 1992) based on
Markov chain iterations as implemented in ARLEQUIN.
F-statistics (WEIR and COCKERHAM, 1984) of genetic
divergence among populations (F,) were estimated
using GENPOP 4.0. Null allele frequencies for each
microsatellite locus and each population were estimated
following the expectation maximum algorithm of
(DEMPSTER et al., 1977) using FreeNA (CHAPUIS and
Estoup, 2007). To examine the potential effect of null
alleles on genetic differentiation the F, values were
also calculated by excluding null allele (ENA) in
FreeNA. Analysis of molecular variance (AMOVA)
partitioning the total genetic variation among breeding
populations, among individuals within breeding popula-
tions and within individuals was performed using
ARLEQUIN.

To investigate patterns of genetic subdivision, we
applied: (i) principal component analysis (PCA) on allele
frequencies, and (ii) Bayesian methods implemented in
BAPS 5.2 (CORANDER et al., 2008) and STRUCTURE
2.3.1 (PRITCHARD et al., 2000). PCA was run using the
STATISTICA 7.1 software (STATSOFT, 2005). Both
BAPS and STRUCTURE attempt to reveal the true
number of genetic clusters in a sample of individuals by
placing individuals or predefined groups in K clusters
with optimal Hardy-Weinberg and gametic phase equi-
librium within cluster. K was not chosen in advance, but
varied within a reasonable range. For the first run of
BAPS the individual clustering option was chosen, but
this resulted in an unreasonably high number of clus-
ters. For that reason, we used the number of breeding
populations as units in the analysis. K was set from 1 to
10 with ten replicates for each K in five independent
runs. With STRUCTURE, we conducted 10 replicate
runs for each value of K from 1 to 10. Each run consist-
ed of burn-in of 50000 iterations, followed by data collec-
tion over 200000 iterations, with and without prior
information on the sampling location. The most likely
number of clusters (K) was evaluated using AK method
(EVANNO et al., 2005), in which AK was an ad hoc statis-
tic based on the rate of change in the log probability of
data between successive K values; the chosen value of K
was that which gave the highest value of AK.

Recent population history was inferred by examining
the departure from drift-mutation equilibrium based on
allele frequencies using the program BOTTLENECK
ver. 1.2.02 (CORNUET and LUIKART, 1996; PIRY et al.,
1999) for each population. In populations that have
experienced a recent reduction in their effective popula-
tion size, the H, becomes larger than the heterozygosity
expected at mutation-drift equilibrium. The significance
of potential bottleneck was estimated using one-tailed
Wilcoxon sign rank test for heterozygosity excess, under
infinite allele model (IAM) and the stepwise mutation
model (SMM).

To describe how relatedness is structured within and
between breeding populations, multilocus kinship coeffi-
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cient F'; (LOISELLE et al., 1995) was estimated. The cal-
culation of F,. values for pairs of individuals within and
between breeding populations were performed in
SPAGeDi 1.3 (HARDY and VEKEMANS, 2002). To test
whether Fij values vary between analysed breeding pop-
ulations, the Fischer’s LSD multiple range test was per-
formed. The correlation of physical distance and the
relatedness between individuals was estimated by Man-
tel test with 1000 random permutations of the relation-
ship between the matrix of F, values and that of loga-
rithm of geographic distance between sampling sites,
using ARLEQUIN.

Results

Genetic diversity

Over the whole sample set of 456 individuals, a total
of 369 different alleles were detected at the 15 polymor-
phic SSR loci with an average of 24.6 alleles per locus
(Table 1). The number of alleles per locus ranged from 9
(pgGB5) to 58 (SpAGD1). The genetic diversity (H,)
among loci ranged from 0.566 at SpAC1F7 to 0.941 at
EACTHO7 (Table 1). The estimated null allele frequen-
cies (P,) ranged from 0.0014 at SpAGG3 to 0.2495 at
SpAGC2. 10 of the 15 analyzed loci had very low null
allele frequency (0.0749-0.0014), but the other five loci
(SpAGC2, EAC6B03, SpAC1F7, SpAGD1 and UAP-
gAG150A) had P, values close or higher than 10%. Over
the 15 loci, each of the 456 individuals was identified
with a unique multilocus genotype. A total of 945 tests
for genotypic disequilibrium between pairs of the 15 loci
were performed, of which only five tests were significant
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(p<0.05) with sequential Bonferroni correction (k=9).
Thus, all loci were considered to be genetically indepen-
dent when analysed further.

At population level, 57 private alleles were found at
14 loci, distributed in all nine breeding populations at
very low overall frequencies (up to 0.027). There was no
geographic structure in the private allele distribution
and they seem to occur randomly. The allelic richness
(Ap) and effective number of alleles (IV,,) estimated for
each breeding population ranged from 21.47 (population
No. 1) to 17.2 (population No. 9) and from 8.34 (popula-
tion No. 1) to 6.42 (population No. 7), respectively. The
highest values of N,, were found in the two northern-
most provenances (population Nos. 1 and 3), and allelic
richness was also high in this region. The genetic diver-
sity (H,) followed the same pattern: the highest H, esti-
mates (0.837 and 0.833) occurred in the northern breed-
ing populations No. 1 and 3, respectively, whereas the
lowest H,=0.803 value was described for population
No. 7 (Table 2).

The single-locus tests for Hardy-Weinberg Equilibri-
um (HWE) in each breeding population showed signifi-
cant (p <0.05) departure in 67 out of 135 cases, distrib-
uted over all 15 loci, and 53 of them remained signifi-
cant after sequential Bonferroni correction (k=15). All
the departures were due to homozygote excess. The
average value of inbreeding coefficient (¥), over loci and
breeding populations, was 0.189 and ranged from 0.158
for population No. 7 to 0.210 for population No. 2 (Table
2). All the F values were significantly positive. After
removal, the five loci with the highest frequency of null
alleles (SpAGC2, EAC6B03, SpAC1F7, SpAGD1 and

Table 1. — Diversity measures at the 15 SSR loci in the nine Norway spruce breeding

populations sampled in this study.

Locus No. alleles H, H, Fi Fy Fy (ENA) P,
EAC2C08 28 0.8354 0.8932 0.0640* 0.0008 0.0011  0.0283
EACTHO7 et 0.8777 0.9412 0.0692* 0.0037 0.0043 0.0301
EATC2G05 17 0.7075 0.8614 0.1758*% 0.0073  0.0079  0.0733
peGB5 9 0.7588 0.7539 -0.0057 0.0144  0.0145  0.0097
SpACIHS 28 0.6829 0.8200 0.1705* 0.0083  0.0093  0.0749
SpAGCl1 23 0.7150 0.7609 0.0640* 0.0129 0.0131 0.0264
SpAGDI1 58 0.5874 0.9326 0.3782* 0.0081  0.0054  0.1731
UAPgAGI150A 14 0.5890 0.7687 0.2342* 0.0192  0.0185  0.0971
EATC2B02 19 0.5635 0.6715 0.1628*% 0.0099  0.0110  0.0644
paGB3 11 0.7329 0.7616  0.0389  0.0057 0.0057 0.0179
SpACIF7 17 0.2946 0.5663 0.4686* 0.0169  0.0210  0.1851
SpAG2 21 0.7867 0.8992 0.1202* 0.0053  0.0056  0.0530
SpAGG3 26 0.9366 0.9252 -0.0130 0.0006  0.0006  0.0014
EAC6B03 26 0.5141 0.8811 0.4216* 0.0062 0.0076 0.1949
SpAGC2 28 0.3891 0.8587 0.5480* 0.0174  0.0123  0.2495
All loci 24.6 0.6647 0.8197 0.1889 0.0087 0.0086 —_

H, = observed heterozygosity; H, = expected heterozygosity; F;, = fixation index, computed
as in WEIR and COCKERHAM (1984), values significantly different from zero are indicated
with * (* p<0.001); F,, = genetic divergence among populations, computed as in WEIR
and COCKERHAM (1984); F,, (ENA) = Fgy using the excluding null allele (ENA) method
by CHapuls and EsToup (2007); P, = null allele frequency estimated as in DEMPSTER et al.

(1977).
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Table 2. — Genetic diversity in the nine breeding populations and in the two groups defined by BAPS clus-

tering.
p]?)geuelii?fn N N N, N, N, A H, H, F F
Population ] 54 234 1560 6 834 2147 0.672 0.837 0.197% 0.090+*
Population2 52 232 1547 4 748 2053 0.643 0816 0210%% 0.074%
Population3 51 241 1627 12 7.65 20.53 0.669 0.833 0.194** 0.067*
Population4 51 219 1460 7 654 1940 0.650 0.807 0.194%% 0.107+*
Population5 54 224 1493 3 651 1940 0.673 0.804 0.165% 0.086%*
Population 6 53 227 1513 5 736 1947 0675 0.830 0.187% 0.101%*
Population7 54 218 14.53 7 642 1927 0678 0.803 0.158%*% 0.076%*
Population8 56 240 1600 6 7.56 21.00 0.661 0.822 0.195%% 0.070%*
Population9 31 195 13.00 7 742 1720 0.659 0.825 0201% 0.081**
All 456 — 1506 57 725  —  0.665 0.820 0.189%% 0.084%*
BAPS Cluster 1 105 282 18.80 18 8318 18.53 0.670 0.836 0.197+ 0.079%*
clustering Cluster2 351 349 2340 39 7.585 2327 0.663 0.819 0.189%% 0.087+*

N = No. of individuals; N, = No. of different alleles (total) revealed in particular population; N, = No. of alle-
les per locus; N, = No. of private alleles; N,, = No. of effective alleles; A, = allelic richness; H, = observed
heterozygosity; H, = expected heterozygosity; F' = inbreeding coefficient = (He—Ho)/He=1-(Ho/He) (signif-
icant for **p<0.001; *p<0.01); F* = inbreeding coefficient calculated after exclusion of five loci with the
highest frequency of null alleles (SpAGC2, EAC6B03, SpAC1F7, SpAGD1 and UAPgAG150A).

UAPgAG150A), the calculation of F' values was repeated
and new estimates (F*) were systematically decreased in
all populations with a range of 0.067 (population No. 3)
to 0.107 (population No. 4) and an average value of
0.084 (Table 2). This pattern suggests that the presence
of null alleles had a strong effect on fixation index in
these spruce populations, and removal of them
decreased the index from 0.189 to 0.084.

Geographic structure

Genetic differentiation among the nine breeding popu-
lations was low (Fg,=0.0087, SD=0.0059) and did not
change much after ENA correction (Fy, (ENA)=0.0086)
(Table 1). The pairwise F, values ranged from —0.0018
to 0.0206 (Table 3), the highest value was obtained
between the northernmost population No. 1 and popula-
tion No. 7 from central Sweden. Slightly lower values of
pairwise Fg, (0.0188 and 0.0185) described the relation-
ship between population No. 1 and 4 and 5, respectively.

Bayesian methods implemented in the STRUCTURE
failed to reveal genetic structure among the analysed

breeding populations — all populations were ascribed to
the same, one cluster. The BAPS analysis, on the other
hand, identified two clusters, the two most northern
populations (Nos. 1 & 3) were one group and all the
other seven populations another group. The degree of
genetic divergence between these two clusters is
described by Fg,=0.0128. Genetic diversity indices for
these two BAPS clusters were similar (Table 2). For
inbreeding coefficient (F*), after correction for null alle-
les, a slightly higher value was observed for cluster 2.
AMOVA on the nine breeding populations revealed that
0.87 % of the total variance was explained by differences
among breeding populations. When AMOVA was per-
formed on the BAPS clusters the difference between
those two clusters explained 1.28% of total variance.
These results agree well with the F,, measurements.

Analysis of principal components based on allele fre-
quencies indicated that 67.03 % of variation is explained
by the first three components (35.36%, 22.09% and
9.58 %, respectively). Figure 2 illustrates the projection
of the breeding populations on these first three axes.

Table 3. — Pairwise F, values between the nine breeding populations.

Popl Pop2 Pop3 Pop 4 Pop 5 Pop6 Pop7 Pop8 Pop?9
Pop 1 -
Pop2 0.0070 -
Pop3 0.0004 0.0060 -
Pop4 0.0188 0.0046 0.0163 -
Pop5 0.0185 0.0072 0.0166 -0.0005 -
Pop6 0.0140 0.0056 0.0110 0.0003  0.0023 -
Pop7 0.0206 0.0080 0.0185 -0.0018 -0.0005 0.0002 -
Pop8 0.0166 0.0057 0.0131 0.0052 0.0058 0.0040 0.0068 -
Pop9 0.0157 0.0095 0.0119 0.0098 0.0141 0.0100 0.0155 0.0020 -
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Figure 2. — Principal component analysis (PCA) based on allele
frequencies of the nine breeding populations.

The grouping revealed by PCA is similar to that of
BAPS. Breeding populations No. 1 and 3 were close
together and departed from the others along PC1, popu-
lations No. 4-7 from the Central Sweden formed one
tightly spaced cluster. The two most southern popula-
tions No. 8 and 9 diverged along PC2 from the other
populations, whereas population 2 from the northwest
departed from the others along PC3. This pattern of
population clustering did not change when five loci
(SpAGC2, EAC6B03, SpAC1F7, SpAGD1 and UAP-
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Table 4. — Results of Bottleneck test in the nine breeding popu-
lations under IAM and SMM models.

Breeding populations IAM SMM

Population 1 0.0051 0.9993

Population 2 0.1039 0.9998

Population 3 0.0416 0.9999

Population 4 0.3599 0.9987

Population 5 0.2622  0.9998
Population 6 0.0017  1.00

Population 7 0.3193 0.9996

Population 8 0.1262 0.9996

Population 9 0.0319 0.9635

BAPS Cluster 1 0.0051 0.9998
clustering Cluster 2 0.0981 1.00

Bold values indicate a significant excess (p<0.05) of gene
diversity as compared with the gene diversity expected at
the mutation drift equilibrium. IAM - infinite allele model;
SMM - stepwise mutation model.

gAG150A) with high frequency of null allele were
removed from the data set.

Bottleneck test conducted on all loci (Table 4) indicat-
ed that four populations (No. 1, 3, 6, and 9) were found
to be not at mutation-drift equilibrium under IAM,
which may denote evidence of a recent bottleneck in
these areas. Under SMM, however, no signature of sig-
nificant bottleneck in any of the breeding populations
was detected (Table 4). The bottleneck test was also con-
ducted on the groups distinguished by BAPS; significant
excess of gene diversity in relation to allelic diversity
was found only under TAM model for cluster 1, which

Table 5. — Multilocus kinship coefficient estimates (Fj;) calculated between
individuals in each breeding population, presented as minimum, maximum,
average value with its standard deviation (SD) and coefficient of variation

(SD/average).
Fj; kinship coefficient Coefticient
Min Max  Average SD of variation
Population 1 -0.1591  0.233  00171° 0.062 3.62
Population2 -0-1601  0.2394 ¢ 0036*  0.064 17.63
Population3 -0-1487 0.273  00130° 0.063 4.87
Population 4 -0.1556 03288 0 0035*  0.063 18.04
Population 5 -0-1573  0.2569  0.0056" 0.063 11.30
Population 6 -0-1574 03018 ¢ 0022°  0.061 27.49
Population 7 -0-1717  0.2936  (.0064™ 0.061 9.56
Population 8 -0-1718  0.272° 0. 0057*  0.063 11.04
Population 9 -0.1534  0.3034  0.0125" 0.067 5.35
Average  -0.1595 02779 0.0077  0.063 8.18
BAPS Cluster 1~ -0.1738  0.2733  0.0149" 0.063 421
clustering  Cluster2  -0.2139  0.4660 0.0012° 0.061 52.35

ab.c The same letters means lack of statistically significant differences
(Fischer’s LSD multiple range test, p <0.05).
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consisted of population No. 1 and 3. Under SMM model,
no signature of bottleneck was visible for neither cluster
1 nor 2.

Relatedness

The kinship coefficient infers about the level of relat-
edness between individuals, 0.5 for full-sibs, 0.25 for
half-sibs, whereas 0.125 describes next degree of relat-
edness, e.g. between first cousins. The summary of the
relatedness based on multilocus kinship coefficient F,
(LOISELLE et al., 1995) is presented in Table 5. The high-
est average value of F,. (0.0171) was found in northern
population No. 1, whereas the lowest (0.0022) in popula-
tion No. 6 from the central Sweden. Breeding population
No. 9 from the south and No. 3 from the north were also
characterized by higher than average value of F, which
were 0.0125 and 0.0123, respectively. Result of Fischer’s
LSD multiple range test on Fl.j from each breeding popu-
lation showed that populations No. 1, 3 and 9 had simi-
lar level of Fij that is significantly higher than those of
populations No. 2 and 4-7. We also estimated all pair-
wise F; values between all 456 individuals, the general
tendency was that individuals from the same stand have
slightly higher kinship coefficient, although not signifi-
cant, as relative to individuals between stands and pop-
ulations. The results of Mantel test showed that the lin-
ear relationship between estimated kinship coefficient
between pairs of individuals and their geographic dis-
tance was not significant (R?=0.0045, p =0.9999). Relat-
edness analyses performed on the BAPS clusters indi-
cated a significantly higher Fij in cluster 1 (0.0149) than
in cluster 2 (0.0012).

Discussion

Genetic diversity and structure in northern
Swedish spruce populations

Analyses of nine breeding populations of Norway
spruce from Sweden revealed high levels of genetic
diversity and low differentiation among populations.
Both F, and AMOVA showed that only 0.87% of
observed variance is explained by differences among
populations. This partition of genetic variation is in
agreement with the general pattern observed in out-
crossing and wind pollinated conifers (HAMRICK et al.,
1992; WANG and SzmipT, 2001). Earlier studies on this
species using allozymes have found 4.4% differentia-
tions (in Ggy) in local populations from Switzerland and
Italy (GIANNINI et al., 1991; MULLER-STARCK, 1995), and
up to 5.2% for the whole European range (LAGERCRANTZ
and RymaN, 1990). Using nuclear SSR markers, a level
of differentiation of 2.9 % is reported in northern Europe
(TOLLEFSRUD et al., 2009). The highest F,=0.118 is
reported for relict mountainous populations from Italian
Alps (ScorTt et al., 2000). The low divergence in the
Swedish populations could be due to several factors such
as recent population establishment, homogenous land-
scape, continuous distribution and thus extensive pollen
flow, and the relatively small geographic scale of our
survey. Extensive gene flow promotes high levels of
genetic diversity within populations and low inter-
population differentiation and counteracts negative
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effects of genetic drift or directional selection on diversi-
ty (BURCZYK et al., 2004).

Although differentiation is low among the analysed
populations, two genetic clusters were recognized by
BAPS which distinguished the two northern most popu-
lations (Nos. 1 and 3) from the rest. PCA based on allele
frequencies also revealed distinct characters of these
two northern populations. Additionally, one population
(No. 2) from the central west and two from the south
(Nos. 8 and 9) were also distinct on the PCA space. This
geographical subdivision among the analysed popula-
tions seems reflect the postglacial migration routes of
the species in Scandinavia peninsula. One of the puta-
tive refugia of Norway spruce during the last glaciations
was in western Russia from which the species expanded
westwards to the Baltic region and Finland, and then
one route went northwest along the shore of Gulf Both-
nia and afterwards to Norway and Sweden (HUNTLEY
and BIRKS, 1983; SCHMIDT-VOGT, 1977; TOLLEFSRUD et al.,
2008). Other migration routes, as indicated by mtDNA
(TOLLEFSRUD et al., 2008) and macrofossil records (KULL-
MAN, 2008), includes west or southwestern migration
across the Baltic Sea, which lead Norway spruce to the
southern Scandinavia. A more recent study (PARDUCCI et
al., 2012) based on ancient DNA further suggested
another refugia of Norway spruce in western Norway
during the glacial times, which expanded south- and
eastward and eventually mixed with populations arriv-
ing from the east. The two northernmost populations
(Nos. 1 and 3) in our study are located on the northwest-
ern route from where Norway spruce entered Scandina-
vian Peninsula, and they appeared as a distinct genetic
unit. The same genetic structure is also observed by
TOLLEFSRUD et al. (2009) and CHEN et al. (2012), which
identified the northern European range of Norway
spruce as a cluster of populations differentiated from
the central Scandinavia. These two populations showed
sign of bottleneck under IMA model as indicated by an
excess of heterozygotes, which may reflect either their
population history in the region or gene flow from genet-
ically more variable populations (LAGERCRANTZ and
RymaN, 1990). The unique position of population No. 2
was unexpected, but in light of recent proposal of west-
ern Norway refugia (PARDUCCI et al., 2012), this popula-
tion might represent an admixture from that route, a
hypothesis though needs more sampling to be validated.
The little differentiated cluster from mid Sweden likely
represents another postglacial establishment via seeds
and pollen from terrains of present Finland across the
relatively narrow gulf.

The observed differentiation between northern and
central populations could also be influenced by factors
that shape more recent gene flow, e.g. differences in
flowering phenology or pollen productivity. Compared to
southern localities northern stands of Norway spruce
have later anthesis (LuoMaJoKI, 1993). Meteorological
data show more frequent winds from south or southeast
directions in both southern and northern Sweden
(BERGSTROM and SODERBERG, 2008). These are responsi-
ble for mostly northward direction of pollen mediated
gene flow. As an effect genetically more homogeneous
populations of Norway spruce could be observed in cen-
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tral Sweden. Towards the northern limit, spruce flower-
ing and pollen production become limited, and flowering
season is later (LUOMAJOKI, 1993). These factors may
restrict effective pollen flow between northern and cen-
tral regions of Sweden, and provide a barrier that main-
tains genetic structure shared by geographically close
and phenologically similar northern populations.

In southern Sweden, non-autochthonous stands of
Norway spruce have been planted in the past century
(HANNERZ and HANELL, 1997; JOHANN, 2004). Emergence
of non-native Norway spruce populations in southern
Sweden is associated with intensive silviculture and
increased need for seeds for new forest plantations.
Provenances from Baltic states and continental Europe
are used in production forests (HANNERZ and HANELL,
1997), which introduced central European haplotypes or
alleles of P. abies to southern Sweden (CHEN et al., 2012;
SPERISEN et al., 1998). Therefore, the observed diver-
gence in the most southern breeding populations inves-
tigated in this study (Nos. 8 and 9) could be explained
by the admixture of alleles of non native origin.

In conclusion, our data showed that the genetic varia-
tion of Norway spruce in Northern Sweden is shaped by
the recolonization after the last glaciations. Variations
in current gene flow and silviculture activities have also
an influence on the genetic structure of the species.
Therefore, the observed pattern of genetic differentia-
tion of the species in Sweden reflects a dynamic system
which still evolves following both natural and artificial
processes.

Genetic status of the Swedish spruce breeding population
and implication for long-term breeding and conservation

The goal of the Swedish spruce breeding program is to
produce adequate quantity of superior material for
reforestation while maintaining high genetic variation
to assure progress in targeted traits for many genera-
tions (JOHNSON and Lirow, 2002; LINDGREN, 2009). Cur-
rently, about half of the Norway spruce plantations in
Sweden originate from seed orchards (LINDGREN, 2009).
Each seed orchard is intended to produce seeds for spe-
cific deployment area, which are defined by the origin of
the parents and the growth rhythm and hardiness per-
formance of the orchard offspring. Genetic evaluation of
the breeding stock combined with information gained
from progeny and clonal tests, where quantitative traits
describing phenotypic variation, adaptation to climatic
conditions and disease resistance are measured (PERS-
SON and PERSSON, 1992 ), is essential for accurate esti-
mation of genetic value of the breeding material and for
predicting the gain and diversity in future spruce
forestry.

Studies of neutral variation that reveal genetic diver-
sity and genetic subdivision of the species throughout its
geographical range provide information about mating
systems, population migrations and colonization pat-
terns. On the other hand, analyses of variation in quan-
titative and adaptive traits give a better understanding
of the population potential and plasticity in response to
specific environmental conditions. As these two
approaches provide different kinds of information,
understanding of both aspects of diversity is essential
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for the development of appropriate breeding and gene
conservation strategies. Our analysis using nuclear
SSRs showed high genetic diversity in the nine spruce
breeding populations, a property highly desirable for
any breeding program since it assures more progress
can be expected from the resulting production forest
combined with desirable variation. However, we did not
find any correspondence between SSR variation in the
analyzed populations and the breeding zone division. We
found that the nine breeding populations can be divided
into two slightly differentiated groups: one consists of
the two northernmost populations, and the other with
all the remaining seven. This pattern of genetic differen-
tiation reflects the recolonization history of the spruce
in Scandinavia, which is maintained despite of intensive
inter-site gene flow. This observation has some implica-
tions for planning breeding activities when it may be
necessary to consider if the distinguished northern
group should or should not be mated with the more
genetically homogenized populations from central Swe-
den, or be considered in separate seed orchard deploy-
ment program.

Apart from maintaining a high level of genetic diversi-
ty, long-term breeding populations must also be charac-
terized by low level of relatedness to avoid inbreeding in
planted forests and to sustain diversity for future gener-
ations. The estimated relatedness of the trees gathered
in the breeding populations seems to be very low and
not structured. The estimation of inbreeding coefficient
in each population indicated heterozygote deficiency, but
after removing loci with high null allele frequencies the
average inbreeding in the nine populations became
0.089. This level of inbreeding is within the range
reported for natural populations of the species within
European range (-0.17 to 0.174) (LAGERCRANTZ and
RymAN, 1990) and in Polish provenances (0.057 to 0.90)
(LEwAaNDOWSKI and BURCZYK, 2002). However, our esti-
mates are noticeably lower than those previously report-
ed for northern European populations (0.121 to 0.346)
(TOLLEFSRUD et al., 2009). This difference could be due to
variations in null alleles at different loci and their treat-
ment in estimation of genetic parameters among stud-
ies.

Norway spruce is a predominantly outcrossing
species, thus inbreeding includes not only selfing, which
is considered to be rather low (BURCZYK et al., 2004;
SHIMONO et al., 2010), but also mating among relatives
within stands. The reduction in effective number of
outcross males is one of the plausible explanations for
the rise in inbreeding rate in marginal populations
(BURCZYK et al., 2004). Analyses of spatial variation in
pollen flow show that in case of Norway spruce effective
pollen dispersal decrease rapidly with the distance from
the pollen source and on the local scale follows leptokur-
tic distribution within 30 m radius (SHIMONO et al.,
2010). This mating pattern within a stand implies that
despite much of fertilizing pollen come from long dis-
tances, mating among close neighbouring trees may
results in building up spatial genetic structure in off-
spring, even though the genetic structure among adult
trees is absent. On the other hand, the short effective
pollen dispersal also means a significant decrease of



relatedness between offspring with increasing distance
between their mother trees. The selection of plus trees
for breeding follows regulations such as restricted selec-
tions from a stand and sufficient spatial distance (usual-
ly at least 100 m) separating them. Therefore, it is not
surprising that rather low values of inbreeding coeffi-
cient and relatedness characterized the trees in the
analysed breeding populations. Low level of relatedness
among individuals implies that it will be possible to
structure a sustainable long term breeding with limited
inbreeding and to construct production populations that
suffer little from inbreeding depression, which generally
expresses as reduced fitness, lower survival and growth
(ERIKSSON et al., 1973; SKr@PPA, 1996). In Sweden, seed
orchards are established with these unrelated founders
selected from different stands. Inbreeding and inbreed-
ing depression in orchard produced forest regeneration
materials should be lower compared to the natural for-
est. If high inbreeding (LAGERCRANTZ and RymAN, 1990;
LEWANDOWSKI and BURCzYK, 2002; TOLLEFSRUD et al.,
2009) is a general feature in northern spruce popula-
tions, then the gain from the breeding program is even
higher than earlier anticipated, and the selected founder
populations comprise a good support for long-term
breeding of Norway spruce in Sweden.

In conclusion, our evaluation of the Swedish spruce
breeding populations revealed high genetic diversity
and low relatedness for materials within each breeding
population and in the whole collection. Genetic variation
and relatedness are two special concerns of long-term
breeding programs. High genetic variation and low
coancestry are desired in founder populations to support
gain and adaptation of production forest to environmen-
tal changes during future generations. The analysed
Norway spruce collection constitutes a good sample of
the natural variation and can be considered as a good
foundation for this purpose. These superior genotypes
are being evaluated in combined clonal and progeny
tests. Apart from being high in breeding values, they
also represent valuable genetic resources for conserva-
tion of natural variation of Norway spruce in northern
Sweden. The lack of fine-scale genetic structure in the
breeding populations makes it likely that the selections
cover most of the existing natural variation and wider
sampling for breeding is not needed. This knowledge
and collection may become important for both breeding
and conservation purposes which must consider not only
timber, but also the whole range of resource values of a
forest ecosystem including the ecological and social ben-
efits.
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