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Abstract 
 
Norway spruce (Picea abies (L.) Karst.) together with the sister species Siberian spruce (P. 
obovata Ledeb.) form a vast continuous distribution over Eurasia. The present distribution of 
P. abies in Europe was formed recently, after the last glacial maximum. Theories about the 
colonization routes and history of this species differ depending on the datasets examined to 
date. This thesis aims to investigate the genetic structure and diversity of P. abies and establish 
its glacial refugia and postglacial migration. A range-wide sampling was performed of both P. 
abies and P. obovata, and a genotyping-by-sequencing approach was used to obtain whole-
genome single nucleotide polymorphism (SNP) data. Two major genetic lineages of P. abies 
were found; northern and central Europe. The northern lineage was further divided into a 
Scandinavian and a north-east European cluster; the Scandinavian cluster being more closely 
related to P. obovata and the north-east European cluster to the central European lineage. 
Introgression from P. obovata was detected far into northern Fennoscandia. The central 
European lineage was divided into an Alpine and a Carpathian cluster, originating from 
different glacial refugia. Genetic diversity was higher in the northern part of the range, which 
can be attributed to the relatively large refugium that recolonized this area, as well as 
introgression from P. obovata. Genetic diversity was also somewhat elevated where the two 
central European clusters meet, as is expected in areas where two previously isolated lineages 
admix. This study is the first range-wide investigation of P. abies using whole-genome SNP 
information, and shows how the genetic structure of the species has been shaped by the last 
glacial maximum and postglacial recolonization. 
 
 
Keywords: Genetic diversity, genotyping-by-sequencing, Picea abies, population structure, 
postglacial migration  
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1. Introduction 
 

1.1. Last glacial maximum and diversity distribution 
 
Historical events play a major role in shaping the diversity of species. Past climatic oscillations 
have had significant impacts on the distribution and diversity of Earth’s flora and fauna, with 
variations in temperature as large as 7-15°C over just a few decades (Hewitt 2004). The last 
glacial maximum (LGM) ended around 20,000 years ago in Europe (Clark et al. 2009), and 
during this time most of northern Europe was covered by ice sheets.  South of these ice sheets 
were vast areas of permafrost (Hewitt 2000) and many species were only able to survive in the 
southern European peninsulas (Bennett et al. 1991; Hewitt 1999). Particularly important 
refugial areas were the Italian mountains, the Iberian peninsula and the western part of the 
Balkan Peninsula (Bennett et al. 1991; Hewitt 2004). More recent studies have discovered 
evidence of “cryptic” refugia in Eurasia, some of which were located much further north, close 
to the Scandinavian ice sheet (e.g. Kullman 2002; Öberg and Kullman 2011). These refugia 
may provide further explanations for the current diversity patterns.   
 
Survival in glacial refugia comprised severe bottlenecks and long time periods of isolation for 
the populations. This caused diversity to be lost and the populations to diverge genetically from 
each other (Petit et al. 2003). In populations that survived on mountains, less genetic diversity 
was however lost, since these populations could use the altitudinal gradient to track suitable 
habitats, which required migration over shorter distances (Hewitt 1996). Populations in 
mountain areas are thereby often found to be both genetically most unique and most diverse 
(Petit et al. 2003). As the climate warmed after the LGM, populations started to expand their 
ranges from refugial areas. A general pattern for European plants and animals is that a larger 
proportion of the current genotypes stem from the Balkans and the Iberian peninsula than 
from Italy, since the Alps posed an initial barrier for northward migration (Hewitt 1999; Hewitt 
2004).  
 
Leading edge colonization of an area is often leptokurtic, which leads to increased 
homozygosity as one moves away from the refugium (Hewitt 1996). Spatial structuring of 
genetic diversity is thereby expected, with decreasing diversity in areas further away from 
glacial refugia. This is however not always true; in some species the highest genetic diversity is 
found north of the refugial areas (Petit et al. 2003), where the divergent genetic lineages admix 
as they expand their ranges. Boreal taxa also show a pattern of somewhat higher diversity than 
expected, perhaps due to survival in more northern refugia (Petit et al. 2003). Hybrid zones, 
where refugial lineages meet and admix, are present along the Alps and the Pyrenees, in a line 
down central Europe and across Scandinavia (Hewitt 2004). Some postglacial migration lag 
still persists, since species richness is higher in southern Europe than what can be explained 
by climatic or soil conditions (Svenning et al. 2008). 
 

1.2. Norway spruce  
 

1.2.1. The species complex and ecology 
 
There are approximately 35 recognized species in the genus Picea, depending on classification 
scheme (Farjon 1990; Farjon and Filer 2013). Traditionally, the species have been classified 
based on morphological traits, such as cone and needle characteristics. More recent studies 
have however shown that such characters are not reliable and molecular methods are necessary 
when constructing phylogenies (Ran et al. 2006). Two species of Picea are present in Europe; 
Norway spruce (P. abies (L.) Karst.) and Serbian spruce (P. omorika (Pančić) Purk.). The latter 
is an endemic species with a restricted distribution in the Balkan Peninsula (Farjon and Filer 
2013). Picea abies on the other hand has an extensive and continuous range in Scandinavia, 
north-eastern Europe and western Russia, while its range in central Europe is restricted to 
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mountains (Farjon and Filer 2013). Although the two European Picea species live in close 
proximity to each other, they do not hybridize in nature (Siljak-Yakovlev et al. 2002).  
 
In the eastern part of its range, P. abies meets with the sister species Siberian spruce (P. 
obovata Ledeb.). Currently P. abies is considered a separate species from P. obovata, but they  
hybridize freely (Krutovskii and Bergmann 1995; Tollefsrud et al. 2015; Tsuda et al. 2016). The 
extensive hybrid zone is located around the Ural mountains and the river Ob in Russia 
(Tollefsrud et al. 2015; Tsuda et al. 2016). The two species survived in separate refugia during 
the LGM; P. abies in the Russian Plain and P. obovata in southern Siberia (Tollefsrud et al. 
2015). There are morphological differences between the species, but no clear boundary, as the 
characteristics change as a cline from west to east (Popov 2003). Using allozyme markers, 
Krutovskii and Bergmann (1995) did not find any fixed allele differences between P. abies and 
P. obovata. Tollefsrud et al. (2015) found that 75% of chlorotypes were shared between the 
species. Chlorotypes of P. obovata in northern Fennoscandian populations of P. abies were 
also found by Tsuda et al. (2016), which can be attributed to either retention of ancestral 
polymorphisms or introgression (Tollefsrud et al. 2015). However, a combined study of 
mitochondrial DNA (mtDNA) and chloroplast DNA (cpDNA) found that P. abies and P. 
obovata were clearly differentiated and should be considered different taxa (Tollefsrud et al. 
2015), as did also a study on only mtDNA haplotypes (Mudrik et al. 2015). It is thus still 
uncertain whether P. abies and P. obovata should be considered different species, subspecies 
or perhaps they are in fact the same species. 
 
Picea abies is one of the most ecologically and economically important tree species in northern 
Eurasia. It can form extensive pure stands, often with scattered Betula, or grow in mixed 
coniferous forests (Farjon 1990). The species favors cool and moist climates in coastal areas, 
or cold and continental in the interior. It can grow in low mineral concentrations, but requires 
medium to high water tables (Farjon 1990). Major factors limiting growth of Picea-species 
include low summer temperatures and duration of growth season, but also high summer 
temperatures and long dry periods without water supply from the soil (Farjon 1990). 
Latitudinal patterns in population genetic structure of P. abies caused by these limiting factors 
have been found in the French Alps and Scandinavia (Collignon and Favre 2000; Chen et al. 
2012), as well as a clear clinal pattern in timing of bud set (Chen et al. 2012). Adaptive variants 
have mainly been found to be associated with temperature and/or precipitation (Scalfi et al. 
2014; Di Pierro et al. 2016), with precipitation being the factor more associated with genotype 
(Di Pierro et al. 2016). Selection is present at large geographic scales in genes related to the 
circadian clock, and purifying selection is present in candidate genes for phenological traits 
(Chen et al. 2016).  
 

1.2.2. Glacial refugia and postglacial recolonization 
 
Picea abies survived the LGM in refugia located in central Europe and in the Russian Plain. 
Temperature was probably not the major factor restricting the distribution of this rather cold-
tolerant species, but due to the species’ requirements for a high water table, dryness forced it 
to retreat to refugial areas (Ravazzi 2002). A combined molecular and fossil pollen analysis has 
shown that the species survived the LGM in at least seven areas; the Russian Plain, south-east 
Alps, south Bohemian Massif, north Dinaric Alps, north Carpathians (which likely harbored 
two refugia), south Carpathians and south-west Bulgarian mountains (Tollefsrud et al. 2008). 
It has been suggested that P. abies had an additional refugium in western Scandinavia, based 
on evidence such as megafossils dated back to 11,000 B.P. (before present) and a unique 
mitotype found only in that area (Kullman 2002; Parducci et al. 2012). This hypothesis is 
however rather controversial and plenty of evidence has been presented against it, based on 
for example pollen records, macrofossils and climate reconstructions (see e.g. Birks et al. 
2005; Birks et al. 2012). 
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Picea abies is a montane tree species in central Europe, which means that topography played 
an important role in postglacial population expansion (Latałowa and van der Knaap 2006). 
The bogs in Polesia, as well as the dry European plains, formed ecological barriers for 
expansion (Latałowa and van der Knaap 2006; Tollefsrud et al. 2008). Central Europe has 
primarily been recolonized from refugia located in the south-east Alps, south Bohemian Massif 
and western part of the north Carpathians (Tollefsrud et al. 2008). Populations surviving in 
the southern Carpathians, south-west Bulgarian mountains and the Apennines failed to 
colonize larger areas, probably due to the lack of suitable climate and habitat in surrounding 
areas (Ravazzi 2002; Tollefsrud et al. 2008).  
 
In northern Europe, on the other hand, the extent of the ice sheet and formation of the Baltic 
Sea had a major impacts on recolonization timing and patterns (Latałowa and van der Knaap 
2006). In these areas, P. abies is a boreal tree species. The entire northern range of P. abies 
was colonized from one single refugium, located in the Russian plain (Tollefsrud et al. 2008).  
Recolonization of Scandinavia is thought to have occurred via two routes; a northwestern one 
over Finland and a southwestern one across the Baltic Sea (Tollefsrud et al. 2008; Tollefsrud 
et al. 2009). Genetic diversity is maintained over large areas, which indicates that colonization 
occurred at high densities (Krutovskii and Bergmann 1995; Kannenberg and Gross 1999; 
Heuertz et al. 2006; Tollefsrud et al. 2008). This diversity increases where the two colonization 
routes meet in central Scandinavia, but is lower in northern Fennoscandia, which can be 
attributed to this being the species’ northern range margin (Tollefsrud et al. 2008; Tollefsrud 
et al. 2009). Pollen records show that P. abies established rather rapidly after the LGM over 
large areas on the Russian Plain; most sites investigated by Tollefsrud et al. (2015) reached a 
2% pollen threshold around 15-13 cal. kyr. B.P. (calibrated thousand years before present). In 
northern Europe, expansion was slow until around 9-8 cal. kyr. B.P., and spruce reached its 
present northern limit in Finland approximately 2 cal. kyr. B.P. (Tollefsrud et al. 2015).  
 

1.2.3. Population structure 
 
There is a clear genetic distinction between populations of P. abies in northern Europe and in 
central Europe (Gugerli et al. 2001; Collignon et al. 2002; Heuertz et al. 2006; Tollefsrud et 
al. 2008). These domains split from each other around 5-6 Ma (million years) ago, distinctly 
prior to the ice ages, with purifying and positive selection playing a major role in the genetic 
divergence (Lockwood et al. 2013; Chen et al. 2016). This division between the two 
geographical ranges of the species has brought up the question of whether P. abies at all is a 
monophyletic group, or perhaps the northern domain belongs to an Asian Picea species 
complex (Lockwood et al. 2013). Tsuda et al. (2016) found that for mtDNA, P. abies is not 
monophyletic, and fewer mutational steps separate P. obovata from the northern P. abies 
domain than the P. abies domains from each other. However, when considering nuclear simple 
sequence repeats (SSRs), the authors did find the P. abies domains to group together (Tsuda 
et al. 2016). It is thereby still unclear whether P. abies should be considered a monophyletic 
group or not, as different genetic markers give different results.  
 
Smaller-scale population structure in P. abies can be traced back to the species’ refugia during 
the LGM. Most studies have therefore further divided the central European part of the species’ 
range into two domains, originating from different glacial refugia; the Alpine domain and the 
Hercyno-Carpathian domain (Bucci and Vendramin 2000; Acheré et al. 2005; Tollefsrud et al. 
2008). The genetic relationship of these domains suggests that they share a more recent 
common origin (Tollefsrud et al. 2008). The northern domain on the other hand is genetically 
more distant from the central European domains than the central European domains are from 
each other (Collignon et al. 2002; Acheré et al. 2005). Acheré et al. (2005) identified 25 loci 
that were involved in differentiation between the northern domain and the central European 
domains grouped together, while only twelve loci separated the central European domains 
from each other. The clustering of P. abies into three domains is also supported by phenotypic 
traits, such as variation in cone morphology (Borghetti et al. 1988). 
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On large scales, geographic and genetic distance between populations are correlated in P. abies 
(Kannenberg and Gross 1999; Bucci and Vendramin 2000; Gugerli et al. 2001; Tollefsrud et 
al. 2009). Isolation-by-distance however seems to be less significant on local scales (Scotti et 
al. 2000; Meloni et al. 2007; Radu et al. 2014), which can be expected in a wind-pollinated 
tree species. Altitudinal genetic structure is either weak or absent in P. abies (Korshikov and 
Privalikhin 2007; Scalfi et al. 2014), but altitude does however affect tree phenotypes (Oleksyn 
et al. 1998). Two major barriers for admixture are present in the P. abies-P. obovata complex; 
the hybrid zone between the species and the area between the northern and central European 
P. abies domains (Tsuda et al. 2016).  
 

1.3. Genotyping-by-sequencing  
 
The genome of P. abies has been sequenced and is 19.6 giga-basepairs (Gbp) in size (Nystedt 
et al. 2013). Genes and gene-like fragments make up 2.4% of the genome with 28,354 well-
supported genes. The large genome size, which is approximately six times the human genome, 
is due to accumulation of long terminal repeat (LTR) transposable elements (Nystedt et al. 
2013). Conifers are rather inefficient at eliminating nonfunctional gene copies, which has led 
to accumulation of gene-like fragments and redundant gene copies (Prunier et al. 2016), 
although no recent whole-genome duplication event can be detected (Nystedt et al. 2013).  
 
With the development of next generation sequencing techniques, it is now possible to 
efficiently sequence entire genomes of organisms for a reasonable cost. This makes it possible 
to investigate the genetic structure of species, populations and individuals very thoroughly. 
However, for organisms with large genomes, such as P. abies, this approach may not be feasible 
due to the mere volume of data that is produced. The major phylogeographic lineages in a 
species can in fact be reliably delineated with just a few thousand loci (Edwards et al. 2015), 
which means that a whole-genome sequencing is not necessary for this purpose.  Instead, 
target enrichment or methods employing some type of reduction of genome complexity can be 
used to gain sufficient amounts of genetic data (Elshire et al. 2011).  
 
Restriction site associated DNA sequencing (RAD-seq) targets a subset of the genome, which 
leads to a higher coverage per locus than whole-genome sequencing and makes it possible to 
sequence a larger number of individuals for a given cost (Andrews et al. 2016). RAD-seq 
approaches have been successfully used for phylogeographic studies in for example mosquitoes 
(Emerson et al. 2010), threespine stickleback (Catchen et al. 2013) and neotropical birds 
(Harvey and Brumfield 2015). Using restriction enzymes to reduce genome complexity is a 
simple, fast, extremely specific and highly reproducible method (Elshire et al. 2011). No prior 
genome information about the taxa is required, in contrast to several other methods for 
studying the entire genome (Andrews et al. 2016). The loci yielded by RAD-seq approaches are 
however too short for traditional phylogenetic methods, and thereby single nucleotide 
polymorphisms (SNPs) are instead extracted from the sequenced loci and treated as individual 
SNPs in subsequent analyses (Edwards et al. 2015). Large plant genomes often contain a 
considerable proportion of transposable elements and repetitive sequences, which are heavily 
methylated (Ausin et al. 2016). These can cause a skew in depth of coverage due to their high 
copy number, but by using methylation sensitive restriction enzymes, these regions can be 
avoided (Davey et al. 2011; Elshire et al. 2011). One version of RAD-seq is genotyping-by-
sequencing (GBS), which is somewhat less complex than the original RAD-seq  protocol in that 
the random shear step has been eliminated (Davey et al. 2011; Elshire et al. 2011). 
 

1.4. Aim 
 
Although P. abies is one of the most studied tree species in the world, there are still some 
knowledge gaps and contradictory information concerning the genetic structure of the species 
and the relationship to P. obovata. With range-wide population sampling of both P. abies and 
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P. obovata, and a whole-genome approach employing next-generation sequencing technology, 
the biogeography of P. abies can be investigated with high precision. This thesis addresses the 
following questions:  
 

I. How many distinct genetic lineages of Picea abies are currently present in Europe and 
what is their geographical extent? 

II. To what degree is there admixture between the P. abies lineages? 
III. Where did P. abies refugia lie during the last glaciation? 
IV. How did P. abies migrate postglacially to form the current distribution? 
V. How extensive is introgression from the sister species Picea obovata into P. abies? 

 
 

2. Materials and methods 
 

2.1. Population sampling 
 
Samples were collected from 131 locations from the natural distributions of Picea abies and P. 
obovata (Figure 1; Appendix 1). Forty of the populations were from the IUFRO 1964/68 
Norway spruce provenance trial (Krutzsch 1974). The rest were collected from natural 
populations in form of seeds or needles. When possible, tissue was collected from a minimum 
of 10 adult trees growing at least 50 m apart in each population.  
 

 
Figure 1. Map of the natural range of P. abies and P. obovata (green area; European Forest 
Genetic Resources Programme 2013) with sampling locations (blue dots).  

 
2.2. Tissue preparation and DNA extraction 

 
The needles were dried with silica gel, freeze dried or used fresh, depending on the time from 
collection to DNA extraction. Seeds were treated with 1% hydrogen peroxide overnight, and 
then germinated in perlite in Petri dishes for 1-2 weeks at room temperature. Approximately 
25-30 mg dry needle, 75 mg fresh needle or an entire germinating seedling was used for DNA 
isolation. The tissues were disrupted mechanically using a Mixer Mill MM 301 (Retsch GmbH, 
Haan, Germany), by shaking the samples in 2-ml Eppendorf tubes together with two ceramic 
beads at 29 Hz for one minute, or until the tissue was properly disrupted.   
 
DNA extraction was performed with an E.Z.N.A.® SP Plant DNA Kit (Omega Bio-tek, 
Norcross, GA, USA) following the manufacturer’s instructions with minor modifications. The 
quality of the DNA samples was checked with a Synergy HTX Multi-Mode Reader (BioTek, 
Winooski, VT, USA) for 260/280 ratio, which indicates the purity of the DNA. Gel 
electrophoresis was also performed for every sample to assess if the DNA was in high molecular 
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weight fragments. The samples were quantified with a Qubit dsDNA HS Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA).  
 

2.3. GBS library preparation 
 
The GBS libraries were prepared according to the method in Pan et al. (2014). Briefly, 200 ng 
DNA of each sample was digested with the restriction enzyme PstI-HF (New England BioLab, 
Woburn, MA, USA) and adapters were simultaneously ligated to the resulting fragments 
(Figure 2). Forward and reverse adapters for sequencing on an Illumina HiSeq 2500 sequencer 
were ligated to each fragment. An individual barcode was attached to the forward adapter, in 
order to be able to identify reads belonging to each individual. This step was carried out at 37 
°C for 8 h, followed by 30 min at 65 °C. 
 

 
Figure 2. Illustration of the GBS procedure. 

 
After the digestion and ligation, 300 individual samples were pooled and purified with a 
QIAquick PCR Purification Kit (Qiagen, Hilden, Germany), and the concentration was 
measured with a Qubit dsDNA HS Assay Kit. This pooled sample was then PCR (polymerase 
chain reaction) amplified, using a program of 2 min at 72 °C, 30 s at 98 °C, followed by 15 cycles 
of *10 s at 98 °C, 30 s at 65 °C, 20 s at 72 °C*, and finally 2 min at 72 °C. The PCR product was 
purified with a QIAquick PCR Purification Kit and the concentration was measured with a 
Qubit dsDNA HS Assay Kit. Fragments in a size range of 350-450 base pairs (bp) were selected 
using an Invitrogen E-Gel iBase (Thermo Fisher Scientific, Waltham, MA, USA) and purified 
with a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Final concentrations were 
measured using a Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, 
MA, USA).  
 

2.4. Sequencing 
 
Sequencing was performed by the SNP&SEQ Technology Platform of the Science for Life 
Laboratory in Uppsala, Sweden. The facility is part of the National Genomics Infrastructure 
(NGI) Sweden. Paired-end sequencing was used, with a read length of 125 bp, on an Illumina 
HiSeq 2500 sequencer with v4 sequencing chemistry. The raw reads were delivered in FASTQ 
format.  
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2.5. Bioinformatics 
 
The composition and distribution of the raw sequences of each GBS library were examined 
with FastQC 0.11.4 (Andrews 2015) and then processed with Stacks 1.42 (Catchen et al. 2011). 
Stacks identifies loci de novo from sequence data, and uses a maximum likelihood statistical 
method to distinguish sequencing errors from true sequence polymorphisms. The parameters 
in Stacks for the minimum depth of coverage required for a stack (m), the maximum nucleotide 
distance between stacks required for a tag (i.e. locus; M) and the distance allowed between 
sample tags when generating the catalogue (n) were determined by running the pipeline for a 
few good-coverage individuals with different values for the parameters. The optimal values 
were chosen such that the probability of including false SNPs was minimized while still 
retaining as many true SNPs as possible. The results presented in this study were obtained with 
settings m=5, M=2 and n=2.  
 
The Stacks software consists of five different parts; process_radtags, ustacks, cstacks, sstacks 
and populations. The program process_radtags was used to demultiplex and clean the raw 
sequence data. This program sorts sequences to individuals based on barcodes while 
discarding reads containing low quality bases, uncalled bases or adapters. The reads were 
trimmed to 100 bp and forward and reverse reads were merged into one file. Loci were built de 
novo using the program ustacks, which aligns sequences into matching stacks and compares 
the stacks to form a set of loci. One hundred individuals were selected for forming a catalogue 
with cstacks. These individuals belonged to different populations and were evenly spread over 
the entire geographical sampling area. They were approximately average in number of loci and 
reads. Loci were merged from these individuals to form the catalogue. The program sstacks 
was used to map loci from every individual against the catalogue and SNPs were called using 
the populations program. 
 

2.6. SNP filtering 
 
The resulting SNPs were filtered using VCFtools 0.1.14 (Danecek et al. 2011). A maximum of 
50% missing data was allowed for every SNP. Only biallelic SNPs were retained and depth of 
coverage was required to be between 3 and 5x median coverage. A minimum of 7000 tags per 
sample was required, and samples with more than 90% missing data were removed. SNPs with 
a minimum allele frequency (MAF) below 0.05 were excluded for most analyses in order to 
reduce the number of false SNPs caused by sequencing errors. 
 

2.7. Genetic structure 
 
In order to delineate which samples were Picea abies, all samples from 131 populations were 
investigated using fastStructure 1.0 (Raj et al. 2014) for K-values between 1 and 8. The optimal 
K was recovered using the chooseK.py function in fastStructure. Individuals that clustered in 
implausible ways were removed, since this was likely caused by contamination and/or 
mislabelling of samples at some point. The number of private SNPs in P. abies and P. obovata 
was calculated using the populations program of Stacks. Populations that were identified by 
fastStructure as having over 90% ancestry from P. obovata were assigned as pure P. obovata. 
These populations were removed from analyses focusing on P. abies, except for one pure P. 
obovata population. This population was kept to assist in detection of introgression from P. 
obovata into P. abies.  
 
The dataset was filtered again keeping only the populations that were pure P. abies or hybrids, 
as well as one pure P. obovata. fastStructure was run for this SNP dataset for K=1 to K=8. The 
clustering patterns for K values around the optimal number of clusters were inspected. Bar 
plots of the clusters for different values of K were created using Distruct 2.1 (Rosenberg 2004). 
The clusters were spatially visualized by kriging the portion of a population’s genetic pool 
having ancestry from a cluster in R (R Core Team 2016). Variograms were fitted to the data 
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using the package automap (Hiemstra et al. 2009) and ordinary kriging was used to interpolate 
the data with packages maptools (Bivand and Lewin-Koh 2016) and gstat (Pebesma 2004).  
 
Differentiation of the clusters was examined with pairwise FST over all loci according to the 
method of Weir and Cockerham (1984), calculated with the diveRsity (Keenan et al. 2013) 
package in R. For these calculations, the dataset was converted into genepop format with 
PGDSpider 2.1.0.3 (Lischer and Excoffier 2012). Bias corrected 95% confidence intervals were 
calculated for the FST values with 100 bootstrap replicates. A principal component analysis 
(PCA) of the SNP dataset was carried out with Eigensoft 6.1.4 (Patterson et al. 2006; Price et 
al. 2006).  
 

2.8. Genetic diversity 
 
Observed (Ho) and expected (He) heterozygosity, as well as nucleotide diversity (π), were 
calculated within sampling locations, within clusters and overall using the populations 
program of Stacks. Only sampling locations with eight or more individuals were included in 
the within sampling location calculations, since these are frequency-based statistics and low 
numbers of individuals may skew the results due to stochasticity. Where possible, sampling 
locations situated very close to each other without any obvious geographical hinders for 
interbreeding were combined. The pure P. obovata population was removed from the overall 
and within cluster calculations, but retained in the within sampling location calculations. 
Kriging was used as described above to spatially visualize the diversity distribution over 
sampling locations. 
 
 

3. Results 
 

3.1. Genotyping-by-sequencing 
 
A total of 1,196 samples from 131 populations were successfully genotyped. On average, each 
individual had 1,752,912 reads and 60,653 tags (Table 1). The average depth of coverage was 
31x. Seventy individuals were removed due to a low number of tags, and seven due to too much 
missing data, resulting in 1,119 individuals being used for analyses. Initially 281,477 SNPs were 
called, and after filtering away low quality SNPs 38,800 remained. After filtering for a 
minimum allele frequency (MAF) >0.05, 9,932 SNPs were retained.  
 
Table 1. Statistics of genotyping-by-sequencing. The numbers in parentheses are ± 1 standard errors.  

 Mean  Median 
Reads per individual 1,752,912 (±71,187) 1,169,141 
Tags per individual 60,653 (±1,911) 42,320 
Depth of coverage 31x (±0.9) 26x 

 
3.2. Delimitation of Picea abies and Picea obovata 

 
In order to determine which populations were pure P. abies or P. obovata, clustering patterns 
produced by fastStructure for K=2 to K=8 were inspected. At K=2, populations with ancestry 
from P. abies and P. obovata were separated (Figure 3). As the number of clusters K increased, 
P. abies split into different clusters before any genetic structure could be detected in P. 
obovata. The P. obovata populations remained as their own cluster, with somewhat varying 
assignments of individuals. Individuals with over 90% ancestry from either P. abies or P. 
obovata under K=2 were considered to be pure respective species. By this criterion, 472 
individuals from 72 different sampling locations were considered to be pure P. abies and 267 
individuals from 35 sampling locations to be pure P. obovata. The majority of SNPs were 
shared between the species; there were 1,680 private SNPs in P. abies and 607 in P. obovata. 
 



9 
 

 
Figure 3. Bar plot showing the fastStructure result of population genetic composition for K=2 in 
the entire Eurasian dataset. Populations to the left mainly have P. abies ancestry (blue) and to the 
right P. obovata ancestry (purple). 

 
Inspecting the clustering patterns resulted in keeping 97 populations, that were pure P. abies 
or hybrids, for further analyses of P. abies. One population (KAN) from Kanskoe in Russia, 
that was identified as pure P. obovata and is located in the western part of the species’ range, 
was kept for further analyses. Filtering of the original dataset keeping only the sampling 
locations with P. abies and the KAN-population resulted in a final dataset consisting of 820 
individuals with 40,327 SNPs. After filtering for MAF >0.05, a total of 9,305 SNPs remained.  
 

3.3. Genetic structure in Picea abies 
 
fastStructure determined the optimal number of genetic clusters for P. abies to lie between 
K=2 and K=3 (Figure 4). Clustering patterns of K=4 and K=5 were also analyzed, since they 
were found to be of biological relevance.  

 
 
K=2 

 

 
 
 
K=3 

 
 
 
K=4 

 
 
 
K=5 

 
Figure 4. Bar plots showing fastStructure-results of the genetic composition of P. abies populations for K=2 
to K=5. The sampling locations are in the same order in all plots, with the pure P. obovata population (KAN) 
furthest to the right. The clusters found in K=5 are marked at the bottom of the last plot. 
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When the samples were divided into two genetic clusters, there was a split between central 
European P. abies and populations that are highly admixed with P. obovata (this cluster is 
hereafter called “Obovata”) (Figure 5). The sampling locations in northern Europe emerged as 
hybrids between the two clusters, with an increasing proportion “Obovata” as one moves north 
and east. A total of 52% of the individuals were found to have over 90% ancestry from one 
cluster, the rest had mixed ancestries.   
 

 
Figure 5. Population genetic composition at K=2. The pie charts are positioned at the 
sampling location, with red representing the proportion of P. abies and blue the 
proportion of “Obovata” in every location. 

 
At K=3, the northern and central European ranges of P. abies split into different clusters 
(Figure 6a and c). Sampling locations in Fennoscandia, the northern part of the Baltics and 
north-western Russia belonged to the northern cluster, whereas all sampling locations in 
central Europe were assigned to the second cluster. The “Obovata” cluster was also found in 
the genetic composition of populations in northern Fennoscandia (Figure 6b). With three 
clusters, 56% of the individuals had over 90% ancestry from one cluster. 
 
At K=4, the northern European range split into a north-eastern European cluster and a 
Scandinavian cluster (Figure 6d-e). Both clusters had some introgression from “Obovata”, 
while only the NE Europe cluster showed signs of considerable introgression from the central 
European P. abies. At K=4, a total of 57 % of the individuals had >90% ancestry from one 
cluster. The central European range splits into two parts at K=5, an Alpine and a Carpathian 
cluster (Figure 6f-g). At K=5, 45% of the individuals had >90% ancestry from one cluster. 
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K=3  K=4 

 
 
 
 
a) 

 
b) 

 
c) 

 

 d) 

  
e) 

  
f)                                 K=5 

  
g)  

 
Figure 6 a-g. Maps showing the kriged ranges of the clusters from fastStructure. At K=3: a) Northern Europe, 
b) “Obovata” and c) Central Europe. At K=4: d) NE Europe and e) Scandinavia and at K=5: f) Alps and g) 
Carpathians. Sampling locations are showed with blue dots. 
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3.4. Principal component analysis 
 
A principal component analysis (PCA) was run on the dataset containing P. abies and one P. 
obovata population. The first eigenvector explained 56% of the variance and the second 
explained 10% of the variance. When the individuals were labeled according to the three major 
clusters found in the fastStructure analysis at K=3, the clusters revealed as separated from 
each other (Figure 7). Along eigenvector 1, the central European and northern European 
populations, as well as central Europe and “Obovata” were clearly separated, but northern 
Europe and “Obovata” had a certain degree of overlap. Along eigenvector 2, individuals 
belonging to the pure P. obovata population (KAN) were clearly separated from both the P. 
abies clusters and the rest of the “Obovata” individuals. The central European individuals 
clustered more tightly together than the northern European individuals, and the spread was 
large among the “Obovata” individuals.  
 

 
Figure 7. PCA plot of the first two eigenvectors. The individuals are labeled according 
to their ancestry clusters from the fastStructure-analysis at K=3; central Europe 
(purple +), northern Europe (green x) and “Obovata” (blue *). The pure P. obovata are 
separated from the others (red circle). 

 
When the individuals were labeled according to the finer population structure found at K=5, 
the Alpine and Carpathian clusters were largely overlapping (Figure 8). Along the first 
eigenvector, the Scandinavian, NE European and “Obovata” clusters are somewhat 
overlapping, but separated from the Alpine and Carpathian clusters. Along the second 
eigenvector, the Scandinavian cluster is to some extent differentiated from the other clusters. 
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Figure 8. PCA-plot of the first two eigenvectors. The individuals are labeled according 
to their assigned clusters from the fastStructure-analysis at K=5; Scandinavia (purple 
+), NE Europe (green x), the Alps (blue *), the Carpathians (orange empty squares) 
and “Obovata” (yellow filled squares). 

 
3.5. Population differentiation 

 
Population differentiation (FST) was calculated for the clusters identified under K=3 (Table 2) 
and K=5 (Table 3). At K=3, the northern European cluster was least differentiated from 
“Obovata” (0.059), while the central European cluster and “Obovata” were the most 
differentiated (0.195). 
 
Table 2. Pairwise FST for the clusters at K=3. Values in parentheses are the 95% 
confidence interval. 

 C Europe N Europe “Obovata” 
C Europe 0 

 
 

  

N Europe 0.065  
(0.061-0.068) 

 

0  

“Obovata” 0.195  
(0.183-0.208) 

0.059 
(0.052-0.070) 

0 

 
The highest pairwise differentiation at K=5 was found between the Alpine cluster and 
“Obovata” (0.202). The Carpathian cluster and “Obovata” also had a high pairwise FST value 
(0.164). The least differentiated, on the other hand, were the Scandinavian and NE European 
clusters (0.016) and the Alpine and Carpathian clusters (0.017). 
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Table 3. Pairwise FST for the clusters at K=5.  Values in parentheses are the 95% confidence interval. 

 Scandinavia NE Europe Carpathians Alps “Obovata” 
Scandinavia 0 

 
 

    

NE Europe 0.016 
(0.014-0.019) 

 

0    

Carpathians 0.066 
(0.062-0.071) 

 

0.037 
(0.033-0.041) 

0   

Alps 0.098 
(0.095-0.102) 

 

0.064 
(0.060-0.069) 

0.017 
(0.015-0.020) 

0  

“Obovata” 0.052 
(0.043-0.059) 

0.071 
(0.062-0.080) 

0.164 
(0.151-0.175) 

0.202 
(0.192-0.210) 

0 

 
3.6. Genetic diversity 

 
Seventy sampling locations had eight or more individuals, when locations that could be 
assumed to be freely interbreeding were combined. Expected (He) and observed (Ho) 
heterozygosity, as well as nucleotide diversity (π) were calculated per sampling location 
(Appendix 2), per cluster and overall (Table 4).  
 
Table 4. Observed (Ho) and expected (He) heterozygosity, as well as nucleotide diversity (π) overall and 
per cluster for K=3 and K=5. N indicates the number of individuals per group. The numbers in 
parentheses are ± 1 standard errors.   

Cluster N Ho He π* 

 Overall 820 0.138 
(±0.0011) 

0.258 
(±0.0014) 

0.0893 
(±0.0007) 

K=3 N. Europe 306 0.152 
(±0.0012) 

0.266 
(±0.0014) 

0.0911 
(±0.0007)  

C. Europe 420 0.124 
(±0.0012) 

0.226 
(±0.0016) 

0.0799 
(±0.0007)  

”Obovata” 84 0.146 
(±0.0014) 

0.256 
(±0.0017) 

0.0923 
(±0.0008) 

K=5 NE Europe 164 0.136 
(±0.0011) 

0.257 
(±0.0014) 

0.0886 
(±0.0007)  

Scandinavia 136 0.165 
(±0.0014) 

0.267 
(±0.0015) 

0.0917 
(±0.0007)  

Alps 227 0.113 
(±0.0012) 

0.221 
(±0.0017) 

0.0796 
(±0.0007) 

 Carpathians 184 0.132 
(±0.0013) 

0.226 
(±0.0016) 

0.0788 
(±0.0007)  

”Obovata” 99 0.149 
(±0.0014) 

0.258 
(±0.0017) 

0.0922 
(±0.0008) 

* The π calculations are based only on variant sites and without filtering for MAF >0.05. 

 
He was consistently higher than Ho at all levels of population structure. Both measures for 
genetic diversity showed the same geographical pattern. When analyzing the clusters at K=3, 
the highest diversity was found in the northern European cluster. Genetic diversity in the 
“Obovata” cluster was somewhat lower, while it was lowest in central Europe. When grouping 
the individuals according to the clusters at K=5, the Scandinavian cluster was most diverse. 
Diversity was rather high also in the NE European and “Obovata” clusters, while it was low in 
the Alpine and the Carpathian clusters. Within-population diversity was highest in 
Fennoscandia, the northern Baltics and western Russia (Figure 9; Appendix 2). In central 
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Europe, diversity was generally low, but somewhat elevated in the western Balkans. The pure 
P. obovata population had very low diversity.  
 

 
Figure 9. Kriged map of expected heterozygosity (He) within sampling locations. Sampling 
locations are shown with blue dots.  

 
 

4. Discussion 
 

4.1. Genotyping-by-sequencing 
 
Genotyping-by-sequencing (GBS) is a rather recently developed method, with which it is 
possible to obtain a large number of single nucleotide polymorphisms (SNPs) from numerous 
samples, to a relatively low cost (Elshire et al. 2011; Andrews et al. 2016). A larger number of 
SNPs than most studies to date on P. abies have used was obtained with the GBS method. Since 
these markers are randomly sampled across the genome, and only 2.4% of the P. abies genome 
is coding (Nystedt et al. 2013), most of them are expected to be neutral. What is produced by 
this large number of neutral markers is thus a picture of how previously isolated lineages of 
the species have expanded and admixed. 
 
There are however some potential sources of error for the GBS method. If a mutation occurs at 
a restriction enzyme cutting site, the enzyme will not be able to cut at this particular site and 
the allele will be lost. Allele dropout can also be caused by PCR errors or uneven sequencing 
depth of alleles (Andrews et al. 2016). If one allele is missing, SNPs in this fragment will not 
be called, and individuals that actually are heterozygous will appear as homozygous. The 
consequence of this is errors in some statistics, such as overestimation of population 
differentiation or underestimation of genetic diversity (Andrews et al. 2016). Seeing as the 
inheritance of the random markers produced by GBS is not known, statistics that assume 
Mendelian inheritance will be biased. All restriction site associated sequencing techniques are 
still rather new, so it can be expected that more methods for analyzing this kind of data will be 
developed in the future. For analyses of population structure, GBS is however an excellent 
method, since it produces a very large number of SNPs over the whole genome.  
 
The number of SNPs obtained in this study after the bioinformatics pipeline was very large 
(281,477) compared to the number of SNPs that were retained after filtering (9,932). The SNPs 
that were filtered away were most likely from errors during PCR and sequencing, repetitive 
regions and rare alleles. Stringent filtering was therefore necessary, in order to remove the false 
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SNPs and provide a set of reliable high quality SNPs to analyze. A maximum value was set for 
coverage, with the aim of removing SNPs from repetitive regions. Loci from repetitive regions 
will cluster together and form stacks since they are very similar, and SNPs called from such a 
stack will thus actually stem from several different loci. The minimum allele frequency of 0.05 
that was used ensured that random sequencing errors were removed. This filtering criterion 
also caused the removal of some rare alleles, but for analyses of population genetic structure, 
they are not essential. In this study, nucleotide diversity (π) was calculated without filtering 
the SNPs for a minimum allele frequency. This means that some false SNPs were likely 
included in this statistic, but seeing as they are completely random, they should not be biased 
towards any geographic regions. Furthermore, only variant positions were used to calculate 
nucleotide diversity. This leads to different values than the sequence-based approach, which 
uses entire sequences in pairwise comparisons. Since the standard errors in all sampling 
locations and clusters were similar, the values can nevertheless be compared to each other 
within this study, although they cannot be directly compared to other studies. 
 
The coverage obtained with GBS was good for most samples; only a few individuals needed to 
be removed due to too much missing data. Some samples however had a tag number that was 
considerably above the median. This can either be due to errors in the lab procedure or due to 
natural reasons. The restriction enzyme used in this study (PstI) is methylation sensitive, so 
differing methylation patterns between samples could lead to this result. Methylation patterns 
are affected by abiotic stress; for example chilling has been found to cause changes in DNA 
methylation in tomatoes (Zhang et al. 2016). In Arabidopsis thaliana, geographic origin has 
also been found to be correlated with methylation levels (Kawakatsu et al. 2016). The GBS 
study will however need to be repeated for the deviating individuals, in order to exclude the 
possibility of errors in lab procedures. 
 
A few individuals clustered in a way that cannot be explained by any biological reason. For 
example, in the initial analysis of the entire dataset a sample originating from Austria showed 
a very large proportion of Scandinavian ancestry, and a sample from Zhayma in Siberia 
clustered together with central European populations. Seeing as there was no obvious pattern 
in these odd samples, it can be concluded that mislabeling likely caused this strange clustering. 
However, individuals originating from the IUFRO 1964/68 Norway spruce provenance trial 
clustered strangely somewhat more often than samples from natural populations. This is 
probably since the provenance trial samples have gone through many stages where mistakes 
could have been introduced - when the seeds were collected, when the seedlings were 
germinated, when the trees were planted outdoors, when the trees were sampled, during the 
lab procedure etc. Contamination may also have caused some strange clustering, for instance 
two individuals originating from Bosnia and Herzegovina showed to be an equal admixture of 
P. obovata and central European P. abies, which is rather unlikely. All the individuals that 
clustered oddly were simply removed from this study and will be repeated in the future to 
determine their genetic composition. In the end, the percentage of individuals that needed to 
be removed was rather low (3.1%), and no sampling locations were significantly reduced in size 
because of this. 
 

4.2. Genetic lineages of Picea abies  
 
The results of this study show that there are two major lineages of P. abies; northern Europe 
and central Europe. The northern lineage consists of populations in Fennoscandia, northern 
Baltics and western Russia. The populations in the mountains in central Europe belong to the 
second lineage. This result corresponds well to the two-part natural range of the species, and 
analyses of mtDNA have also found these two main lineages (Tollefsrud et al. 2008; Mudrik et 
al. 2015; Tsuda et al. 2016). The two lineages primarily meet and admix in the Baltic states and 
southern Scandinavia, but there is also some admixture in southern Finland, eastern parts of 
central Europe and western Russia. The split between the two European lineages has been 
dated to 5-6 Myr (million years) ago, which is before the ice ages (Lockwood et al. 2013; Chen 
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et al. 2016). Since the lineages occupy very different niches – boreal in northern Europe and 
montane in central Europe – environmental factors are bound to have shaped their evolution, 
and positive selection has indeed been identified as major factor causing genetic divergence in 
part of the genic regions (Chen et al. 2016).  
 
A third main lineage was also identified (called “Obovata”), which consisted of individuals 
clustering together with the pure P. obovata population. Although they were identified as P. 
abies in the initial species delimitation analysis, these individuals still contain such a large 
amount of P. obovata ancestry that they were identified as their own lineage in subsequent 
analyses. The northern European lineage was found to be less differentiated from “Obovata” 
than from the central European lineage. Since there are no major topographical barriers 
between the northern lineage and “Obovata”, there is nothing hindering gene flow between 
them. The central European P. abies and “Obovata” on the other hand meet only in a very 
limited area, which prevents any extensive gene flow, and has led to the lineages being more 
differentiated. The PCA supported this clustering into tree different lineages, although there 
were no clear boundaries between the groups. The individuals that belong to “Obovata” were 
more scattered in the PCA plot than individuals in the two European clusters, which reflects 
the different degrees of admixture between species in the lineages. The pure P. obovata 
population clustered apart from all other individuals, even from “Obovata”, which further 
shows that the “Obovata” cluster is not actually pure P. obovata, but highly admixed 
individuals. 
 
As the number of clusters was increased, other patterns of biological significance could be 
detected, although these values of K were not given as optimal by the analysis. When the 
dataset was divided into four clusters, the northern European lineage split into two parts; 
Scandinavia and north-eastern Europe. These clusters admix in Finland and Sweden, but it is 
not completely obvious what factors have caused the northern European spruce to form two 
distinct genetic groups. Bucci and Vendramin (2000) also found that eastern Scandinavian 
populations clustered apart from western Scandinavian ones, and were more closely related to 
Baltic populations. The authors hypothesized that westward pollen movement could have 
caused this pattern (Bucci and Vendramin 2000). Tollefsrud et al. (2009) found that some 
peripheral populations in Norway were more divergent from the rest of Fennoscandia than 
expected, and proposed that this was caused by founder events. In this study, the Scandinavian 
cluster is more closely related to “Obovata” than the NE European cluster is, although it is 
geographically more distant. The NE European cluster is on the other hand less differentiated 
from the central European P. abies than the Scandinavian cluster is. The Scandinavian cluster 
may thereby be the result of long-distance founder events from P. obovata, or caused by 
introgression from P. obovata into this area through northernmost Fennoscandia.  
 
At K=5, it was possible to differentiate between two central European groups; the Carpathian 
and the Alpine clusters. This corresponds to the well-supported glacial refugia of the species in 
the Alpine Mountains and the Carpathian Mountains (Tollefsrud et al. 2008), as well as the 
number of domains several previous studies have found in the southern part of the species’ 
range (Bucci and Vendramin 2000; Collignon et al. 2002; Acheré et al. 2005). The boundary 
between these two clusters was however surprisingly abrupt; they were only found to admix in 
a line running north-south in eastern Europe, whereas other studies have found them to be 
rather admixed (Collignon et al. 2002; Tollefsrud et al. 2008). The reason behind this clear 
division may be the complex topography in central Europe. There are large areas without 
natural occurrences of P. abies in this part of the species’ range, as its habitat is mostly 
restricted to mountains, which may limit interbreeding between the clusters. This 
topographical barrier for gene flow would have been still more pronounced during the last 
glacial maximum (LGM), as the species persisted in even more limited areas. The PCA did 
however not indicate such a clear distinction; the clusters were rather overlapping. The FST 
value for these two clusters was rather low (0.017), indicating little but nevertheless significant 
differentiation. 
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4.3. Glacial refugia  
 
The clusters formed in K=5 correspond very well to the proposed major areas of glacial refugia 
for P. abies; the Alpine Mountains, the Carpathian Mountains and the Russian plain 
(Tollefsrud et al. 2008). More exact locations of the species’ refugia in central Europe can 
however not be inferred from the results of this study, since no trends of increased genetic 
diversity in areas of supposed glacial refugia could be detected. Genetic diversity is expected to 
be higher in areas that have previously been glacial refugia, and decrease with increasing 
distance from refugial areas, due to repeated founder events during postglacial range 
expansion (Hewitt 1996). This pattern is however not seen in the present study. The within-
population diversity is rather low both in the Alps and in the Carpathians, and increases 
towards north and east. Strong, repeated bottlenecks for this species over several glacial cycles 
may explain the low genetic diversity in central European refugial areas (Krutovskii and 
Bergmann 1995). Tollefsrud et al. (2008) also found unexpectedly low within-population 
genetic diversity in populations adjacent to refugial areas in central Europe, and suggested that 
this was caused by loss of genetic diversity during migration over mountains. Diversity was 
found to be somewhat higher in the area where the two central European lineages meet, which 
is expected where divergent glacial lineages admix (Petit et al. 2003). An area of somewhat 
increased diversity was also detected in the Russian Plain, but seeing as these populations were 
highly admixed between “Obovata” and the NE European cluster, the elevated genetic diversity 
was probably caused by hybridization.  
 
In addition to the well-supported refugia in central Europe and the Russian Plain, it has been 
proposed that P. abies also survived the LGM in a refugium located in western Scandinavia 
(Kullman 2002; Parducci et al. 2012). The results of the present study are not enough to 
provide substantial support for this theory, but it cannot be excluded as a possibility either. A 
genetic cluster was indeed found in Scandinavia, close to the area where the refugium is 
thought to have been located. More analyses are however needed, since this cluster could have 
been caused by several other, perhaps more parsimonious reasons, such as founder events or 
introgression from P. obovata. 
 

4.4. Postglacial migration 
 
Postglacial migration patterns can be inferred from the present-day distribution of the genetic 
clusters and the well-established areas of glacial refugia for P. abies. Spruce originating from 
the Alpine refugium colonized the entire western part of the central European range, and 
spread east into the western Balkans. The populations surviving in the eastern European 
mountains spread north to the Baltic countries and into south-western Russia. Although 
previous studies have proposed that the spruce from the eastern European refugial areas failed 
to recolonize any large areas (Ravazzi 2002; Tollefsrud et al. 2008), the results of this study 
suggest that the Carpathian cluster is in fact quite extensive. The discrepancies between the 
findings may be due to denser population sampling in the present study, which has increased 
the accuracy of the extent of the clusters. Previous studies have also focused on mtDNA (e.g. 
Tollefsrud et al. 2008), which is maternally inherited in spruce and does not spread very far 
via seeds. 
 
The highest genetic diversity was found in Fennoscandia, a pattern which has been seen in 
other studies as well (Collignon et al. 2002; Heuertz et al. 2006). Since this area was colonized 
from a relatively large refugium (Tollefsrud et al. 2015), past bottlenecks have not reduced 
diversity as much in the northern lineage as in central Europe. Furthermore, colonization of 
this area took place at large densities without any major topographical barriers (Tollefsrud et 
al. 2008), which means that founder events and migration over e.g. mountains did not reduce 
diversity either. The large, continuous range of P. abies in northern Europe also increases the 
effective population size. Hybridization occurring in this area further explains the higher 
genetic diversity, as both two colonization routes (Giesecke and Bennett 2004; Tollefsrud et 
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al. 2009) and two species (Krutovskii and Bergmann 1995) admix. All these factors taken 
together have probably caused the elevated genetic diversity in this part of the species’ range. 
 
Over the entire range of P. abies, within sampling locations, clusters and overall, observed 
heterozygosity was consistently lower than expected heterozygosity. Heterozygote deficiency 
is a sign of population expansion, so this trend is expected in a species with a long generation 
time, that rather recently has recolonized an area. In most of its current range, P. abies has 
only experienced 25-50 generations (Tollefsrud et al. 2009), so signs of recent range expansion 
should still be present in its genome.  
 

4.5. The Picea abies – Picea obovata species complex 
 
All lineages and clusters found in this study are hybridizing, so there is no unambiguous way 
to delineate species. They could even be considered as one single spruce-species. The two 
currently recognized species did however differentiate before the P. abies lineages split from 
each other, which supports the present classification into P. abies and P. obovata (Tollefsrud 
et al. 2015; Tsuda et al. 2016). The northern part of the P. abies range is then primarily made 
up of hybrids between the two species, with increasing amounts of P. obovata as one moves 
from west to east and south to north. The majority of SNPs were shared between the two 
species, which is expected from species that have differentiated rather recently, so that neutral 
alleles have not gone to fixation. The difference in number of private alleles (1,680 in P. abies 
versus 607 in P. obovata) may simply reflect the difference in sample size (472 P. abies 
individuals versus 267 P. obovata).  
 
Since K=3 was also given as an optimal way to cluster this dataset, it is possible that there are 
in fact three species of spruce in this area; P. obovata, northern European P. abies and central 
European P. abies. The hybrid zone between northern P. abies and P. obovata extends very far 
into Fennoscandia. The results correspond well to what was found by Mudrik et al. (2015), who 
studied mtDNA haplotypes and delineated a hybrid zone between the species. There is 
introgression from P. obovata quite far further west in northern Fennoscandia than in more 
southern areas, which may be due to the fact that Siberian spruce is a more cold-tolerant 
species (Tollefsrud et al. 2015). The two species survived LGM in refugia in Russia, although 
in different areas; P. abies in the Russian Plain and P. obovata in southern Siberia (Tollefsrud 
et al. 2015). As they expanded their ranges when the climate warmed, Siberian spruce may 
simply have had a higher fitness in more northern areas.  
 

4.6. Conclusions 
 
This is the first study using a whole-genome approach and range-wide sampling to investigate 
population structure and diversity in Picea abies. A large number of high-quality SNPs were 
obtained through a genotyping-by-sequencing approach. Two major lineages of P. abies were 
detected, in addition to a lineage consisting of individuals that are highly admixed with P. 
obovata. The two major lineages correspond to the natural divided range of the species; 
northern Europe and central Europe. When finer population structure is investigated, the 
major lineages can further be divided into clusters. The central European lineage splits into an 
Alpine and a Carpathian cluster, originating from the two major montane glacial refugia of the 
species in Europe. The northern lineage on the other hand originates from only one refugium, 
but also splits into two groups, Scandinavia and north-eastern Europe. These two clusters may 
have originated through introgression from different species; the Scandinavian cluster from P. 
obovata and the north-east European cluster from the central European P. abies. Patterns of 
introgression reflect negligible barriers for interbreeding between any of the lineages, clusters 
or species of Picea in this study, as long as they have a boundary zone. The results from this 
study provide additional insights and improved resolution of the knowledge about population 
structure and postglacial history of P. abies.  
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Appendix 
 
Appendix 1. Code, sampling location, country of origin, coordinates and number of 

successful individuals (N) for every population. Codes in bold were identified as Picea abies 

or hybrids in the analyses. CZ stands for Czech Republic and B&H for Bosnia and 

Herzegovina.  

Code Location Country Latitude Longitude N 

98105 Gjövik Norway 60.80 10.67 9 
07-050 Levanger Norway 63.68 11.28 10 
17(NK) Irbeyskoe Russia 55.30 96.73 10 
4-1 Teljakov Belarus 53.50 27.20 9 
4-11/7-14 Trebova CZ 49.80 16.70 13 
4-18 Tuttlingen Germany 48.00 8.80 4 
4189 Hemnes Norway 65.99 13.79 8 
4-31 Narewka Poland 52.80 23.70 9 
4-32/7-72 Udmurtsk Russia 58.00 53.00 13 
4-33 Brunnerberg Austria 47.00 12.50 7 
4-44 Wloclawek Poland 52.70 19.00 9 
4-52 Saldus Revier Latvia 56.70 22.30 8 
4-57 Schneegattern Austria 48.00 13.30 9 
4-68 Oberes Lechtal Austria 47.20 10.10 7 
4-70 Bezcetsk Russia 57.80 36.50 9 
4-73 Risoud Switzerland 46.60 6.20 10 
4-79 Bonetage France 47.20 6.70 7 
4-80 Saaremaa Estonia 58.50 22.30 6 
4-85 Njubsk Russia 61.30 47.00 6 
4-9 Vlasim CZ 49.70 14.90 8 
4-91/7-30 Klastor Slovakia 49.00 18.90 12 
4-97 Rabenstein Germany 49.10 13.20 5 
7-1 Königsbronn Germany 48.70 10.10 4 
7-17 Crespato Switzerland 46.50 8.60 5 
7-18 Dolina Slovakia 49.30 20.20 10 
7-29 Nove Hrady CZ 48.70 14.70 5 
7-4 Eckersholm Sweden 57.60 14.20 8 
7-43 Witebsk Belarus 55.10 30.20 10 
7-44 Terepetsk Russia 56.50 32.00 10 
7-49 Cosna Romania 47.30 25.00 6 
7-5 Floda Sweden 59.10 16.40 9 
7-50 Eisenkappel Austria 46.50 14.60 6 
7-51 Vrchlabi Austria 50.60 15.60 10 
7-55 Marginea Romania 47.80 25.80 8 
7-56 Verior Revier Estonia 58.10 27.40 9 
7-58 Vorau Austria 47.40 15.90 4 
7-63 Kloten Sweden 59.90 15.30 8 
7-64 Przerwanki Poland 54.20 22.00 10 
7-68 Vallen Sweden 62.30 14.10 4 
7-70 Val Di Fiemme Italy 46.30 11.50 6 
7-73 Jasina Ukraine 48.30 24.30 7 
7-78 Borovec Bulgaria 42.30 23.60 5 
7-81 Klodzko Poland 50.50 16.70 9 
7-96 Buekkszentkere Hungary 48.10 20.60 5 
7-97 Gerardmer France 48.20 6.90 9 
Alda Aldan Russia 58.71 125.29 10 
AMO Amur Oblast Russia 56.92 119.96 9 
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AP Apatity Russia 67.57 33.24 10 
AR Achinskoe Russia 56.14 90.94 3 
BB Boguchanskoe Russia 58.36 97.38 9 
Bbor Brykin Bor Russia 54.43 40.51 10 
BL Bjelolasica Croatia 45.30 14.90 10 
BOT Botuobiya Russia 62.02 114.16 8 
BR Brocken Germany 51.80 10.60 10 
Bula Bulatovo Russia 62.58 39.90 9 
Bych Bychikha Russia 48.17 134.81 5 
CB Severoyeniseyskoe Russia 59.49 93.63 10 
CH Chuprene Bulgaria 43.46 22.64 17 
CR Piatra Craiului Romania 45.53 25.24 7 
DRA Raseborg Finland 59.99 23.50 9 
F11-008 Hattfjelldal Norway 65.47 14.11 11 
GE Progled Bulgaria 41.68 24.72 10 
Gpop1 Övertorneå Sweden 66.92 23.45 9 
Gpop2 Storuman Sweden 65.16 17.07 10 
Gpop3 Piteå Sweden 65.57 21.53 9 
Gpop5 Föllinge Sweden 63.72 14.78 6 
GR Grmec B&H 44.60 16.50 10 
HAM Hämeenkyrö Finland 61.66 23.17 7 
HE Heinola Finland 61.00 26.00 9 
IRO Irkutsk-Oblast Russia 56.78 105.62 10 
JC Jahorina B&H 43.80 18.60 9 
KAJ Kajaani Finland 64.32 28.04 10 
KAN Kanskoe Russia 56.42 94.41 10 
KAR Kajerome Russia 64.69 55.91 9 
Khan Khandyga Russia 63.17 138.43 8 
KIT Kittilä Finland 68.01 25.24 10 
KL Kolašin Russia 42.80 19.60 9 
KRK Krest-Khaldzhay Russia 62.81 134.52 10 
Kume Kumyony Russia 58.10 49.90 8 
KV Karlovy Vary CZ 50.00 12.00 3 
LZ Tuymen Russia 57.36 65.58 3 
MAR Markoka Russia 64.61 112.52 10 
MEPA Maliy Enesei Russia 51.33 95.74 10 
MM Motyginskoe Russia 58.24 94.80 2 
MU Multa Russia 50.01 85.82 7 
MUH Muhos Finland 64.18 26.12 10 
N1 Sånfjället Sweden 61.77 14.75 9 
NED Nedervetil Finland 63.69 23.36 10 
NK Nikolskaya Russia 55.71 35.50 4 
Nlly Novoilyinsk Russia 51.70 108.74 1 
NV North Vosges France 48.00 7.00 3 
NYU Nyurba Russia 63.28 118.32 10 
PC Perucica B&H 43.30 18.70 13 
PJ Polkjuka Slovenia 46.30 14.00 10 
PK Heilongjiang China 45.47 130.53 11 
PON Apuseni Romania 46.56 22.70 8 
PR Piren Bulgaria 41.79 23.44 14 
PSO Pskov Oblast Russia 58.11 28.89 9 
ROV Rovaniemi Finland 66.28 25.85 10 
RZ Rezetat Romania 45.45 22.73 11 
Samo Samotlor Russia 61.10 76.75 10 
SB Snezhny Bars Russia 51.83 89.78 10 
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SF Luspebryggan Sweden 67.06 19.45 11 
SM Leningrad Oblast Russia 59.49 30.86 3 
SOD Sodankylä Finland 67.00 26.22 10 
SR Stara Reka Bulgaria 42.71 24.85 10 
Stas Shulgan-Tash Russia 53.06 57.07 7 
SUO Suomussalmi Finland 64.75 29.04 10 
SV Štirovaca Croatia 44.70 15.10 12 
SYK Syogen-Kyel Russia 64.00 130.31 10 
SZ Snežnik Slovenia 45.60 14.40 10 
TA Tarchau Romania 46.66 26.12 10 
TAT Tatarstan Russia 56.07 50.60 10 
TH Toora-Khem Russia 52.63 95.96 10 
TRP Troitsko-Pechyorsk Russia 62.72 56.16 10 
TT Tyukhtetskoe Russia 56.51 89.25 9 
TUK Tukhard Russia 69.30 84.34 5 
TY Tuimskoe Russia 54.21 89.84 10 
UA Usinskoe Russia 52.70 93.44 8 
Ubuo Ust-Buotama Russia 61.26 128.75 9 
UL Ulagan Russia 50.56 87.84 11 
USM Ust-Maya Russia 60.42 134.54 10 
W Shushenskoe Russia 52.93 91.72 11 
V2 Vindeln Sweden 64.30 19.80 10 
VB Valbona Albania 42.50 19.90 10 
VIR Virolahti Finland 60.55 27.53 9 
VLO Vladimirskaya Oblast Russia 56.23 41.79 10 
VT Vitosha Bulgaria 42.58 23.30 9 
Yama Khalanchiga Russia 59.68 153.47 6 
ZEY Zeya Russia 53.74 127.23 10 
ZH Zhayma Russia 54.84 93.66 6 

 

Appendix 2. Observed (Ho) and expected (He) heterozygosity, as well as nucleotide 

diversity (π) per sampling location. The standard error (StdErr) is given for all values and the 

number of individuals per sampling location (N). Locations 7-68 and N1 were combined for 

these calculations, as were 7-97 and NV.  

Code N Ho StdErr He StdErr π StdErr 
07-050 10 0.1762 0.0020 0.2366 0.0019 0.0858 0.0008 
4-1 9 0.1324 0.0020 0.1956 0.0020 0.0731 0.0008 
4189 8 0.1678 0.0021 0.2274 0.0019 0.0826 0.0009 
4-31 9 0.1147 0.0018 0.1908 0.0019 0.0711 0.0008 
4-44 9 0.1408 0.0020 0.1947 0.0019 0.0742 0.0008 
4-52 8 0.1549 0.0021 0.2041 0.0020 0.0761 0.0008 
4-57 9 0.1062 0.0018 0.1757 0.0020 0.0673 0.0008 
4-70 9 0.1235 0.0019 0.1959 0.0020 0.0737 0.0009 
4-73 9 0.1321 0.0020 0.1842 0.0020 0.0703 0.0008 
4-9 8 0.1105 0.0019 0.1686 0.0020 0.0657 0.0008 
7-14-4-11 11 0.1220 0.0018 0.1895 0.0019 0.0721 0.0008 
7-18 10 0.1623 0.0024 0.1772 0.0020 0.0679 0.0008 
7-30-4-91 12 0.1500 0.0018 0.2090 0.0018 0.0775 0.0008 
7-4 8 0.1342 0.0020 0.2048 0.0020 0.0789 0.0009 
7-43 10 0.1292 0.0018 0.2084 0.0019 0.0769 0.0008 
7-44 10 0.1182 0.0018 0.2017 0.0020 0.0752 0.0008 
7-5 9 0.1488 0.0021 0.2041 0.0020 0.0769 0.0008 
7-51 10 0.1270 0.0019 0.1875 0.0020 0.0720 0.0008 
7-55 8 0.1184 0.0019 0.1845 0.0020 0.0713 0.0008 
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7-56 9 0.1194 0.0018 0.1998 0.0020 0.0751 0.0008 
7-63 8 0.1187 0.0019 0.1991 0.0020 0.0757 0.0009 
7-64 10 0.1457 0.0018 0.2120 0.0018 0.0790 0.0008 
7-68-N1 13 0.1550 0.0018 0.2363 0.0018 0.0840 0.0008 
7-72-4-32 13 0.1558 0.0018 0.2431 0.0018 0.0874 0.0008 
7-73 8 0.1353 0.0020 0.1886 0.0020 0.0737 0.0008 
7-81 9 0.1341 0.0021 0.1721 0.0020 0.0669 0.0008 
7-97-NV 10 0.1063 0.0018 0.1791 0.0020 0.0675 0.0008 
98105 9 0.1616 0.0020 0.2247 0.0019 0.0816 0.0008 
AP 10 0.1516 0.0019 0.2267 0.0019 0.0827 0.0008 
BBOR 10 0.0948 0.0016 0.2080 0.0020 0.0780 0.0009 
BL 9 0.0664 0.0015 0.1605 0.0020 0.0653 0.0008 
Br §0 0.0971 0.0018 0.1702 0.0020 0.0641 0.0008 
BULA 9 0.1033 0.0017 0.2165 0.0020 0.0851 0.0009 
CH 17 0.1393 0.0018 0.2001 0.0019 0.0699 0.0007 
DRA 9 0.2007 0.0022 0.2474 0.0018 0.0910 0.0009 
F11-008 11 0.1780 0.0020 0.2331 0.0019 0.0827 0.0008 
GE 10 0.1226 0.0019 0.1732 0.0020 0.0630 0.0008 
Gpop1 9 0.1524 0.0019 0.2299 0.0019 0.0827 0.0008 
Gpop2 10 0.1400 0.0018 0.2228 0.0019 0.0803 0.0008 
Gpop3 9 0.1526 0.0020 0.2176 0.0020 0.0798 0.0009 
GR 10 0.0550 0.0013 0.1764 0.0021 0.0694 0.0008 
HE 9 0.1807 0.0022 0.2198 0.0019 0.0794 0.0008 
KAJ 10 0.1878 0.0020 0.2497 0.0018 0.0908 0.0009 
KAN 10 0.0871 0.0017 0.1396 0.0019 0.0752 0.0008 
KAR 9 0.1666 0.0022 0.2054 0.0020 0.0842 0.0009 
KIT 10 0.1858 0.0021 0.2408 0.0019 0.0863 0.0008 
KL 9 0.1087 0.0017 0.2019 0.0020 0.0807 0.0008 
KOME 9 0.1093 0.0017 0.2244 0.0020 0.0846 0.0009 
MUH 10 0.1001 0.0017 0.1999 0.0020 0.0720 0.0008 
NED 10 0.1441 0.0018 0.2335 0.0019 0.0837 0.0008 
PC 13 0.0836 0.0014 0.1892 0.0019 0.0708 0.0008 
PJ 10 0.0896 0.0016 0.1804 0.0020 0.0701 0.0008 
PON 8 0.1185 0.0021 0.1609 0.0020 0.0603 0.0008 
PR 14 0.1451 0.0019 0.1997 0.0019 0.0720 0.0008 
PSO 9 0.1531 0.0019 0.2256 0.0019 0.0833 0.0008 
ROV 10 0.1681 0.0020 0.2291 0.0019 0.0821 0.0009 
RZ 12 0.1251 0.0021 0.1593 0.0020 0.0583 0.0008 
SF 11 0.1488 0.0020 0.2181 0.0020 0.0792 0.0008 
SOD 10 0.1586 0.0021 0.2218 0.0020 0.0796 0.0008 
SR 10 0.1149 0.0020 0.1533 0.0020 0.0552 0.0008 
SUO 10 0.1472 0.0020 0.2116 0.0020 0.0752 0.0008 
SV 12 0.0898 0.0015 0.1892 0.0020 0.0739 0.0008 
SZ 10 0.0717 0.0015 0.1731 0.0020 0.0686 0.0009 
TA 10 0.1040 0.0019 0.1581 0.0020 0.0566 0.0008 
TAT 10 0.1213 0.0017 0.2234 0.0020 0.0819 0.0009 
TRP 10 0.0984 0.0017 0.1943 0.0020 0.0752 0.0009 
V2 10 0.1511 0.0019 0.2286 0.0019 0.0822 0.0008 
VB 10 0.0723 0.0015 0.1694 0.0020 0.0707 0.0008 
VIR 9 0.0702 0.0016 0.1556 0.0021 0.0587 0.0008 
VLO 10 0.1188 0.0017 0.2193 0.0019 0.0798 0.0008 
VT 9 0.0990 0.0018 0.1607 0.0020 0.0602 0.0008 
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