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ABSTRACT
Genetic diversity is a key prerequisite for adaptation to changing environments. Maintaining genetic diversity in forest trees is 
crucial amid climate change, given their long generation times. Forest management practices can affect the genetic diversity of 
forest ecosystems through selective felling or reforestation strategies following harvests. To assess how managed forests respond 
to climate-driven changes, we investigated patterns of genetic diversity and local adaptation by contrasting old-growth and re-
cently planted stands of Norway spruce (Picea abies). We assess both neutral and adaptive genetic variation by sequencing pooled 
samples collected from 45 first stands across northern Sweden. Our results reveal no significant differences in overall genetic 
diversity between natural and planted populations, indicating that current forest management practices have not substantially 
reduced genetic variation. Analyses of adaptive variation demonstrate strong signatures of local adaptation in old-growth popu-
lations, with clear correlations between genetic and environmental distances. In contrast, planted stands show weaker adaptive 
signals and are also at greater risk of non-adaptiveness under future climate scenarios. While current forest management prac-
tices preserve much of the neutral genetic diversity necessary for long-term forest health, our findings highlight the importance 
of conserving and promoting adaptive genetic variation available in old-growth stands to ensure resilience against ongoing cli-
mate change.

1   |   Introduction

Forest management aims to increase ecosystem benefits 
and services over those expected from unmanaged forests 
(Andersson et  al.  2017). Management practices have been 
shown to affect forest diversity, from the genetic level to pop-
ulations and ecosystems (Aravanopoulos 2018; Lefèvre 2004). 
Ongoing climate change is also expected to affect forest eco-
systems, and even though most forests have extensive adap-
tive capabilities, adaptive forestry practices are needed in 
managed forests to respond to climate-driven changes (Aitken 
et  al.  2008; Alberto et  al.  2013; Aravanopoulos  2018; Fady 

et  al.  2020). One of the most important factors to consider 
when managing forests for climate change is preserving ge-
netic diversity, as high levels of genetic diversity are essential 
for maintaining the adaptive capacity of forest populations 
(Aitken et al. 2008; Lefèvre et al. 2013). Forest management 
and silviculture can significantly affect genotypic and pheno-
typic variation in forests, for example, by selecting trees for 
felling or by choosing reforestation strategies following har-
vests. Several reforestation methods are used in contemporary 
commercial forestry, including leaving natural seed trees, 
direct sowing of seeds, or planting pre-established seedlings 
(Aravanopoulos 2018; Nilsson et al. 2010). Planting genetically 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2026 The Author(s). Evolutionary Applications published by John Wiley & Sons Ltd.

https://doi.org/10.1111/eva.70217
https://doi.org/10.1111/eva.70217
https://orcid.org/0000-0001-9225-7521
mailto:par.ingvarsson@slu.se
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Feva.70217&domain=pdf&date_stamp=2026-03-12


2 of 13 Evolutionary Applications, 2026

improved seedlings from nurseries is the prevailing method 
in many parts of the world, as it accelerates reforestation, al-
lows for more even stands, and reduces the need for thinning. 
For example, 84% of all reforestation in Sweden is achieved 
through seedling plantations, most of which are obtained 
from seed orchards made up of genetically improved material. 
Natural regeneration accounts for an additional 10%, and di-
rect seeding and no measures taken (where the regeneration 
methods are unknown) account for the remaining fraction 
of new stand establishments in Sweden (Black-Samuelsson 
et  al.  2020). Although large-scale reforestation has been on-
going since the mid-20th century in many parts of the world, 
it is unclear to what extent such practices, especially in com-
bination with genetically improved material from existing 
breeding programmes, alter genetic diversity in planted for-
est stands. Using improved seeds from a seed orchard with a 
relatively small number of unique, genetically improved trees 
could reduce the effective population size of newly planted 
stands and, hence, limit genetic diversity (Ingvarsson and 
Dahlberg  2019; Savolainen and Kärkkäinen  1992). The rec-
ommended optimal number of unique genotypes included in 
a seed orchard, to maximise the estimated benefit, has been 
estimated to be 16 (Lindgren and Prescher  2005), assuming 
unrelated parent trees with normal fertility variation and that 
any pollen contamination is derived from unrelated sources 
(Lindgren and Prescher 2005).

The genetic diversity in Norway spruce seed orchard crops has 
been investigated by Sønstebø et  al.  (2018) using 11 microsat-
ellites. They compared two seed orchards, each with 25 or 60 
parent trees, and seed crops collected from semi-natural or un-
managed forests consisting of 25 and 60 parent trees, with seed 
crops collected from semi-natural or unmanaged forests from 
the same regions (Sønstebø et al. 2018). They showed that ge-
netic diversity in orchard seed crops was slightly lower than in 
seed crops collected from semi-natural or unmanaged forests 
(Sønstebø et al. 2018). Similarly, nine breeding populations from 
northern and central Sweden were examined using 15 simple 
sequence repeat (SSR) markers, and the results showed high 
genetic diversity within populations, low genetic differentiation 
between populations, and low levels of inbreeding and relat-
edness (Androsiuk et al. 2013). Finally, Verbylaitė et al. (2017) 
evaluated genetic diversity in self-regenerated populations of 
Norway spruce and Scots pine in Lithuania. They observed 
high genetic diversity and low genetic differentiation between 
maternal trees and regenerating seedlings, suggesting that 
self-regenerating populations can provide sufficient genetic di-
versity to ensure ecologically and evolutionarily sound stands 
(Verbylaitė et al. 2017).

Several studies have also compared genetic diversity between 
managed and natural stands of different conifer species to assess 
these possible concerns. Bergmann and Ruetz (1991) used iso-
zyme markers and found no significant difference in gene diver-
sity between forest samples and seed orchard clones in a German 
forest district. They did, however, observe a difference in average 
heterozygosity, suggesting slight differences in genetic diversity 
between the two sample types. Maghuly et al. (2006) conducted 
a study in Austria using microsatellites derived from mitochon-
drial, chloroplast, and nuclear DNA to compare two age groups 
(6–10 years and 70–100 years) from three subpopulations (each 

from a different elevation). The nuclear SSR markers showed 
slightly higher genetic variation within populations of both 
age groups than genetic differentiation among subpopulations. 
Similarly, Ruņģis et al. (2019) used 11 SSR markers to compare 
naturally regenerated Norway spruce (Picea abies) populations 
to progenies derived from two different seed orchards in Latvia. 
Ruņģis et al.  (2019) found that the total and effective number 
of alleles, average number of alleles, average gene diversity and 
average allelic richness were higher in the naturally regenerated 
forests compared to the seed orchards. Genetic diversity indi-
cators were similar across all populations, and genetic diversity 
in progeny from seed orchards was comparable to that in nat-
urally regenerated forests. Finally, in Scots pine (Pinus sylves-
tris), nuclear- and chloroplast-derived microsatellites were used 
to compare genetic diversity among natural forests, seed-tree-
generated forests, and stands planted with genetically improved 
seedlings from three regions in Sweden (Garcia-Gíl et al. 2015). 
The results showed that reforestation methods had no effect on 
nuclear or chloroplast genetic diversity. However, the number of 
effective alleles and total gene diversity in chloroplast markers 
were significantly higher in stands from seed trees than in natu-
ral forests and seedling-planting stands (Garcia-Gíl et al. 2015). 
Previous studies assessing genetic diversity in natural and man-
aged stands of forest trees (Bergmann and Ruetz 1991; Garcia-
Gíl et al. 2015; Maghuly et al. 2006; Ruņģis et al. 2019; Sønstebø 
et  al.  2018) have been based on either low-resolution markers 
(e.g., allozymes) or have relied on a small number of high-
resolution markers (e.g., microsatellites) that have limited the 
statistical power for detecting systematic differences in genetic 
diversity or differentiation. Such markers are also generally not 
considered directly involved in controlling adaptive traits and 
therefore convey little information about the present and future 
adaptive potential of different forest stands.

Studies of genetic diversity and differentiation in many forest 
trees have observed that genetic differentiation among local 
populations is low, consistent with the extensive and homogenis-
ing effects of gene flow (Neale and Ingvarsson 2008; Savolainen 
and Pyhäjärvi  2007). However, genetic differentiation at loci 
underlying adaptive traits is expected to be greater, driven by 
the diversifying effects of local selection and possibly reduced 
gene flow (Savolainen et  al.  2007, 2013). Earlier studies have 
confirmed that patterns of adaptive variation are often strik-
ingly different from those seen in neutral genetic variation (Le 
Corre and Kremer 2003; Savolainen et al. 2013). Since natural 
selection favours alleles that enhance adaptation to local grow-
ing conditions, it often leads to greater genetic differentiation 
among populations for traits that contribute to local adaptation 
(Savolainen et  al.  2007, 2013). In most forest trees, such local 
adaptation persists despite high levels of gene flow that con-
tinuously introduces potentially maladaptive genetic variation, 
generating clinal variation in many adaptive traits across envi-
ronmental gradients (Kremer et al. 2012; Savolainen et al. 2007). 
Such clinal variation is also ubiquitous in Norway spruce (Chen 
et al. 2012; Kapeller et al. 2017; Suvanto et al. 2016).

Modern forest tree breeding programmes typically include 
climate adaptation as a primary breeding objective (Cortés 
et al. 2020; Holliday et al. 2017; Isabel et al. 2020). However, to 
date, few studies have addressed how current forest management 
practices alter adaptive genetic variation and local adaptation 
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in situ. Norway spruce (Picea abies (L.) Karst.) is one of the most 
important conifer species in Europe, with a distribution range 
extending from the west coast of Norway to mainland Russia in 
northern Europe and across the Alps, the Carpathians and the 
Balkans in central Europe (Giesecke and Bennett 2004). In 2013, 
there were around 3.5 billion cubic metres of standing forest on 
productive forest land in Sweden, with 41% of Norway spruce 
and 39.1% of Scots pine (Black-Samuelsson et al. 2020). Norway 
spruce is characterised by large population sizes and low muta-
tion rates, which, together with its outcrossing, wind-pollinated 
breeding system, lead to high genetic diversity within popu-
lations and low differentiation among populations (Burczyk 
et  al.  2004). Breeding of Norway spruce in Sweden began in 
the 1950s by selecting plus trees (i.e., trees with phenotypically 
desirable qualities, such as straight trunks, free of damage, and 
high quality) from natural forests. Today, breeding populations 
consist of trees of both Swedish and foreign origin, which are 
included to improve genetic gain and are extensively evaluated 
using field testing. Material from breeding populations has been 
used to establish commercial seed orchards to maximise genetic 
gains in value and volume production (Lindgren et al. 2007).

In this study, we assess genetic diversity in a selection of old-
growth stands of Norway spruce in northern Sweden that have 
not been logged for at least 150 years. We contrast the natural, 
old-growth stands with similar data obtained from recently 
planted stands (< 25 years) located near the old-growth popula-
tions. Our goal is to assess how patterns of genetic diversity dif-
fer between the two stand types and to identify genetic variation 
associated with local climate. We also evaluate the relative im-
portance of isolation by distance and isolation by environment 
(Wang and Bradburd  2014) for the different types of stands. 
Finally, we use climate modelling data to assess the risk of mal-
adaptation of different stand types to projected climate changes 
at the end of the 21st century.

2   |   Method

2.1   |   Sampling

We collaborated with Länsstyrelsen Västerbotten to identify and 
obtain coordinates for old-growth forest stands in the counties of 
Västerbotten and Västernorrland in northern Sweden (Figure 1, 
Table S1). We selected 15 stands that have not been logged for 
at least 150 years. These stands ranged from the Baltic coast in 
the east to the Scandinavian mountains in the west, capturing 
the east-to-west distribution of Norway spruce (Picea abies) in 
northern Sweden (Figure  1, Table  S1). Near each old-growth 
stand, we identified two newly planted forest stands (planted 
< 25 years ago). We obtained stand coordinates, information 
on the origin of planting material and date of replanting, where 
available, from two forest companies active in the region, SCA 
Skog AB (11 stands) and Sveaskog (19 stands). For the Sveaskog 
stands, we obtained the actual replanting year, whereas for the 
SCA stands, we obtained the year of clear-cutting. Replanting 
after clear-cutting usually occurs within 1–2 years, so we ar-
bitrarily set the planting date to one year after clear-cutting. 
Unfortunately, we were unable to determine whether the trees 
planted at each site were derived from Swedish or foreign seed 
orchards or from collections of natural populations within 
Sweden or elsewhere. However, statistics on seedling planta-
tions from the Swedish Forest Agency (https://​www.​skogs​styre​
lsen.​se/​en/​stati​stics/​​) suggest that 65%–80% of planted Norway 
spruce seedlings are derived from Swedish seed orchards and 
an additional 10%–13% are derived from foreign seed orchards.

In June 2017, we visited all 15 old and 30 young, planted stands, 
and sampled newly flushed buds from 50 randomly selected 
trees using transect sampling to obtain material from 2250 
trees. All samples were kept on ice during field sampling, then 
returned to the lab and stored at −80°C until DNA extraction. 

FIGURE 1    |    (A) The natural (light blue) and introduced (dark slate) distribution range of P. abies in Europe. (B) Close-up of northern Sweden with 
the sample sites highlighted in green for old and tan for planted populations.
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From the 50 samples per stand, we randomly selected 30, result-
ing in a total of 1350 trees used for DNA extraction.

2.2   |   DNA Extraction, Sequencing and SNP Calling

Population genetic analyses rely on accurately estimating allele 
frequencies from population samples. Sequencing pooled sam-
ples of individuals (Pool-Seq) has been shown to provide more 
accurate allele frequency estimates than sequencing individuals, 
as more individuals can be assessed with a Pool-Seq approach 
and usually at only a fraction of the cost of sequencing separate 
individuals (Schlötterer et al. 2014). To genotype as many trees 
and stands as possible, we adopted a Pool-Seq strategy for our 
samples.

DNA was extracted from all samples using an Omega Bio-tek 
E-Z 96 plant kit (OMEGA Bio-Tek), and DNA concentrations 
were measured on a Qubit (ThermoFisher Scientific). High-
concentration samples were diluted, and 30 samples from 
each stand were pooled in equimolar concentrations by using 
200 ng of DNA from each sample. Each pool was divided into 
eight tubes (750 ng of DNA per tube) to maintain a low reac-
tion volume. The GBS library preparation method is described 
in detail by Pan et  al.  (2015), with minor modifications out-
lined below.

DNA digestion and ligation were performed in 50 μl reagent 
systems using the restriction enzyme PstI (New England 
BioLab, Woburn, MA, USA). Adaptors were ligated to each 
of the 45 DNA stand pools using five unique barcodes. Five 
stand pools with unique barcodes were further pooled to 
create a super-pool. The nine super-pools (5 stand pools per 
super-pool) were purified using a QIAquick PCR purifica-
tion Kit (Qiagen, Hilden, Germany), and DNA concentrations 
were measured using a Qubit fluorometer (ThermoFisher 
Scientific). All nine super-pools were amplified by PCR in 
12 50 μL reactions per pool, then purified. Size selection was 
made with the E-gel Size-Select II pre-cast gel (ThermoFisher 
Scientific), using a total of 100 μl sample from each super-pool. 
Targeting fragments in the range 350–450 bp (accounting for 
125–132 bp barcodes and sequencing adapters), the gel was 
run for approximately 20 min before the desired fragment size 
was excised from the gel. The gel was cut, and DNA was ex-
tracted using a QIAquick Gel Extraction Kit (Qiagen, Hilden, 
Germany), resulting in nine unique super-pool libraries. Each 
library was quantified on a Qubit (ThermoFisher Scientific), 
and pair-end sequencing (2 × 150 bp) was performed on an 
Illumina HiSeqX by Novogene Europe. Each super-pool was 
sequenced individually on one HiSeq X lane, yielding > 120 
Gbp raw sequencing data per super-pool.

The raw sequencing data were quality checked using FastQC 
v0.11.8 (https://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​
cts/​fastqc/​), and sequencing adaptors were trimmed using 
Trimmomatic v0.36 (Bolger et al. 2014). The sequence data from 
each super-pool library were demultiplexed using the pro-
cess_radtags routine from Stacks v2.2 (Catchen et al. 2011) 
to extract reads for the individual stand pools. All sequencing 
reads were mapped against the P. abies v1.0 genome (Nystedt 
et al. 2013) using BWA-MEM with default parameters (Li 2013). 

For SNP calling, we used samtools v1.14 (Li et al. 2009) to cre-
ate an mpileup file from all 45 individual BAM files and SNPs 
were then called from this file using VarScan v2.4.1 (Koboldt 
et al. 2012).

2.3   |   Data Analysis

All SNPs, in VCF format, were read into R using the vcf-
2pooldata function from the poolfstat package (Gautier 
et al. 2022; Hivert et al. 2018). The SNP data were filtered to 
include only SNPs with a minimum coverage of 60 reads, corre-
sponding to 1× per haplotype in the pool. We further required 
the coverage of all pools to fall within the 0.1 to 99.9 quantile 
coverage thresholds and have a minimum allele frequency 
of 0.008. All further analyses were performed in R using the 
poolfstat package. Genetic differentiation measured as 
Wright's fixation index, FST, was calculated using methods out-
lined in Hivert et al. (2018). The geographic distance between 
stands was estimated from their respective latitude and longi-
tude coordinates using the Haversine formula, which calculates 
the shortest distance, also known as the ‘great-circle-distance’, 
between two points using the distHaversine function from 
the geosphere package in R. To assess the genetic similarity 
between stands within a single locality, that is, one old-growth 
and the two corresponding newly planted stands, we employed 
the outgroup f3 statistics (Patterson et  al.  2012). Outgroup f3 
statistics are a special case of how f3 statistics are commonly 
used. Instead of a target population and two possible source 
populations, as is used in calculating ordinary f3 statistics for 
admixture, the outgroup version uses two source populations 
and one outgroup (Gautier et  al.  2022; Patterson et  al.  2012). 
The test estimates genetic similarity, also known as ‘shared ge-
netic drift’, between the source populations and the outgroup 
(Gautier et al. 2022). We calculated outgroup f3 tests using all 
combinations of old and planted stands within localities by cy-
cling through which stand type was assigned as the outgroup. 
In this type of analysis, higher f3 statistics indicate that the two 
source populations are more genetically similar relative to the 
outgroup.

2.4   |   Current and Future Climate Data

Climate data for all stands were obtained from the geographic 
coordinates assigned to each stand during sampling using 
the ENVIREM database (http://​envir​em.​github.​io/​, Title and 
Bemmels 2018) with a spatial resolution of 2.5 arcmin (~5 km). 
Climate data were obtained for either the current climate 
(1960–1990) or for the predicted climate in the year 2070 based 
on a representative future greenhouse gas concentration path-
way (RCP4.5; Moss et  al.  2008). The RCP4.5 data were con-
structed based on climate data from Worldclim (v1.4, Hijmans 
et  al.  2005, http://​world​clim.​org/​current), also at a 2.5 arcmin 
resolution, and converted to ENVIREM data format as previ-
ously described (Ingvarsson and Bernhardsson  2020). Due to 
high collinearity among variables in the ENVIREM data, we 
selected seven representative climate variables that describe 
the variation in temperature and aridity across the study region 
(Figure S1). The climate variables used in all further analyses 
are listed in Table 1 (Title and Bemmels 2018).
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To assess differences in climate between sites, we calculated 
the pairwise climate distance between sites using the Euclidean 
distance in multi-dimensional climate space, Dab, where each 
dimension, i, corresponds to a normalised climate variable for 
sites a and b (Harris et al. 2025; Hubbard et al. 2025), as imple-
mented in the vegdist function from the R-package vegan 
(Oksanen et al. 2025):

2.5   |   Gene–Environment Association Analyses

SNPs significantly associated with climate variables were iden-
tified in two ways. First, we selected SNPs based on the cor-
relation between allele frequencies and the climate variable of 
interest across stands using the approach outlined by Fischer 
et  al.  (2013). Briefly, we generated 1,000,000 random allele-
frequency variables and paired each draw with a randomly 
selected climate variable to generate a null distribution of the 
correlation coefficient between allele frequencies and climate 
variables. We then used the 99.9% quantile of the resulting 
1,000,000 correlation coefficients (i.e., r = 0.730) as our thresh-
old to select SNPs deemed significantly associated with a par-
ticular climate variable. If an SNP-environment correlation 
exceeded this threshold, the SNP locus was considered signifi-
cantly associated with the environmental variable. We selected 
associated SNPs based on whether they were associated with 
a climate variable in old or planted stands separately. The sec-
ond approach to identify outlier SNPs used latent factor mixed 
models (LFMM) (Caye et  al.  2019; Frichot et  al.  2013) as im-
plemented in the lfmm package in R (https://​CRAN.​R-​proje​ct.​
org/​packa​ge=​lfmm). The main benefit of the LFMM method is 
that it can adjust gene–environment associations for underlying 
population structure, which the simple correlation method can-
not do. Population stratification is a major issue in genetic as-
sociation studies because it creates spurious associations (false 
positives) by confounding genetic data with ancestry rather 
than with the traits of interest (Sul et al. 2018; Vilhjálmsson and 
Nordborg  2013). To alleviate such confounding, we first used 
a principal component analysis to estimate population struc-
ture from the SNP data (Figure S2A). Based on the scree plot 

(Figure  S2B), we selected four (K = 4) latent factors to correct 
for population structure in the data. These first four principal 
components from the population structure PCA were included 
as latent factors in LFMM to account for the underlying popu-
lation structure of the data (Caye et al. 2019). Consistent with 
how we conducted the correlation tests, we separately estimated 
the associated SNPs for old and planted stands. Individual SNPs 
were deemed significantly associated with a climate variable if 
the associated p-value was less than the Bonferroni-corrected 
significance threshold of 1.05 × 10−6 (=0.05/47,552 SNPs).

Isolation by environment (IBE) is a pattern of population ge-
netic structure where genetic differentiation increases with 
environmental differences, independent of geographic dis-
tance. It occurs when ecological factors, such as climate, re-
duce gene flow, thereby acting as barriers that promote local 
adaptation and divergence between populations (Wang and 
Bradburd 2014). To test for isolation by environment, we used 
partial Mantel tests to test for overall associations between ge-
netic differentiation among stands and climate distance. This 
method has been successfully used in previous studies assess-
ing associations between population differentiation and cli-
mate variables (e.g., Fischer et  al.  2013; Hancock et  al.  2011; 
Nosil et  al.  2012). The method allows for comparing two 
pairwise distance matrices while controlling for the effect of 
a third. The dependent variable in all analyses was the pair-
wise FST matrix, calculated from outlier SNPs selected using 
either correlations or LFMM, as outlined above. The predictor 
variable was the ‘environmental distance’ between sites, cal-
culated by the Euclidean distances between sites for the corre-
sponding environmental variable using the vegdist function 
from the vegan package in R. The matrix used to control for 
background population structure was constructed from pair-
wise FST values calculated from all remaining SNPs after out-
lier SNPs were removed. Partial Mantel tests were run using 
Pearson's r, thus assuming a linear relationship between allele 
frequencies and environmental factors. The partial Mantel 
tests were implemented using the mantel.partial function 
from the vegan package in R.

Finally, we calculated the risk of non-adaptedness (RONA) 
following Rellstab et  al.  (2016). For the RONA analyses, we 

Dab =

√

∑

i

(

ai−bi
)2
.

TABLE 1    |    Climate variables and abbreviations used.

Climate variable Abbreviation Brief description

Aridity Index Thornthwaite AIT Index of the degree of water deficit below water need

Climatic Moisture Index CMT A metric of relative wetness and aridity

Continentality CONT Average temperature of warmest month—average temperature 
of coldest month. Measured in units of °C.

Growing Deg Days 0C DegD0 Sum of mean monthly temperature for months with mean temperature 
greater than 0°C multiplied by number of days. Measured in units of 10*°C.

Growing Deg Days 5C DegD5 Sum of mean monthly temperature for months with mean temperature 
greater than 5°C multiplied by number of days. Measured in units of 10*°C.

Max Temp Coldest MTC The maximum temperature of the coldest month. Measured in units of 10*°C.

PET Coldest Quarter PCQ Mean monthly potential evapotranspiration (PET) of coldest quarter
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compared the current climate at all sites with the expected cli-
mate derived from the RCP4.5 greenhouse gas concentration 
scenario (Moss et  al.  2008). The RONA analyses estimate the 
average expected allele frequency shifts required for popula-
tions to track under future environmental conditions across 
all associated SNPs, with each locus weighted by the R2 value 
of the allele frequency-environment correlation (Pina-Martins 
et al. 2019). The RONA estimations were based on all SNPs as-
sociated with the selected climate variables, either via simple 
correlations or through LFMM analyses. RONA calculations 
were performed separately for the old and planted stands. To 
run the RONA analyses, we used scripts obtained from Dryad 
for the publication by Dauphin et al. (2021) (https://​datad​ryad.​
org/​datas​et/​doi:​10.​5061/​dryad.​866t1​g1pm).

3   |   Results

We generated over 1100 Gbp of sequencing data across the 45 
sequence pools, with a median coverage of 1850× per site across 
the 1.1 Mb of the Norway spruce genome that our GBS analysis 
targeted (Table S2). After SNP calling and filtering, 47,552 SNPs 
were retained for all subsequent analyses.

We used all SNP data from the complete set of individual 
pools to assess population structure in our collection of stands 
(Figure  S2). We also calculated pairwise FST values between 
all stands. Using a Mantel test, we assessed the evidence for 

isolation by distance by calculating the correlation between 
pairwise population differentiation and the great-circle distance 
between stands. Interestingly, we detected only weak isolation 
by distance in our study populations, which was significant only 
for the planted populations (old: r = 0.075, p = 0.254; planted: 
r = 0.127, p = 0.036; Figure 2A,B). For both sets of populations, 
we observe strong and significant associations between geo-
graphic and climate distance (Figure 2C,D).

When analysing different estimates of genetic diversity on a per-
stand basis, we did not observe any significant differences be-
tween old and planted stands for the number of invariant sites, 
the proportion of rare alleles (alleles with a frequency < 5%) or 
heterozygosity (Figure S2). Finally, we assessed pairwise genetic 
differentiation (FST) and genetic similarity (outgroup f3) among 
the different stand types within each sample location. We ob-
served a higher genetic differentiation between planted and old 
stands (Figure 3A) and a greater genetic similarity among the 
planted stands (Figure 3B).

We observe substantially more significant associations between 
genetic diversity and climate in the old-growth stands when 
using simple allele-frequency correlations with the climate 
variables (the average number of significant correlations for old-
growth and planted stands is 96 and 5, respectively; Table 2). We 
also observed strong, positive partial Mantel correlations for the 
old-growth stands with all climate variables. At the same time, 
only AIT was significant for the planted stands (Mean partial 

FIGURE 2    |    Isolation by distance for (A) old and (B) planted populations. Correlation between geographic and climate distance for (C) old and (D) 
planted populations. Dotted lines are the best-fitting regression lines and are only used for visual guidance.
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Mantel r = 0.914 and r = 0.028 for old-growth and planted stands, 
respectively, Table 2). These correlations remain strong for old-
growth stands under the projected climate for the RCP45 2070 
scenario (mean partial Mantel r = 0.833), while no such correla-
tions were observed in the planted stands (mean partial Mantel 
r = −0.011, Table 2).

We observed similar results when outlier SNPs were selected 
using LFMM, although the overall patterns were not as strong 
as those in analyses based on simple correlations, suggesting 
that the correlation analyses may be partly confounded by the 
underlying population structure. On average, 35 SNPs show 
significant associations with climate in old-growth stands com-
pared to only 3 in the planted stands (Table  3) in the LFMM 
data set (Table 3). The partial Mantel correlations based on the 
LFMM-outlier SNPs for the old-growth stands were also high 
and significant for all climate variables (mean partial Mantel 
r = 0.715). At the same time, only CONT was significant for the 
planted stands (mean partial Mantel r = 0.016). For the 2070 
RCP45 climate scenario, all climate variables, except DegD5, 
remained significantly correlated for old-growth stands (mean 
partial Mantel r = 0.645, Table 3). For the planted stands, none 

FIGURE 3    |    (A) Pairwise genetic differentiation and (B) pairwise ge-
netic similarity (shared genetic drift, f3) between old and planted (O vs. 
P) or between planted populations (P vs. P) within each location.
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TABLE 2    |    Associations and partial Mantel correlations for old-growth and planted stands, using allele-frequency correlations to select outlier 
loci.

Variable

Number of SNP 
associations

Partial Mantel

Current RCP45 2070

Old Planted Old Planted Old Planted

Aridity Index Thornthwaite 99 5 0.895 0.156 0.883 0.061

Climatic Moisture Index 81 0 0.940 −0.028 0.939 −0.030

Continentality 150 0 0.951 −0.152 0.962 −0.158

Growing Deg Days 0C 110 8 0.909 0.106 0.792 0.071

Growing Deg Days 5C 125 3 0.893 0.102 0.454 −0.016

Max Temp Coldest 39 2 0.886 −0.011 0.873 −0.030

PET Coldest Quarter 68 14 0.925 0.019 0.930 0.022

Note: Bold correlations are significant at p < 0.001.

TABLE 3    |    Associations and partial Mantel correlations for old-growth and planted stands using LFMM to select outlier loci.

Variable

Number of SNP 
associations

Partial Mantel tests

Current RCP45 2070

Old Planted Old Planted Old Planted

Aridity Index Thornthwaite 25 0 0.760 0.073 0.573 0.022

Climatic Moisture Index 43 2 0.906 −0.107 0.899 −0.150

Continentality 49 8 0.751 0.194 0.750 0.212

Growing Deg Days 0C 35 6 0.847 0.048 0.716 0.046

Growing Deg Days 5C 48 3 0.233 −0.087 0.040 −0.076

Max Temp Coldest 19 0 0.765 −0.054 0.758 −0.068

PET Coldest Quarter 28 0 0.742 0.046 0.781 0.070

Note: Bold correlations are significant at p < 0.001.
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of the partial Mantel correlations was significant for this climate 
scenario (mean partial Mantel r = 0.008, Table 3).

The planted stands consistently show higher estimates of the risk 
of non-adaptedness (RONA) across all climate variables we as-
sessed, regardless of whether the RONAs were estimated using 
outlier loci selected based on allele frequency correlations or 
using LFMM (Figure 5A,B). The only cases in which RONA was 
not significantly greater in newly planted stands were DegD5, 
MTC, and PCQ for the LFMM-based calculations (Figure 5B).

4   |   Discussion

We did not detect any systematic differences in the amount of 
genetic diversity maintained in old versus planted populations, 
regardless of what measure we used (Figure S3), although we do 
observe greater genetic differentiation between old-growth and 
planted stands, and greater genetic similarities within planted 
stands across sites (Figure  3). These results together indicate 
that current forest management practices have not substantially 

reduced genetic variation at either the stand or the landscape 
level. These results are also in line with earlier studies that have 
assessed genetic diversity in forest trees and which have gener-
ally found no or only minor differences in estimates of genetic 
diversity between natural and managed stands of forest trees 
(Bergmann and Ruetz  1991; Garcia-Gíl et  al.  2015; Maghuly 
et al. 2006; Ruņģis et al. 2019; Sønstebø et al. 2018). Previous 
studies have used various genetic markers, including allozymes, 
microsatellites and RAPDs, but have largely failed to detect sig-
nificant differences in genetic diversity between planted and 
natural stands. Bergmann and Ruetz (1991) used eight enzyme 
loci to compare 45 seed orchard trees with 60 random spruce 
trees from the same area and found a significant difference in 
average heterozygosity. Ruņģis et al. (2019) found higher num-
bers of alleles and higher average gene diversity in naturally re-
generated forests (153 trees) in comparison to progeny from seed 
orchards (144 trees) when genotyping using 11 SSRs. Maghuly 
et al. (2006) also used SSRs, chloroplast SSRs and mitochondrial 
markers to compare two age classes and three populations at dif-
ferent elevations. Using 50 old and 100 young individuals from 
each population, they found no difference in seven chloroplast 

FIGURE 4    |    Associations between genetic distance and climate distance for the two set sof populations. Genetic distance is calculated from all 
SNPs that show a significant correlation with one or more climate variables. In (A) and (B) SNPs significant in the correlation analyses were used, 
whereas in (C) and (D) SNPs significant from the LFMM analyses were used. The dotted lines are the best-fitting regression lines and are only used 
for visual guidance. In all comparisons, climate distance is calculated as the Euclidean distance between sites across all seven climate variables.
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SSRs. Their five SSRs indicated that there was less genetic di-
versity and heterozygosity among the different populations than 
there was within populations. Sønstebø et al. (2018) compared 
two seed orchards (25 and 60 parents) with semi-natural forests 
and unmanaged stands. Four samplings were conducted with 
300 seeds each in the seed orchards, and 13 seed lots were col-
lected from semi-natural forests. Finally, needles were sampled 
from five natural forests. With 11 microsatellites, they showed 
a slightly lower genetic diversity in the form of allelic richness 
from the seed orchard samples, with the most pronounced dif-
ference seen in the orchard with only 25 parent trees (Sønstebø 
et al. 2018). One thing these studies have in common is that they 
have all relied on a relatively modest number of independent ge-
netic markers, suggesting that the power to detect differences 
in genetic diversity has been low. Compared with earlier stud-
ies, our study uses a substantially larger number of indepen-
dent genetic markers (~47 k SNPs) and also provides reasonable 
coverage of the spruce genome (> 8 k unique genomic regions). 
We have made an effort to sample from a relatively large geo-
graphic area in northern Sweden, spanning the Baltic coast to 
the Scandinavian mountains (~25,000 km2). We included 45 
stands and a total of 1350 trees in our study, which, combined 
with a large number of markers, should provide substantially 
greater statistical power to detect differences in genetic diversity 
and differentiation. This allows us to confidently state that we 
do not observe any differences in genetic diversity between old 
and planted populations. If such differences nevertheless exist, 
they must be small. Although we cannot be certain of the origin 

of the seeds used for replanting trees at the planted stands in 
our study, statistics from the Swedish Forest Agency suggest 
that between 65% and 85% of all planted seedlings are derived 
from Swedish or foreign seed orchards (https://​www.​skogs​styre​
lsen.​se/​en/​stati​stics/​​). Also, although seeds used to replant in-
dividual sites likely have a common origin (e.g., seed orchard or 
sampling site), different planted sites likely use material derived 
from vastly different sources. Since the planted populations 
were established between 1993 and 2008, any seed orchard ma-
terial used for replanting is most likely derived from the second 
round of tree breeding (established 1981–1994) and is not rep-
resentative of the most advanced selection made to date. It is 
possible that additional selection rounds could increase genetic 
diversity differences between natural and production forests, 
making them easier to detect; however, this remains to be inves-
tigated, for example by examining genetic diversity in seed lots 
sampled from operational seed orchards.

It is essential to distinguish between putatively neutral genetic 
variation and genetic variation explicitly linked to traits that 
confer an adaptive advantage and that mediate local adapta-
tion. Population genetics theory suggests that the majority of 
the variation across a species' genome is likely neutral or nearly 
neutral, and only a small fraction of variants mediate adaptive 
traits (Charlesworth et  al.  2017). We also know from many 
earlier studies that the genetic structure of adaptive variation 
is often fundamentally different from neutral genetic varia-
tion and that natural selection increases differentiation among 

FIGURE 5    |    Risk of non-adaptedness (RONA) for old-growth (green) and newly planted (green) stands for all climate variables (see Table 1 for an 
explanation of abbreviations). In (A), outlier loci are identified using allele frequency correlations, and in (B), outlier loci are identified using LFMM.
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populations for adaptive traits that contribute to local adapta-
tion (Le Corre and Kremer 2003; Savolainen et al. 2013). Local 
adaptation persists in most forest trees despite high levels of 
gene flow that continuously introduces potentially maladaptive 
genetic variation (Kremer et al. 2012), and this is also the case in 
Norway spruce (Chen et al. 2012; Kapeller et al. 2017; Suvanto 
et al. 2016). Forest tree populations can adapt to local environ-
ments despite extensive gene flow, so natural selection acting on 
locally adaptive traits must be strong enough to overcome the 
homogenising effects of gene flow. So even if neutral markers 
display low genetic differentiation, consistent with extensive 
gene flow among populations, patterns of genetic differentiation 
at loci directly involved in controlling adaptive traits could be 
quite different, resulting in patterns of isolation by environment 
(IBE), where genetic and environmental distances are positively 
correlated, independent of their geographic distance (Wang and 
Bradburd 2014).

In line with these observations, a strikingly different picture 
emerges when we focus on adaptive genetic variation in the old-
growth and planted stands. The amount of variation and how 
it is associated with underlying climate variables differ dras-
tically between the two types of forest stands we have studied 
(Figure  4, Tables  2 and 3). We observe strong and consistent 
correlations between genetic and environmental distance in the 
old-growth populations (Figure 4, Tables 2 and 3), and this holds 
regardless of the method used to identify outlier loci assumed to 
represent adaptive variation. In contrast, we observe no or only 
weak correlations when assessing the same loci in the planted 
stands (Figure 4, Tables 2 and 3). We also observe a 10- to 20-fold 
greater number of significant SNP-climate associations in old-
growth forests compared to the planted populations (Tables  2 
and 3). When we use these outlier SNPs to assess isolation by en-
vironment while simultaneously controlling for the background 
genetic structure, we consistently observe strong positive cor-
relations in old-growth forests (Tables 2 and 3, Figure 4). At the 
same time, this pattern is largely absent for the planted stands 
(Tables 2 and 3, Figure 4).

When assessing the risk of non-adaptedness (RONA) of current 
standing variation under a future climate warming scenario 
(RCP45), we observe that RONA estimates are consistently and 
significantly higher for the planted populations, suggesting 
these populations are at greater risk of suffering adverse effects 
from climate warming. However, it is worth emphasising that 
the higher RONA estimates in the planted populations partly 
reflect a mismatch already with the local climate under cur-
rent conditions, as suggested by the limited evidence of local 
adsaptation we observe in these populations (Tables  2 and 3, 
Figure 4). It is therefore unclear whether these populations will 
suffer disproportionately from future climate change or whether 
their higher RONA value seen in planted populations (Figure 5) 
simply reflects this initial climate mismatch already present 
under the current climate.

Our results highlight a possible underappreciated consequence 
of large-scale reforestation programmes in that they may weaken 
or disrupt patterns of local adaptation in managed populations 
planted when material used for replanting is derived from non-
local sources, such as seed orchards or seed collections from 
natural (but not necessarily local) populations. This suggests 

that planted populations could be exposed to greater risks from 
climate change if care is not taken to include local adaptation as 
a key criterion when selecting seed source material. Forest tree 
breeding is usually performed with local adaptation and future 
climate change in mind (Cortés et al. 2020). However, since the 
old-growth populations we have assessed show substantially 
stronger associations with local climate than planted popula-
tions that were sampled from the same geographic areas, this 
suggests that old-growth populations harbour important adap-
tive alleles that, for reasons unknown, are either absent or occur 
at low frequencies in source populations used for reforestation 
of the planted stands. Old-growth populations may thus serve as 
important sources for climate-adapted alleles, and future work 
should focus on identifying these alleles and making a dedicated 
effort to introduce them into breeding populations and relevant 
seed orchards used in reforestation.

An important caveat of climate-vulnerability estimates based on 
allele frequency differences across environments and clinal vari-
ation is that such variation only serves as proxies for potential 
adaptive mismatches, rather than directly assessing their fitness 
effects in controlled field or common garden experiments (Lind 
et  al.  2024; Lotterhos  2024). Climate-vulnerability estimates, 
such as RONA, rely on the degree of genetic change needed for a 
population to track and adapt to future climate conditions. Still, 
they do not directly measure the actual reproductive success, 
survival, or overall fitness of individuals in a changing environ-
ment (Lind et al. 2024; Lind and Lotterhos 2024; Lotterhos 2024). 
Although allele-frequency-based estimates have been shown to 
correlate with fitness declines in controlled experiments, such 
as common garden studies, they do not inherently account for 
other ecological factors that influence fitness in natural settings, 
making them proxies rather than direct measures of maladap-
tation or vulnerability (Lind and Lotterhos  2024; Villoutreix 
et al. 2025).

5   |   Conclusions

This study provides a comprehensive comparison of genetic 
diversity and adaptive potential between old-growth and re-
cently planted stands of Norway spruce (Picea abies) in northern 
Sweden. Utilising extensive genomic data and broad geographic 
sampling, our results reveal no significant differences in neu-
tral genetic diversity between natural and planted populations, 
suggesting that current forestry practices, including seed or-
chard selections and reforestation methods, have not substan-
tially impacted overall genetic variation at either the stand or 
landscape levels. However, the patterns are strikingly different 
when assessing adaptive variation that contributes to large-scale 
climate gradients, variation that is also crucial for predicting 
future responses to climate change. Old-growth forests show 
substantially stronger patterns of local adaptation and are also 
predicted to face lower risks from future climate change. These 
findings underscore the importance of maintaining and en-
hancing adaptive genetic diversity through forest management 
to ensure resilience to future climate change. While planting 
genetically improved seedlings from seed orchards does not 
diminish overall genetic diversity in Norway spruce popula-
tions and helps accelerate reforestation, careful consideration 
is necessary to preserve genetic variation essential for local 
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adaptation. Old-growth forests could serve as important sources 
for (re-)introducing such adaptive variation into existing tree 
breeding programmes.

Acknowledgements

The research has been funded by grants from the Swedish Foundation 
for Strategic Research (SSF Grant No. RBP14-0040) and the Knut and 
Alice Wallenberg Foundation. All analyses were performed using 
resources provided by the National Academic Infrastructure for 
Supercomputing in Sweden (NAISS), partially funded by the Swedish 
Research Council through grant agreement no. 2022-06725, through 
the Uppsala Multidisciplinary Centre for Advanced Computational 
Science (UPPMAX) under the compute projects SNIC 2017/1-438, SNIC 
2018/3-529, SNIC 2019/3-555 and the storage projects uppstore2017066 
and uppstore2017145.

Funding

This work was supported by Knut och Alice Wallenbergs Stiftelse and 
Stiftelsen för Strategisk Forskning (RBP14-0040).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The GBS raw reads have been deposited in NCBI's Sequence Read 
Archive (SRA) under accession number PRJEB89643 (https://​www.​
ncbi.​nlm.​nih.​gov/​biopr​oject/​​PRJEB​89643/​​). Background information 
on all sites, environmental data at the site of origin for all populations 
and the PoolSeq SNP data are available from Zendo (https://​doi.​org/​
10.​5281/​zenodo.​16880968) under a CC BY-SA 4.0 license. All scripts 
used for the analyses described in the paper are available on GitHub 
under a MIT License (https://​github.​com/​parki​ngvar​sson/​Spruc​eOldv​
sPlanted).

References

Aitken, S. N., S. Yeaman, J. A. Holliday, T. Wang, and S. Curtis-McLane. 
2008. “Adaptation, Migration or Extirpation: Climate Change Outcomes 
for Tree Populations.” Evolutionary Applications 1, no. 1: 95–111.

Alberto, F. J., S. N. Aitken, R. Alía, et al. 2013. “Potential for Evolutionary 
Responses to Climate Change—Evidence From Tree Populations.” 
Global Change Biology 19, no. 6: 1645–1661.

Andersson, E., E. C. H. Keskitalo, and A. Lawrence. 2017. “Adaptation 
to Climate Change in Forestry: A Perspective on Forest Ownership and 
Adaptation Responses.” Forests, Trees and Livelihoods 8, no. 12: 493.

Androsiuk, P., A. Shimono, J. Westin, D. Lindgren, A. Fries, and 
X.-R. Wang. 2013. “Genetic Status of Norway Spruce (Picea abies) 
Breeding Populations for Northern Sweden.” Silvae Genetica 62, no. 
1–6: 127–136.

Aravanopoulos, F. A. 2018. “Do Silviculture and Forest Management 
Affect the Genetic Diversity and Structure of Long-Impacted Forest 
Tree Populations?” Forests, Trees and Livelihoods 9, no. 6: 355.

Bergmann, F., and W. Ruetz. 1991. “Isozyme Genetic Variation and 
Heterozygosity in Random Tree Samples and Selected Orchard Clones 
From the Same Norway Spruce Populations.” Forest Ecology and 
Management 46, no. 1: 39–47.

Black-Samuelsson, S., A. Eriksson, and J. Bergqvist. 2020. “The Second 
Report On: The State of the World's Forest Genetic Resources, Sweden 
(No. 2020/3).” Skogsstyrelsen. https://​www.​skogs​styre​lsen.​se/​globa​
lasse​ts/​om-​oss/​publi​katio​ner/​2020/​rappo​rt-​2020-​3-​fores​t-​genet​ic-​resou​
rces-​in-​swede​n-​-​-​2nd-​report.​pdf.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. “Trimmomatic: A Flexible 
Trimmer for Illumina Sequence Data.” Bioinformatics 30, no. 15: 
2114–2120.

Burczyk, J., A. Lewandowski, and W. Chalupka. 2004. “Local Pollen 
Dispersal and Distant Gene Flow in Norway Spruce (Picea abies [L.] 
Karst.).” Forest Ecology and Management 197, no. 1: 39–48.

Catchen, J. M., A. Amores, P. Hohenlohe, W. Cresko, and J. H. 
Postlethwait. 2011. “Stacks: Building and Genotyping Loci De Novo 
From Short-Read Sequences.” G3 1, no. 3: 171–182.

Caye, K., B. Jumentier, J. Lepeule, and O. François. 2019. “LFMM 2: Fast 
and Accurate Inference of Gene–Environment Associations in Genome-
Wide Studies.” Molecular Biology and Evolution 36, no. 4: 852–860.

Charlesworth, D., N. H. Barton, and B. Charlesworth. 2017. “The 
Sources of Adaptive Variation.” Proceedings of the Royal Society B: 
Biological Sciences 284: 20162864.

Chen, J., T. Källman, X. Ma, et  al. 2012. “Disentangling the Roles of 
History and Local Selection in Shaping Clinal Variation of Allele 
Frequencies and Gene Expression in Norway Spruce (Picea abies).” 
Genetics 191, no. 3: 865–881.

Cortés, A. J., M. Restrepo-Montoya, and L. E. Bedoya-Canas. 2020. 
“Modern Strategies to Assess and Breed Forest Tree Adaptation to 
Changing Climate.” Frontiers in Plant Science 11: 1606.

Dauphin, B., C. Rellstab, M. Schmid, et al. 2021. “Genomic Vulnerability 
to Rapid Climate Warming in a Tree Species With a Long Generation 
Time.” Global Change Biology 27, no. 6: 1181–1195.

Fady, B., F. Aravanopoulos, R. Benavides, et al. 2020. “Genetics to the 
Rescue: Managing Forests Sustainably in a Changing World.” Tree 
Genetics & Genomes 16, no. 6: 80.

Fischer, M. C., C. Rellstab, A. Tedder, et al. 2013. “Population Genomic 
Footprints of Selection and Associations With Climate in Natural 
Populations of Arabidopsis Halleri From the Alps.” Molecular Ecology 
22, no. 22: 5594–5607.

Frichot, É., S. D. Schoville, G. Bouchard, and O. François. 2013. “Testing 
for Associations Between Loci and Environmental Gradients Using 
Latent Factor Mixed Models.” Molecular Biology and Evolution 30, no. 
7: 1687–1699.

Garcia-Gíl, M. R., V. Floran, L. Östlund, and B. Andersson Gull. 2015. 
“Genetic Diversity and Inbreeding in Natural and Managed Populations 
of Scots Pine.” Tree Genetics & Genomes 11, no. 2: 28.

Gautier, M., R. Vitalis, L. Flori, and A. Estoup. 2022. “F-Statistics 
Estimation and Admixture Graph Construction With Pool-Seq or 
Allele Count Data Using the R Package Poolfstat.” Molecular Ecology 
Resources 22, no. 4: 1394–1416.

Giesecke, T., and K. D. Bennett. 2004. “The Holocene Spread of Picea 
abies (L.) Karst. in Fennoscandia and Adjacent Areas: The Holocene 
Spread of Picea abies in Fennoscandia.” Journal of Biogeography 31, no. 
9: 1523–1548.

Hancock, A. M., B. Brachi, N. Faure, et al. 2011. “Adaptation to Climate 
Across the Arabidopsis thaliana Genome.” Science 334, no. 6052: 83–86.

Harris, T. C., W. J. Roach, E. M. Miller, and S. W. Simard. 2025. “The 
Interactive Role of Climatic Transfer Distance and Overstory Retention 
on Douglas-Fir Seedling Survival and Height Growth in Interior British 
Columbia.” Global Change Biology 31, no. 1: e70027.

Hijmans, R. J., S. E. Cameron, J. L. Parra, P. G. Jones, and A. Jarvis. 
2005. “Very High Resolution Interpolated Climate Surfaces for Global 
Land Areas.” International Journal of Climatology 25, no. 15: 1965–1978.

Hivert, V., R. Leblois, E. J. Petit, M. Gautier, and R. Vitalis. 2018. 
“Measuring Genetic Differentiation From Pool-Seq Data.” Genetics 210, 
no. 1: 315–330.

Holliday, J. A., S. N. Aitken, J. E. K. Cooke, et al. 2017. “Advances in 
Ecological Genomics in Forest Trees and Applications to Genetic 

 17524571, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.70217 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [26/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ncbi.nlm.nih.gov/bioproject/PRJEB89643/
https://www.ncbi.nlm.nih.gov/bioproject/PRJEB89643/
https://doi.org/10.5281/zenodo.16880968
https://doi.org/10.5281/zenodo.16880968
https://github.com/parkingvarsson/SpruceOldvsPlanted
https://github.com/parkingvarsson/SpruceOldvsPlanted
https://www.skogsstyrelsen.se/globalassets/om-oss/publikationer/2020/rapport-2020-3-forest-genetic-resources-in-sweden---2nd-report.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/publikationer/2020/rapport-2020-3-forest-genetic-resources-in-sweden---2nd-report.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/publikationer/2020/rapport-2020-3-forest-genetic-resources-in-sweden---2nd-report.pdf


12 of 13 Evolutionary Applications, 2026

Resources Conservation and Breeding.” Molecular Ecology 26, no. 3: 
706–717.

Hubbard, J. A. G., D. Drake, and N. E. Mandrak. 2025. ““Euclimatch”: 
An R Package for Climate Matching With Euclidean Distance Metrics.” 
Ecography 2025, no. 4: e07614.

Ingvarsson, P. K., and C. Bernhardsson. 2020. “Genome-Wide 
Signatures of Environmental Adaptation in European Aspen (Populus 
tremula) Under Current and Future Climate Conditions.” Evolutionary 
Applications 13, no. 1: 132–142.

Ingvarsson, P. K., and H. Dahlberg. 2019. “The Effects of Clonal Forestry 
on Genetic Diversity in Wild and Domesticated Stands of Forest Trees.” 
Scandinavian Journal of Forest Research/Issued Bimonthly by the Nordic 
Forest Research Cooperation Committee 34, no. 5: 370–379.

Isabel, N., J. A. Holliday, and S. N. Aitken. 2020. “Forest Genomics: 
Advancing Climate Adaptation, Forest Health, Productivity, and 
Conservation.” Evolutionary Applications 13, no. 1: 3–10.

Kapeller, S., U. Dieckmann, and S. Schueler. 2017. “Varying Selection 
Differential Throughout the Climatic Range of Norway Spruce in 
Central Europe.” Evolutionary Applications 10, no. 1: 25–38.

Koboldt, D. C., Q. Zhang, D. E. Larson, et al. 2012. “VarScan 2: Somatic 
Mutation and Copy Number Alteration Discovery in Cancer by Exome 
Sequencing.” Genome Research 22, no. 3: 568–576.

Kremer, A., O. Ronce, J. J. Robledo-Arnuncio, et  al. 2012. “Long-
Distance Gene Flow and Adaptation of Forest Trees to Rapid Climate 
Change.” Ecology Letters 15, no. 4: 378–392.

Le Corre, V., and A. Kremer. 2003. “Genetic Variability at Neutral 
Markers, Quantitative Trait and Trait in a Subdivided Population Under 
Selection.” Genetics 164, no. 3: 1205–1219.

Lefèvre, F. 2004. “Human Impacts on Forest Genetic Resources in the 
Temperate Zone: An Updated Review.” Forest Ecology and Management 
197, no. 1: 257–271.

Lefèvre, F., T. Boivin, A. Bontemps, et  al. 2013. “Considering 
Evolutionary Processes in Adaptive Forestry.” Annals of Forest Science 
71, no. 7: 723–739.

Li, H. 2013. “Aligning Sequence Reads, Clone Sequences and Assembly 
Contigs With BWA-MEM.” arXiv [q-bio.GN]. arXiv. http://​arxiv.​org/​
abs/​1303.​3997.

Li, H., B. Handsaker, A. Wysoker, et al. 2009. “The Sequence Alignment/
Map Format and SAMtools.” Bioinformatics 25, no. 16: 2078–2079.

Lind, B. M., R. Candido-Ribeiro, P. Singh, et al. 2024. “How Useful Are 
Genomic Data for Predicting Maladaptation to Future Climate?” Global 
Change Biology 30, no. 4: e17227.

Lind, B. M., and K. E. Lotterhos. 2024. “The Accuracy of Predicting 
Maladaptation to New Environments With Genomic Data.” Molecular 
Ecology Resources 25: e14008.

Lindgren, D., B. Karlsson, B. Andersson, and F. Prescher. 2007. “Swedish 
Seed Orchards for Scots Pine and Norway Spruce.” Proceedings of a 
Seed Orchard Conference, Umeå. (Original work published 2007).

Lindgren, D., and F. Prescher. 2005. “Optimal Clone Number for Seed 
Orchards With Tested Clones.” Silvae Genetica 54, no. 1–6: 80–92.

Lotterhos, K. E. 2024. “Interpretation Issues With “Genomic 
Vulnerability” Arise From Conceptual Issues in Local Adaptation and 
Maladaptation.” Evolution Letters 8: 331–339. https://​doi.​org/​10.​1093/​
evlett/​qrae004.

Maghuly, F., W. Pinsker, W. Praznik, and S. Fluch. 2006. “Genetic 
Diversity in Managed Subpopulations of Norway Spruce [Picea abies 
(L.) Karst.].” Forest Ecology and Management 222, no. 1: 266–271.

Moss, R. H., N. Nakicenovic, and B. C. O'Neill. 2008. Towards New 
Scenarios for Analysis of Emissions, Climate Change, Impacts, and 
Response Strategies, p. 132. IPCC.

Neale, D. B., and P. K. Ingvarsson. 2008. “Population, Quantitative and 
Comparative Genomics of Adaptation in Forest Trees.” Current Opinion 
in Plant Biology 11, no. 2: 149–155.

Nilsson, U., J. Luoranen, T. Kolström, G. Örlander, and P. Puttonen. 
2010. “Reforestation With Planting in Northern Europe.” Scandinavian 
Journal of Forest Research 25, no. 4: 283–294.

Nosil, P., Z. Gompert, T. E. Farkas, et al. 2012. “Genomic Consequences 
of Multiple Speciation Processes in a Stick Insect.” Proceedings of the 
Royal Society B: Biological Sciences 279, no. 1749: 5058–5065.

Nystedt, B., N. R. Street, A. Wetterbom, et al. 2013. “The Norway Spruce 
Genome Sequence and Conifer Genome Evolution.” Nature 497, no. 
7451: 579–584.

Oksanen, J., R. Kindt, P. Legendre, et  al. 2025. “vegan: Community 
Ecology Package.” https://​doi.​org/​10.​32614/​​CRAN.​packa​ge.​vegan​.

Pan, J., B. Wang, Z.-Y. Pei, et al. 2015. “Optimization of the Genotyping-
By-Sequencing Strategy for Population Genomic Analysis in Conifers.” 
Molecular Ecology Resources 15, no. 4: 711–722.

Patterson, N., P. Moorjani, Y. Luo, et al. 2012. “Ancient Admixture in 
Human History.” Genetics 192, no. 3: 1065–1093.

Pina-Martins, F., J. Baptista, G. Pappas Jr., and O. S. Paulo. 2019. “New 
Insights Into Adaptation and Population Structure of Cork Oak Using 
Genotyping by Sequencing.” Global Change Biology 25, no. 1: 337–350.

Rellstab, C., S. Zoller, L. Walthert, et  al. 2016. “Signatures of Local 
Adaptation in Candidate Genes of Oaks (Quercus spp.) With Respect 
to Present and Future Climatic Conditions.” Molecular Ecology 25, no. 
23: 5907–5924.

Ruņģis, D., S. Luguza, E. Bāders, V. Šķipars, and Ā. Jansons. 2019. 
“Comparison of Genetic Diversity in Naturally Regenerated Norway 
Spruce Stands and Seed Orchard Progeny Trials.” Forests, Trees and 
Livelihoods 10, no. 10: 926.

Savolainen, O., and K. Kärkkäinen. 1992. “Effect of Forest Management 
on Gene Pools.” New Forests 6, no. 1: 329–345.

Savolainen, O., M. Lascoux, and J. Merilä. 2013. “Ecological Genomics 
of Local Adaptation.” Nature Reviews. Genetics 14, no. 11: 807–820.

Savolainen, O., and T. Pyhäjärvi. 2007. “Genomic Diversity in Forest 
Trees.” Current Opinion in Plant Biology 10, no. 2: 162–167.

Savolainen, O., T. Pyhajarvi, and T. Knurr. 2007. “Gene Flow and Local 
Adaptation in Trees.” Annual Review of Ecology 21, no. 22: 5530–5545.

Schlötterer, C., R. Tobler, R. Kofler, and V. Nolte. 2014. “Sequencing 
Pools of Individuals—Mining Genome-Wide Polymorphism Data 
Without Big Funding.” Nature Reviews. Genetics 15, no. 11: 749–763.

Sønstebø, J. H., M. M. Tollefsrud, T. Myking, et  al. 2018. “Genetic 
Diversity of Norway Spruce (Picea abies (L.) Karst.) Seed Orchard Crops: 
Effects of Number of Parents, Seed Year, and Pollen Contamination.” 
Forest Ecology and Management 411: 132–141.

Sul, J. H., L. S. Martin, and E. Eskin. 2018. “Population Structure in 
Genetic Studies: Confounding Factors and Mixed Models.” PLoS 
Genetics 14, no. 12: e1007309.

Suvanto, S., P. Nöjd, H. M. Henttonen, E. Beuker, and H. Mäkinen. 
2016. “Geographical Patterns in the Radial Growth Response of Norway 
Spruce Provenances to Climatic Variation.” Agricultural and Forest 
Meteorology 222: 10–20.

Title, P. O., and J. B. Bemmels. 2018. “ENVIREM: An Expanded Set 
of Bioclimatic and Topographic Variables Increases Flexibility and 
Improves Performance of Ecological Niche Modeling.” Ecography 41, 
no. 2: 291–307.

Verbylaitė, R., A. Pliūra, V. Lygis, V. Suchockas, J. Jankauskienė, and 
J. Labokas. 2017. “Genetic Diversity and Its Spatial Distribution in Self-
Regenerating Norway Spruce and Scots Pine Stands.” Forests, Trees and 
Livelihoods 8, no. 12: 470.

 17524571, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.70217 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [26/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://arxiv.org/abs/1303.3997
http://arxiv.org/abs/1303.3997
https://doi.org/10.1093/evlett/qrae004
https://doi.org/10.1093/evlett/qrae004
https://doi.org/10.32614/CRAN.package.vegan


13 of 13Evolutionary Applications, 2026

Vilhjálmsson, B. J., and M. Nordborg. 2013. “The Nature of Confounding 
in Genome-Wide Association Studies.” Nature Reviews. Genetics 14, no. 
1: 1–2.

Villoutreix, R., N. Faure, C. Glorieux, and F. Roux. 2025. “Predicting 
Fitness in Future Climates: Insights From Temporally Replicated Field 
Experiments in Arabidopsis thaliana.” Evolution Letters 9: 392–407.

Wang, I. J., and G. S. Bradburd. 2014. “Isolation by Environment.” 
Molecular Ecology 23, no. 23: 5649–5662.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Type, location and age of 
sampling sites and summary statistics of sequencing data per library. 
Table  S2: Summary statistics of the sequencing data. Figure S1: 
Summary of the ENVIREM climate variables for all populations used 
in the study. The diagonal displays the distribution of the individual 
variables, figures below the diagonal display pairwise scatterplots for 
all variables and above the diagonal, the corresponding correlation co-
efficients are given. *p < 0.05, **p < 0.01, ***p < 0.001. Figure S2: (A) 
Principal component analysis and (B) screeplot of the allele frequency 
data. Old and planted populations in (A) are depicted using green and 
tan, respectively. Figure S3: (A) The number of invariable sites, (B) the 
proportion of rare alleles (alleles with frequency < 0.05) and (C) hetero-
zygosity in planted (tan) and old (green) populations. None of the popu-
lation comparisons are significantly different. 
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