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A B S T R A C T   

Extensive gene flow can be detrimental to local adaptation and similarly, forestry seed sources such as seed 
orchards can be heavily influenced by external pollination, especially if the orchard material has been trans-
located a great distance. Here we conducted a coordinated genotyping-phenotyping study to examine how 
external pollination events and fecundity variation in a Pinus sylvestris seed orchard influence the genetic 
composition and the seed-lots’ autumn frost hardiness when genetic material had been translocated 630 km 
south. The results were then compared to those of a in situ established seed orchard. We genotyped and 
phenotype >1000 seedlings from these orchards, and constructed their pedigrees and scored their autumn frost 
tolerance in a controlled climate chamber environment. The hardiness scores were compared with a reference of 
nine natural stands along a latitudinal cline. We find substantial variation in fecundity and external pollination 
over crop years, thus unpredictable genetic composition because the contribution of some orchard clones is high 
in one crop but low in another. We observed that seedlings produced by mating among orchard genotypes were 
less hardy than expected (corresponding to an origin of − 0.6◦N) but the opposite in externally pollinated 
seedlings (+0.3 to +0.7◦N). The freeze damage levels reflect the origin of parental genotypes, but to a smaller 
degree than expected (13% lower than expected damage levels for externally pollinate seedlings and 21% greater 
damage levels for internally pollinates seedlings). These results suggest that orchard parents’ origins, mating 
composition and orchard local environment could all affect the seed crops’ quality and their climate adaptation. 
Seed orchard crops are the key to realize the gain in forestry from breeding efforts. However, genetic monitoring 
of seed crops is necessary to improve the performance of seed orchards further and adjust deployment areas of 
seed crops in a timely manner for a more dynamic forestry, considering climate change and biodiversity 
demands.   

1. Introduction 

Adaptation to local environments over a heterogeneous distribution 
range creates phenotypic clines along environmental gradients (Yeaman 
and Jarvis, 2006; Savolainen et al., 2007). Strong gene flow between 
ecologically differentiated populations could result in maladaptation to 
local habitats due to outbreeding depression (Lenormand, 2002). 
Maintaining high fitness in a sessile organism despite strong gene flow 
incurs substantial selection, mostly during the juvenile stages. Scots 
pine, Pinus sylvestris, is a forest tree with one of the largest distribution 
ranges, covering most of Eurasia. Provenance trials and tests in 

controlled environments have revealed clear clinal variation in physio-
logical and growth traits (Rehfeldt et al., 2002; Salmela et al., 2013; 
Andersson Gull et al., 2018; Hall et al., 2021). In general, local prove-
nance expresses the optimal phenotype, however, populations from the 
northern range limit have phenotypes that are better adapted to con-
ditions slightly further south (Savolainen et al., 2007). This indicates 
that trees along the range limit may suffer from a genetic load due to 
gene flow from the south (but see Kottler et al., 2021) or an adaptation 
lag due to recent colonization history after the Last Glacial Maximum. 
This observation has led the forestry in northern Scandinavia to apply a 
slight southern transfer of northern Scots pine regeneration materials to 
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reduce the risk of autumn frost damage (Berlin et al., 2009), thus 
improving survivability and felling volume at rotation age. 

In Scandinavia, the main seed source for Scots pine reforestation is 
seed orchards (NordGen, 2021). Seed orchards are intensely managed 
clonal gardens with a limited number of elite genotypes that have trait 
characteristics of higher quality for forest production than the average 
tree in natural stands. Maintaining high genetic diversity in forest 
regeneration is important for sustaining a resilient forest ecosystem, 
particularly in light of changing climate and the expected prevalence in 
forest pathogen and pest outbreaks (Linnakoski et al., 2019). Seed or-
chards are therefore established using an approximation of effective 
population size to set the minimum number of genotypes needed to 
ensure a large enough genetic diversity in the crop, while maximizing 
breeding gain. This number, sometimes termed status number, is based 
on the relatedness of orchard genotypes, their relative reproductive 
success and the inflow of pollen from conspecific stands (Lindgren and 
Mullin, 1998). The relatedness among orchard genotypes can be well 
established by genetic markers, while the other parameters in most or-
chards are still largely unknown. Large variation in both fecundity and 
external pollination across years can result in very different levels of 
genetic diversity among crops from the same orchard (Sønstebø et al., 
2018; Galeano et al., 2021; Heuchel et al., 2022). The unpredictable 
genetic composition of seed orchard crops can have additional conse-
quences when part of the genetic contribution is unknown, leading to 
maladaptation to pre-selected planting sites (Pulkkinen et al., 1995; 
Pulkkinen et al., 2009). 

Scots pine in the northern range margins has low production of 
viable seeds due to the harsh climate and short growing season. Thus in 
some instances, phenotypically selected material from the very north of 
Sweden has been used to establish first generation seed orchards in lo-
cations much further south to promote flowering and increase the pro-
duction and viability of seeds (Henttonen et al., 1986). One such orchard 
is Klocke, whose genetic materials have been transferred 5.7◦ latitudinal 
degrees south on average (i.e., ~630 km) to establish the orchard 
(Fig. 1). The main drawback of this arrangement is that any conspecific 
pollen source that contributes to the seed crop is expected to reduce the 

seedlings’ hardiness, rendering them maladapted to the expected 
deployment areas in the north. Allozyme analysis of the 1985 seed crop 
of Klocke indicated a proportion of external pollination of at least 21%, 
more precise estimation was not possible due to marker resolution (El- 
Kassaby et al., 1989). Examination of autumn frost hardiness of one year 
old seedlings from crosses of trees with different latitudinal origins 
showed more southern behaviour than expected from the mean of the 
parental origins (Aho, 1994). These observations imply that seedlings 
produced in south-transferred orchards could suffer severe damage from 
autumn frost due to pollen contamination from the south and/or the 
aftereffects of the maternal environment during seed maturation 
(Dormling and Johnsen, 1992; Andersson, 1994; Lindgren and Wei, 
1994). To understand the potential impacts of these factors on seedlings’ 
hardiness, one strategy is to conduct coordinated genotype-phenotype 
analyses that categorize the orchard seed crop into groups of either in-
ternal or external pollination events and then measure their respective 
hardiness under controlled conditions, and multiple crop years. 

Here we combined parentage and pedigree reconstruction using 
genotyping-by-sequencing (GBS) and seedling freezing tests in a climate 
chamber to establish the genotype-hardiness relationship. We examined 
three seed crops from Klocke to represent a time series of orchard 
development and contrasted this set of material to that of an in situ 
established orchard (i.e., with local genotypes, no south translocation) 
and reference natural stands to characterize variations in genetic di-
versity and hardiness among orchard crops compared to a natural cline. 
Our aims were: 1) to gain detailed information about mating system in 
the orchards and the genetic diversity in seed crops vs. natural stands; 2) 
to quantify the levels of external pollination in seed crops and their 
fluctuation over time; 3) to evaluate the impact of external pollen on 
seedling hardiness. Our findings have implications for orchard man-
agement, dynamic deployment of orchard seed crops to suitable sites, 
and establish how to better model frost hardiness in a crop based on 
relatedness and external pollination. 

Fig. 1. The location of the orchards and natural 
stands, and the origins of orchard genotypes. A large 
red or black point represent the location of Klocke 
and Västerhus orchard, respectively. A smaller point 
with corresponding color indicates the origins of 
individual genotypes of each orchard. The locations 
of nine natural stands (N, S, 1–7) are denoted in 
grey. Map colors represent length of growing season 
based on data between 1980 and 2010. Darker 
green indicate long growing, season, while lighter as 
short. Climate data from Karger et al. (2017). (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   
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2. Material and methods 

2.1. Sampling and freeze test 

The Klocke orchard was established at 62◦56′N and 18◦21′E with a 
mean altitude of 87 m above sea level (temperature sum, growing degree 
day sum above 5 ◦C at 1029 ◦C) between 1968 and 1972 and covers 16 
ha. The orchard was designed to contain 60 plus-trees (trees pheno-
typically selected in natural stands) selected from the very north of 
Sweden with an average latitudinal origin of 67◦44′N with an average 
temperature sum of 665.9 ± 56.6 ◦C (Fig. 1) with a mean altitude at 
origin of 445 ± 71 m. At establishment, each genotype had approxi-
mately even ramet proportions (51–53 ramets per genotype); there were 
also six extra genotypes of 1–3 ramets each which were probably 
included to replace failed grafts of the original 60 genotypes. Extensive 
supplementary planting had to be done in the years after establishment, 
which may unintentionally have led to an unbalanced genotype repre-
sentation. To compare with the south-transferred Klocke orchard, we 
selected another orchard (Västerhus) that was established in situ 
(63◦18′N, 18◦32′E at 26 m above sea level) in 1991 with 28 local ge-
notypes (Fig. 1). This orchard is 13.7 ha in size and applied a linear- 
deployment design. This design has intentional uneven representation 
of each parent, proportional to their breeding values (Lindgren and 
Matheson, 1986). Cones were collected in bulk by orchard owners across 
production years and sent to Skogforsk (the Swedish institute of forest 
research) for seed extraction and seedling hardiness estimation. We 
sampled the 1985, 1996 and 2008 crop of Klocke and the 2014 crop of 
Västerhus from the stored seeds for genotyping. The three Klocke crops 
represented different stages of orchard maturity, young (1985 at age 
13–17), at peak production (1996, age 24–28) and old (2008, age 
36–40), while the Västerhus orchard was 23 years old in 2014. 

We also sampled nine natural stands, of which two were genotyped 
and all nine were freeze tested, as reference for genetic and hardiness 
analyses (Fig. 1, Table 1). These stands approximately represent three 
latitudinal zones with three stands each: the region around the two or-
chards locations (stands 1–3. Fig. 1); the most northern distribution 
where Klocke genotypes originate (stands N, 6, 7); and the region in 
between the two (stands S, 4, 5). The natural stands were included in the 
freeze test to model a latitudinal gradient in freeze damage as a response 
to latitudinal origin, and to approximate the orchard crops latitudinal 
adaptation based on their damage scores. Seeds from commercial bulk 
cone collection in these stands were used in genotyping and freeze tests. 
Additionally, we sampled 177 plus trees representing the northern Scots 
pine breeding population. These trees together with the natural stands N 
and S were included in genotyping to generate allele frequencies of 

background reference population. 
Seeds were germinated in a greenhouse at the Forestry Research 

Institute of Sweden (Skogforsk) in Sävar in 2015, and seedlings were 
grown for approximately 10 weeks at +20 ◦C with 20 hr light(Persson 
et al., 2010). After this period, the night length was increased by 1hr per 
night to initiate dormancy. Boxes of seedlings were then placed in a 
freezer where the temperature initially was set to +10 ◦C then gradually 
lowered by 4 ◦C per hour to the final temperature of − 10 ◦C or − 12.5 ◦C 
for two hours (the extra reduction in temperature to − 12.5 ◦C was used 
once when all seedlings were close to full dormancy to increase varia-
tion) at one of 12 different time points. The timepoints represents a 
gradual increase in the degree of dormancy, and the first time point was 
decided by using test material. Seedlings representing each stand and 
crop was present in all freezing time points. Each seedling’s position in 
the freezer was recorded. Scoring of freeze damage occurred 1–2 weeks 
after freezing exposure to allow discoloration to develop. The degree of 
freeze damage was scored visually into seven classes: 0, no needle 
discoloration; 1, 1–20% of needles discoloured; 2, 20–40%; 3, 40–60%; 
4, 60–80%; 5, 80–99% and 6 all needles discoloured. This testing pro-
tocol was established in the early 1980s by Skogforsk (Andersson, 1992; 
Persson et al., 2010) as a standard method for monitoring the hardiness 
of Scots pine seed orchard crops for reforestation, see these references 
for more detailed description of the procedure. Needles for DNA 
extraction was sampled before the seedlings were exposed to freezing. 

2.2. GBS library preparations and SNP filtering 

We extracted DNA for seedlings using EZNA® SP Plant DNA Kit 
(Omega Bio-tek). The GBS library was prepared using a PstI high-fidelity 
restriction enzyme (New England Biolabs® Inc.), following the protocol 
of Pan et al., (2015). Briefly, 200 ng DNA from each seedling was 
individually digested and ligated to sequencing adapters (with individ-
ual barcodes) simultaneously. This was carried out at 37 ◦C for 8 hr 
followed by 65 ◦C for 30 min. The digested and ligated DNA of 300 
samples were then pooled into each library, purified, and PCR- 
amplified. Fragment sizes between 350 and 450 base pairs (bp) were 
selected using an E-gel EX 2% agarose gel (Thermo Fisher Scientific) and 
purified. Paired-end sequencing was performed on Illumina 2500 (2 ×
125 bp) by SciLifeLab (Sweden) or illumine HiSeq Xtm ten (2 × 150 bp) 
by Novogene (UK). The data filtering procedure followed Hall et al. 
(2020) with some modifications. After removing SNP loci with signifi-
cant negative inbreeding coefficient FIS-values in the reference popula-
tion, 28 seedlings with low coverage were removed. Loci with minor 
allele frequency (MAF) <0.05 and >30% missing were removed to a 
remaining of 10 765 bi-allelic SNPs. We then performed a principle 

Table 1 
Summary of the samples used for genotyping and freeze tests. The estimated background pollen contamination rate (BPC), effective number of parents Nep, and 
expected E(Pself) and observed O(Pself) self-pollination rate in each seed crop are provided. NG, number of seedlings genotyped; NF, number of seedlings freeze tested; 
NGF, number of seedlings both genotyped and freeze tested.  

Orchard or stand Crop Location Seed prod. Kg/ha NG
# NF NGF BPC Nep E(Pself) O(Pself) 

Klocke 1985 (15Y) 62.94◦N, 18.35◦E  0.8 210 203 194  88.7%  91.4  0.19%  2.86%  
1996 (26Y)   2.8 286 282 265  12.5%  54.1  1.45%  5.94%  
2008*(38Y)   1.1 297 301 277  49.5%  60.4  0.84%  5.39% 

Västerhus 2014 (23Y) 63.31◦N, 18.56◦E  5.4 295 316 282  31.5%  22.7  3.46%  3.05%  

Plus trees    177       
Nat stand N  68.22◦N, 22.75◦E  44 102 44     15.9% 
Nat stand S  64.25◦N, 19.5◦E  48 93 48     6.3% 
Nat stand 1  63◦N, 17.25◦E   97      
Nat stand 2  63◦N, 17◦E   107      
Nat stand 3  63.12◦N, 16.32◦E   101      
Nat stand 4  65.5◦N, 20◦E   117      
Nat stand 5  65.58◦N, 19.17◦E   103      
Nat stand 6  67.67◦N, 22.33◦E   89      
Nat stand 7  68◦N, 24◦E   67      

*Klocke was thinned in 2003–2004. # Samples were previously genotyped in Hall et al. (2020) and Heuchel et al. (2022). 
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component analysis (PCA) using PCAdapt (Luu et al., 2017) to examine 
loci with possible batch effects. We found 394 loci that significantly (q- 
value < 0.1) contributed to batch effect along PCA-axis 1, they were 
then removed (see Fig. 2). 

2.3. Parentage reconstruction and effective number of parents 

The relatedness analysis in orchard crops followed Hall et al. (2020) 
using loci with a MAF 0.1 or above. Briefly, correlation between samples 
was calculated over the loci shared between two samples based on their 
genotype scores for those loci (0, 1 or 2). Ritland’s method of moments 
(MOM; Ritland, 1996) and Milligan’s maximum likelihood (ML; Milli-
gan, 2003) relatedness estimator were calculated in the R-package 
‘related’ (Pew et al., 2015) which is an R implementation of the software 
COANCESTRY (Wang, 2011). We included a 5% error rate in genotype 
calls under the ML-model. Background population allele frequencies 
were based on the set of unrelated 177 plus trees and two natural stands 
N and S (Table 1) described in Hall et al. (2020). Each genotyped 
seedling of the Klocke and Västerhus crops was categorized as having 
one or two parents among the orchard genotypes (i.e., product of either 
internal or external pollination) after relatedness analysis. External 
pollination or background pollen contamination (BPC) is the proportion 
of seedlings in a crop that are produced by pollen from a genotype that 
cannot be found within the orchard. In this way, the proportional 
contribution of each orchard genotype to the seed crops was calculated 
and compared to the expected contribution based on the initial ramet 

frequency of each genotype at orchard establishment (ignoring supple-
mental planting, because it is unknown), as the relative ratio difference 
of observed vs. expected: 

RPi

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

−
E(Pi)

Pi
+ 1 0 <

Pi

E(Pi)
< 1,

Pi

E(Pi)
− 1

Pi

E(Pi)
≥ 1.

(1)  

where E(Pi) is the expected proportional contribution of genotype i 
given the initial ramet proportion and Pi is the observed contribution of 
genotype i. 

To estimate the effect of external pollination on the effective number 
of contributing genotypes to each seed crop, we used the sampling-bias 
corrected estimate of (Nielsen et al., 2003) Nep : 

Nep =
(n − 1)2

∑Np
i=1p2

i (n + 1)(n − 2) + 3 − n
(2)  

where n is the number of seedlings sampled, Np is the number of parents, 
and pi is the relative reproductive success of the ith parent. We calculated 
Nep with external pollen sources. However, because we had different 
number of seedlings per crop (sample size, n) and the equation over-
estimates the effective number of contributing genotypes Nep at low 
sample size, we had to correct these estimates to make them comparable 
among crops. The function (2) follows an exponential decay function 
which is dependent on both sample size (n) and number of unique 

Fig 2. Removal of batch effects. Merging of data from several GBS libraries created for the Klocke crops, parents and natural stands produced strong batch effects. 
Left panels show the batch effect along PC1, crops were mainly sequenced in separate libraries. Right panels show result after removal of 394 loci that cause signals 
due to technical differences, see materials and method for details. 
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genotypes (Np, Nielsen et al., 2003). We ran a bootstrap for each crop of 
n = 75, 100, 150, 175, and 200 seedlings sampled 105 times with 
replacement. The point estimates (highest density of the resulting 
sampling distribution) were then used to fit the output for each crop and 
sample size to an exponential decaying function of the form: 

Yi = ci +(di − ci)exp− x
ei (3)  

where Yi is the point estimate from the bootstrapping estimate of crop i 
at sample size x. ci is the lowest attainable asymptote, or the adjusted 
effective number of contributing genotypes for crop i, di = Y when x  = 0, 
and ei describes the rate of decay. 

The expected rate of self-pollination in each orchard is a function of 
the background pollen contamination and the sum of the squared fre-
quency of each genotype in the orchard (Lindgren and Mullin, 1998). 

E(Pself ) = (1 − BPC)
∑

P2
i (4)  

2.4. Phenotype analysis 

Freeze damage was analyzed using a generalized linear mixed model 
(glmm) with the ‘glmer’ function in the R-package ‘lme4′ (Bates et al., 
2015). We assumed a Poisson distributed response variable λ with a log 
link function of damage categories (0, …, 6) of the seedlings Yijklm (Eq. 
(5). The natural logarithm of λ is a function of the intercept (α) and the 
fixed effects of placement in the freezer (Pj = 1,…4, Pos) and its inter-
action with temperature (Tk = -10 ◦C, − 12.5 ◦C), block effect (seedling 
box, Bi = 1,…, 9), days since winter dormancy initiation (days, Dl = 0, 
…,31). We ran two different models depending on seedling origin (Sm =

natural stand, orchard crop or pollen source; internal/external pollina-
tion of seedlings from a particular orchard). The first method used 
natural stands and individual orchard crops (m1 = 1, …, 7, N, S, Klocke 
1985, Klocke 1996, Klocke 2008, Västerhus 2014); the second with 
natural stands and seedlings which were classified as a product of either 
internal or external pollination within the specific orchard (m2 = 1,…, 7, 
N, S, Klocke internal/external, Västerhus internal/external). Individual 
plants were treated as a random effect of seedling origin. 

Yijklm|λ ∼ Poisson
(
λijklm

)

log
(
λijklm

)
= α+Bi +Pj +Tk +PTjk +Dl + Sm + eijklm (5) 

Days since winter dormancy initiation reflect winter dormancy 
progression. Days and temperature were centred (subtracting the mean) 
and then scaled by dividing with the standard deviations. The average 
damage levels was extracted as the estimated marginal means – also 
termed least square means (LSM, Searle et al., 1980) for the stands, crop 
and pollen source – to remove some experimental effects using the 
‘emmeans’ R-package (Lenth, 2020). A linear regression model was 
fitted from the stand seedlings’ LSM as a response to their latitudinal 
origin. The latitudinal behaviour (adaptation) in hardiness of individual 
crops and the two categories of seedlings in each crop from internal and 
external pollination were evaluated based on their LSM damage levels 
and corresponding placements on the fitted linear regression model: 
LSMDamage = intercept + β•StandLatitude. 

3. Results 

3.1. Genotyping results and relatedness estimates 

We genotyped a total of 793 seedlings from three crops from the 
Klocke orchard, 295 seedlings from a Västerhus crop, and 177 plus trees 
and 92 seedlings from the two natural stands N and S (Table 1). The set 
of plus trees and natural stands were used as a reference for background 
population allele frequency. The 793 genotyped Klocke seedlings were 
represented by 210, 286, and 297 unique seedlings from the year 1985, 
1996 and 2008 crops respectively. We used 6048 SNPs with a MAF ≥ 0.1 

to estimate pairwise relatedness among the Klocke samples for a total of 
671 061 comparisons. We found 793 seedlings that had at least one 
orchard genotype as parent of which 427 had two. The ML-relatedness 
estimates were slightly higher than expected (Fig. 3a) while the MOM- 
relatedness estimates were in general below expected values of 0.25, 
0.5, 0.5 and 1 for half-sibs, full-sibs, parent-offspring and selfing, 
respectively (Fig. 3b). The parent-offspring relatedness estimates 
showed variance around the expected value of 0.5, indicating error in 
genotype calls. The shape of the density distributions hints at a bimodal 
distribution or a mix of two slightly different distributions in the ML self- 
pollination estimates and all categories of estimates under the MOM- 
model (Fig. 3). This implies slightly different allele frequency distribu-
tions among the sample batches, most likely an effect of different library 
preparations and/or sequencing systems that was not completely 
removed by the PCA-procedure. 

3.2. Pollen contamination and genetic composition 

The Klocke crop produced at the young age of 15 had the greatest 
contribution of external pollen (88.7% BPC, Table 1), which is expected 
because pollen production is limited in young Scots pine orchards. When 
the orchard reached full production at age 26, we observed only 12.5% 
of external pollination. However, this rate rebounded to nearly 50% at 
age 38. The Västerhus crop at age 23 (year 2014) had 31.5% background 
pollen contamination (BPC; Table 1). 

We found large variation in parental contribution among orchard 
parents and over years. The parent T173 was the most productive ge-
notype in Klocke over all three crops (Fig. 4a) with 63 seedlings of which 
6 were the result of self-pollination, thus visible in the PCA along PC1 
(Fig. 2). The least successful genotype was T163, which contributed to 
only two seedlings in the 2008 crop but was represented by only one or 
two ramets in the orchard. If number of ramets is accounted for, geno-
type T119 and T136 were the least successful genotypes across all three 
crops, with only four offspring each, producing much fewer seedlings 
than expected (Fig. 4a). This resulted in an unbalanced contribution to 
the crops among genotypes, while several produced more offspring than 
expected based on their initial ramet frequency, about 50% genotypes 
produced less than expected in each crop (Fig. 4a). In addition, we 
observed shifts in relative fecundity among genotypes across crops. 
Around a quarter appeared to be early starters and contributed more to 
the crop at a young age (the green group, Fig. 4b), while two other sets of 
genotypes, each representing about 30%, had their highest contribution 
at the most productive year (mid age) and the late age (the blue and red 
group, respectively. Fig. 4b), and another 15% of genotypes were rela-
tively stable (the black group. Fig. 4b). This resulted in a situation where 
38.4%, 55.7% and 48.0% and of genotypes contributed to 80% of the 
crop at young, mid- and late-age, respectively (Fig. 4c). 

We observed a correlation between the level of BPC and uneven 
parental contribution to seed crops (Fig. 4c). In the young crop where 
BPC was the highest, fecundity variation among orchard genotypes was 
also high, while at peak production when BPC was at its lowest, so was 
the variation in fecundity. If we extrapolate the fecundities above with 
the BPC estimates in Table 1 across the three crops to 0 and 100% BPC, 
we get a 59.3% and 34.4% parental contribution to 80% of the crop, 
respectively. This in turn suggests that the unbalance in fecundity 
among genotypes in Klocke is enhanced with high rates of BPC. 
Västerhus has previously been examined for variation in parental 
contribution, and due to the linear-deployment strategy together with 
differences in fecundity, the unbalanced contribution among genotypes 
is more profound (Torimaru et al., 2012; Funda et al., 2016; Heuchel 
et al., 2022). 

The estimates of effective number of genotypes Nep contributing to 
each crop reflected the effects of both internal and external pollination 
and the number of orchard genotypes with 63 and 28 for Klocke and 
Västerhus respectively. The estimates of Nep for the Klocke orchard was 

D. Hall et al.                                                                                                                                                                                                                                     



Forest Ecology and Management 544 (2023) 121215

6

91.4, 54.1 and 60.4 for the 1985, 1996 and 2008 crops respectively, 
while only 22.7 for the Västerhus 2014 crop (Table 1 and Fig. S1). In the 
four orchard crops, the selfing rates ranged from 2.86% to 5.94%. 
Looking at the heterozygosity of natural stand seedlings in comparison 
to the three crops, where heterozygosity levels and pedigree recon-
struction was combined, we estimated that 7 seedlings (15.9%) from the 
natural stand North and 3 seedlings (6.3%) from the South were pro-
duced by self-pollination or closely related individuals (Fig. S4, HO <

0.2, Table 1). 

3.3. Autumn frost hardiness 

The results from the glmm on the autumn frost damage levels among 
seedlings agree in large to what could be expected: A more protected 
position (i.e., away from the edge) in the freezer (Pos) reduced damage 
levels by 0.18 and 0.15, on average for Klocke and Västerhus crop, 
respectively. Allowing for more time of dormancy progression reduced 
the damage on average by 0.31 and 0.15 for each standardized time unit, 
s(Days), which corresponds to a 0.042 and 0.02 damage reduction per 
extra day of dormancy progression for Klocke and Västerhus, respec-
tively. There is also an effect of internal or external parents in the Klocke 
crops. Seedling produced by a cross of two orchard genotypes had 
damage levels reduced by 0.29 on average compared to those seedlings 
produced by external pollination in Klocke. However, the opposite trend 
was observed in the Västerhus crop in which the internally pollinated 
seedlings showed a reduced hardiness (+0.11 in damage on average, 
Fig. 5a). The effect of freezing temperatures on damage was not signif-
icant, but there was a significant interaction between temperature and 
position, Pos:s(Temp). More protected seedlings at milder temperature 
had less damage than at the lower temperatures (-0.05 and − 0.07 for 
Klocke and Västerhus respectively). We also observed a significant 
experimental effect of seedling box in the Klocke crops, where seedlings 
in box 5 had greater damage (+0.55) on average than expected (Fig. 5a). 

Further examination of the impact of internal and external pollen on 
damage levels in Klocke crops showed a complex relationship. Klocke 
seedlings that resulted from mating among orchard genotypes showed a 
significantly lower damage compared to those produced by external 
pollination (Fig. 5b). However, this difference in hardiness between the 
two categories of seedlings was lower than expected based on the 
average of parents’ latitudinal origins. The internal pollination seedlings 
are expected to have a hardiness corresponding to 0% BPC on the 
regression line, and external pollination group at the 100% BPC position 
(Fig. 5b). The observed hardiness in the two groups, however, deviated 

from the expectations with a substantially lower between-group differ-
ence. The crop with the highest level of external pollination (Klocke 
1985, BPC 88.7%) is expected to have a hardiness corresponding to 
latitude of 65.6◦N but showed an observed damage corresponding to a 
latitude of 66.1◦N, which made the crop hardier than expected. The 
1996 Klocke crop with low BPC (12.5%) was on the other hand less 
hardy than expected, corresponding to a latitude of 66.6◦N instead of the 
expected 67.4◦N. Similarly, the latest crop from 2008, with a BPC of 
49.5%, was also less hardy than expected, corresponding to 66.2◦N 
rather than the expected of 66.5◦N (Fig. 5b and Fig. S2). In the Västerhus 
orchard, seedlings produced from internal pollination were also less 
hardy on average than expected and less hardy on average than those 
produced by external pollination although not significant (Fig. 5a, b). 

Some degree of variation in hardiness is expected from the temper-
atures during seed maturation (Dormling and Johnsen, 1992; Aho, 
1994; Andersson, 1994; Lindgren and Wei, 1994). We examined the 
temperature conditions between crops across seed maturation 
(Fig. S3a), and included this factor into the glmm model to estimate its 
effect on the damage levels of orchard seedlings. We found that the 
seasonal (May to September) daily mean temperature during seed 
maturation of the three Klocke crops (Fig. S3b) was however not a sig-
nificant factor (estimate = 0.22 ± 0.15, p-value = 0.1619). 

4. Discussion 

Understanding the impact of pollen sources and parental genotypes 
on genetic composition and adaptation of orchard progenies to climate 
conditions is instrumental for adjusting breeding and forest manage-
ment strategies under climate change. This study represents one of the 
few available investigations that directly assess the impact of external 
pollen on orchard crops’ cold tolerance. We illustrate the power of co-
ordinated genotype-phenotype analyses on characterizing the mating 
dynamics in seed orchards as it ages and how that in turn can affect the 
adaptation of orchard seedlings. 

4.1. Pedigree reconstruction and mating system in seed orchards 

GBS libraries are prone to produce batch effect which can stem from 
shift in size selection, sequencing depth and sequencing platforms (Hall 
et al., 2020). We observe rather significant batch effects that we were 
not able to remove completely even with stringent filtering (Fig. S4). 
What we observed is that some samples have a false reduced heterozy-
gosity because of low number of SNPs found in those samples 

Fig. 3. Distribution of relatedness estimates. (a) Distribution of pairwise Milligan’s maximum likelihood estimates of different levels of relatedness across all three 
Klocke crops. (b) The comparative Ritland’s method of moments estimator. The number of pairwise comparisons (n) for each category of seedlings are indicated. 
Dashed lines represent the expected values of relatedness for the four categories: half-sibs, 0.25; full-sibs and parent-offspring, 0.5; and self-pollination, 1.0. 
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(decreasing breadth of coverage). The strength of this effect varies be-
tween libraries and is particularly strong in the library containing most 
of the 2008 Klocke crop. This form of batch effect likely contributed to 
the bimodal shape of the relatedness distributions as well (Fig. 3), 
however, our filtering procedure managed to clearly distinguish be-
tween different relatedness, thus the GBS method employed in this study 
performed well in establishing the genetic composition and pedigree 
structure of the crops (Hall et al., 2020). 

In our experiment, each crop mostly represented a separate GBS 

library. This made joint analysis of heterozygosity across crops difficult 
because of the potential impact of batch effects. We calculated the 
observed heterozygosity for each crop, and visual comparison show 
comparable levels of diversity among the crops and between internal 
and external pollination events and natural stands (Fig. S4), in line with 
previous reports (García-Gil et al., 2015; Heuchel et al., 2022). The 
similar levels of heterozygosity indicates that although the level of 
relatedness in orchard crops may increase with limited number of par-
ents and reduced inflow of external pollen, the level of genetic diversity 

Fig. 4. Relative genetic contribution and fecundity among orchard genotypes. (a) Relative reproductive success of orchard genotypes given the initial ramet rep-
resentation of each genotype in the orchard. (b) Each genotype’s relative fecundity across the three crops. 15 genotypes were more successful in the young orchard 
(green lines), 18 (blue lines) and 17 (red lines) genotypes contributed more at mid-age and late age, respectively, and 11 (black lines) were relatively stable over 
years. (c) Cumulative reproductive success among the orchard parents. The percentage of parents contributing to 80% of each respective crop are indicated. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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in different categories of seedlings was largely unaffected. 
Selfing rates in the orchard crops were low (2.86% - 5.94%), which is 

in line with previous reports for Scots pine orchards (Torimaru et al., 
2012; Funda et al., 2016). In comparison, a 15.9% selfing rate was found 
in the northern natural stand while only 6.3% in the more southern 
stand. This indicates that reforestation material from orchards do not 
increase severe inbreeding compared to natural stands of Scots pine, 
despite orchards having multiple ramets per genotype. The observed 
selfing rate was substantially higher in all Klocke crops than expected 
based on ramet frequencies of each genotype, while in Västerhus the two 
values were similar (Table 1). Given that Klocke genotypes originate 
from the range margins, the higher than expected selfing-rate in orchard 
along with the high selfing rate of the northern most stand suggests an 
effect of increased tolerance to inbreeding (Kärkkäinen et al., 1996). 
Whether this is true needs to be confirmed but pose an interesting hy-
pothesis of adaptive purging at distribution range margins. On the other 
hand, flowering and seed production is poor among northern genotypes 
despite being translocated to more favourable southern conditions 
(Table 1), which could be a result of an historically elevated selfing 
(Kärkkäinen et al., 1996). A controlled crossing experiment would be 
valuable to clarify these possibilities. 

We observed an uneven contribution among the orchard genotypes, 
which vary with pollen contamination levels and age, like previous re-
ports (Torimaru et al., 2012; Funda et al., 2016). It is difficult to hy-
pothesize the difference in relative success among genotypes across 
crops. Clonal Scots pine orchards are established with genotypes grafted 
on rootstock seedlings. Thus apart from the expected variation in 
maturity progression among genotypes, there is a possibility that root-
stock genotypes affect maturation rate (Parker et al., 1998). In addition, 
there is a position effect from where on the tree the scions originate. 
Scions collected from side branches of old trees will lose apical domi-
nance, which tend to give grafts branchlike growth with early flowering 
but reduction in growth (Velisevich et al., 2021). About one quarter of 

the Klocke genotypes showed a comparatively early seed production, 
and they could be among the first batch of ramets planted during the 
first year of orchard establishment (1968), while other genotypes were 
planted later. There was a general thinning done in the orchard during 
2003 ~ 2004 removing every second row (≈50%). This thinning was 
supposed to reduce the number of ramets of all genotypes evenly. 
However, together with varying survival and vitality among orchard 
genotypes, this pruning could have enhanced the difference in realized 
fecundity among genotypes in the last crop and caused a substantial 
increase in BPC. 

BPC is expected to be high in young orchards, because of small 
canopies and relatively low pollen production in the orchard compared 
to the conspecific pollen cloud, and then decrease as orchards mature. 
Because of their very northern origin, the Klocke orchard genotypes 
have a slow growth due to early growth cessation - which is mainly 
controlled by critical night length (Wareing, 1956). Reduction in growth 
tend to delay male flowering, which appear to be linked to size rather 
than age of trees (Koski, 1975). An inventory in 1988 (age 18) showed a 
very low pollen production in Klocke (0.5 Kg/ha) while slightly higher 
in 1989 (3 Kg/ha) (Eriksson and Wilhelmsson, 1991; Eriksson et al., 
1998) but still far below the pollen production expected in a mature 
orchard at peak production (>20 Kg/ha, (Koski, 1975). At orchard peak 
age, Klocke (26Y) had a BPC 12.5% while Västerhus (23Y) had 31.5% 
even though it had a pollen production of 42.62 kg/ha for that crop year 
(Wennström unpublished data). This leads us to hypothesize that the 
phenology in Klocke partly mismatches the local peak pollen season, 
while there is no such mismatch for the in situ established Västerhus. 
Validation of this hypothesis requires phenology investigation in Klocke 
to clarify the behaviour of the translocated genotypes. There is indica-
tion however, that the most northern genotypes have lower temperature 
sum requirements to initiate flowering (Luomajoki, 1993), which would 
promote reduction in BPC of translocated material from the very north. 
The relative rapid initiation of flowering in the most northern genotypes 

Fig. 5. Freeze damage parameter estimates and inferred latitudinal fit of orchard seedlings. (a) Significant model effects of the different factors from the general 
linear mixed model (glmm) analysis and their 95% confidence interval (CI). Effects sizes whose 95% CI do not cross zero are significant. Because of the log-link in the 
glmm Poisson based model, effect estimates (E) are shown as eE-1 (i.e., eE- e0). Data was divided in two sets, one with Klocke crops and natural stand seedlings, the 
other with the Västerhus crop and natural stand seedlings. (b) Linear regression on the least square means (LSM) of the natural stand seedlings damage levels as a 
function of their latitudinal origin. Latitudinal fit of the LSM of the three Klocke and one Västerhus orchard crops (black) and the internally or externally pollinated 
groups of each orchard (steel grey) are placed on the regression line. Whiskers represent the 95% CI of the LSM estimates from the models. The expected latitudinal 
behaviour in freeze damage for Klocke crops given 0% BPC (i.e., mean origin of seed orchard genotypes) and 100% BPC (corresponds to the mid latitude between 
origin and orchard location) are marked. Dashed grey lines are the predicted 95% CI based on the point estimates of stands LSM damage while the grey shaded area 
corresponds to the more conservative confidence interval based on the upper and lower LSM estimates of the natural stand damage. 
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could be an adaptation to the very short growing season. 
Our results illustrate the necessity of joint considerations of indi-

vidual genotypes’ fecundity, pollen production and breeding values in 
management operations, such as adjusting ramet frequencies to promote 
and maintain internal seed and pollen production and predictability of 
the genetic composition of orchard crops. The genetic composition of 
orchard crops determines genetic diversity, quality, and adaptability of 
the seedlings for reforestation deployment. Predicting the genetic 
composition in orchards with transferred material becomes even more 
important because variations in parental contribution and BPC could 
potentially lead to maladaptation to intended climate zones. 

4.2. Impact of external pollination on orchard seedlings hardiness 

In relation to the large variation in BPC among crops, we detected a 
direct impact of pollen origin on seedlings’ autumn frost tolerance. The 
external pollinated seedlings from Klocke were less hardy than inter-
nally pollinated seedlings, which is expected due to southern trans-
location and thus inflow of southern background pollen to Klocke. 
However, there are a few unexpected results. Firstly, in the Västerhus 
crop we observed the opposite trend, where external pollination events 
produced hardier seedlings than those from internal matings. This 
would imply that the Västerhus crop was pollinated by hardier external 
pollen originating north of the orchard location. 

Secondly, internal pollinated seedlings were less hardy on average 
than expected and had damage levels corresponding to about 0.6 lat-
itudinal degree further south for both orchards, while externally polli-
nated seedlings were slightly hardier than expected (0.7- and 0.3- 
degrees further north on average for Klocke and Västerhus, respec-
tively. Fig. 5b). One possible explanation is that the selected plus trees 
usually grow faster and utilize a slightly prolonged growth season than 
surrounding trees of natural stands. Thus there is a trade-off where 
selected plus trees are slightly less hardy to allow for prolonged growth 
(Rehfeldt, 1992). In a tree breeding program, it would be advantageous 
to decouple these two traits to optimize for growth while controlling for 
phenology and hardiness. However, stipulating a hypothesis for the 
hardier than expected in externally pollinated seedlings is more difficult. 
Based on the regression model of seedling hardiness and origins, the 
external pollen would have had to originate about 2 latitudinal degrees 
(ca. 220 km) further north of Klocke orchard location (64.9◦N) to pro-
duce seedlings in Klocke with a hardiness comparable to stands at 66◦N. 
In Västerhus that origin had to be from around 1.2◦ (ca. 130 Km) further 
north (64.5◦N) for externally pollinated seedlings to behave as if origi-
nating from 63.6◦N. Sweden is located in the westerlies, with prevailing 
winds from west or south-west. Klocke is located on a south facing slope 
on the eastern coastline, which would promote pollen from the south or 
southwest, but hardiness levels of externally pollinated seedling in 
Klocke do not support that hypothesis. Västerhus on the other hand, is 
located in a river valley going from northwest to southeast, which could 
shape wind patterns to a northwest origin and bring the northern more 
hardy pollen. 

Previous studies on seedling hardiness variation have argued that 
pollen origin does not confer as much difference in hardiness in general 
as could be expected (Aho, 1994; Lehtinen and Pulkkinen, 2017), and 
climate during seed maturation can influence seedlings performance 
(Dormling and Johnsen, 1992; Aho, 1994; Andersson, 1994; Lindgren 
and Wei, 1994). We examined the climate conditions during seed 
maturation of the analysed crops, and found relatively similar condi-
tions among crops, which made testing for the role of temperature factor 
difficult. The analysed seed crops were selected based on orchard age 
and not temperature during maturation, calling for additional sampling 
to test this hypothesis. Epigenetic effect resulting from maternal mem-
ory of growth and development conditions is also suggested to have an 
impact on the phenology of young pine seedlings (above references) but 
has yet to be defined and quantified in Scots pine. Although our results 
could suggest an epigenetic effect, it is difficult to conclude the effect 

size and it would be valuable to follow the phenology and growth 
behaviour of these seedlings to evaluate possible long-term conse-
quences (Johnsen et al., 2005; Skrøppa et al., 2007; Yakovlev et al., 
2011). 

5. Conclusion 

Adapting tree breeding and forestry practices to emerging challenges 
has become particularly urgent under rapid climate change regimes, 
when extreme weathers are becoming more prevalent (IPCC, 2022). 
Conifer seed orchards is a key link between tree breeding and forestry. A 
good understanding of the genetic functionality of seed orchard and the 
adaptability of orchard seedlings is fundamental towards developing 
guidelines for assisted migration and dynamic deployment of forest 
regeneration materials. Our study illustrates that although diversity and 
BPC in orchard crops can be roughly postulated over broad develop-
mental stages, genetic variation in reproductive traits among orchard 
genotypes and management operations can alter the expectations, 
making the genetic composition, and to some degree the quality, of each 
seed crop vary and unpredictable. 

The impact of external pollen on seedlings’ hardiness generally 
correlates well with the origin of the pollen source, but less than what 
would be expected. Seedlings from mating among orchard parents had 
slightly decreased autumn frost tolerance compared to what would be 
expected from their parents’ origins. In contrast, the externally polli-
nated seedlings were slightly hardier than expected. This implies that 
there are mechanisms that buffer autumn phenology towards a 
compromise between climate at seed maturation and maternal origin. If 
true, it could allow for a more rapid adaptation to climate change in 
Scots pine, and subsequently lead to a more effective breeding and 
tolerance in reforestation operations. We also observed an increase in 
crosses between highly related individuals or self-pollination at higher 
latitude and substantial reduction in seed production among northern 
genotypes despite translocation to more favourable conditions (Table 1). 
This could point to an inbreeding tolerance although with reduced 
fecundity at P. sylvestris range margins. The results suggest complex 
interactions between genotype-environment interactions in fecundity 
and frost tolerance, with a possible influence of epigenetics. This in turn 
means that optimizing seedling deployment from any particular 
P. sylvestris orchard would require detailed knowledge of the genetic 
composition of each crop. 
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Berlin, M., Jansson, G., Danell, Ö., Andersson, B., Elfving, B., Ericsson, T., 2009. 
Economic weight of tree survival relative to volume production in tree breeding: a 
case study with Pinus sylvestris in northern Sweden. Scand. J. Forest Res. 24 (4), 
288–297. 

Dormling, I., Johnsen, Ø., 1992. Effects of the parental environment on full-sib families 
of Pinus sylvestris. Can J Forest Res 22 (1), 88–100. 

EL-Kassaby, Y.A., Rudin, D., Yazdani, R., 1989. Levels of outcrossing and contamination 
in two Pinus sylvestris L. seed orchards in Northern Sweden. Scand. J. Forest Res. 4 
(1-4), 41–49. 

Eriksson, U., Jansson, G., Almqvist, C., 1998. Seed and pollen production after stem 
injections of gibberellin A4/7 in field-grown seed orchards of Pinus sylvestris. Can J 
Forest Res 28 (3), 340–346. 

Eriksson, U., Wilhelmsson, L., 1991. Slutrapport: Styrd pollinering och kontrollerad 
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