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2023). Tree species are long-lived and highly genetically 
diverse due to their out-crossing nature. Forestry species 
used in commercial production are only at the early stages 
of domestication (Savolainen and Pyhäjärvi 2007). How-
ever, climate change may surpass the potential for adapta-
tion in forestry species (Alberto et al. 2013), which could 
affect populations in both the natural range and in areas of 
artificial introduction.

In forestry species, it is a widespread practice to select 
seed sources among populations from across the native dis-
tribution to establish plantations or new populations. Sev-
eral studies have validated the use of specific provenances 
and populations by developing trials evaluating the popu-
lation growth performance under different environmental 
conditions (Pierro et al. 2017; Baldi and Porta 2022). This 
may lead to over-sampling specific provenances to establish 
plantations outside of the natural range, and thus narrowing 
the gene pool in the recipient woodlands. Therefore, there is 
a risk that genetic diversity of non-native plantations may be 

Introduction

Genetic diversity is the basis for adaptation and is an indi-
cator of evolutionary potential (Sgrò et al. 2011; Wernberg 
et al. 2018). Conservation of the genetic diversity of spe-
cies has become a priority to protect and enhance the diver-
sity of ecosystems (Hoban et al. 2020, 2023; Heuertz et al. 
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Abstract
Thuja plicata is a conifer tree that is valued for its cultural, ecological and wood quality features in its natural range in 
western North America and is used in Europe as an exotic timber species. It is increasingly used in mixed species forests 
in the UK that are managed using natural regeneration, raising questions about genetic diversity of both the adult trees 
and offspring of the species in these stands. We studied population structure and genetic diversity in four UK woodlands 
of both adults and naturally regenerated offspring of T. plicata. We discovered 194,154 Single Nucleotide Polymorphisms 
(SNPs) using Genotyping-by-Sequencing (GBS) and retained 655 SNPs across 598 genome sequence scaffolds for analy-
sis. The majority of these scaffolds included only one SNP, suggesting that; the selected SNPs were widely distributed 
within the genome. We found many monomorphic sites, most of which were restricted to adults in a single woodland, 
indicative of a genetic differentiation among woodlands. We found three ancestral populations (K = 3) and low levels of 
admixture across the four sites, indicating that the starting materials were largely from single populations. Estimates of 
genetic diversity using heterozygosity (Ho) and nucleotide diversity (π) were low (overall Ho = 0.174, π = 0.00226) across 
all sites but slightly higher in juveniles at two sites. Our genotyping methods and results on standing genetic diversity in 
this important conifer provide insight into the ability of planted woodlands in the UK to face environmental shifts and 
disease threats.
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lower compared to the genetic diversity of the same species 
in their natural distribution. Public and private woodland 
estates may hold records of the material originally used for 
the establishment of their plantations. Although, this infor-
mation may be lacking, especially considering initial estab-
lishment may be several decades to centuries in the past, 
creating uncertainty concerning the suitability and long-
term viability of non-native plantations.

Woodland cover in the UK is only 14%, with approxi-
mately 25% of this area accounted for by a single species 
(Picea sitchensis), mostly comprised of single species 
plantations (Forest research 2022). Thuja plicata Donn ex 
D.Don is found in < 1% of the forested area, however this 
is predicted to increase due to the desire to diversify tree 
species used in forestry as an adaptation to climate change 
(Gil-Moreno et al. 2016). Thuja plicata is a large evergreen 
tree from the Cupressaceae family, native to western North 
America where it has been used and managed by First 
Nations and Native Americans for centuries for cultural and 
utility items (Hebda and Mathewes 1984). Due to its valu-
able wood characteristics such as durability and resistance 
to rot (Stirling et al. 2017), it is recognised as producing 
high quality timber for construction and is widely commer-
cially planted for this very reason.

Thuja plicata is a shade tolerant species, which increases 
its potential use in mixed species forest, however, recom-
mendations on the use of specific provenances and informa-
tion on the origin and genetic makeup of UK plantations 
are either lacking or scarce (Kerr 2019). A study of vari-
ous growth traits in the UK among provenances across the 
coastal region showed higher growth performance in mate-
rials originating between 46°N and 50°N of Washington and 
British Columbia (Kerr 2019). Thuja plicata is monoecious, 
i.e. individuals have both the male and female reproduc-
tive structures as separate organs, and anemochorous and 
anemophilous, i.e. pollen and seed are wind-dispersed. Low 
genetic diversity levels have been found in its natural range 
compared to other widespread conifers trees based on het-
erozygosity (He and Ho), nucleotide diversity (π) and effec-
tive population size (Ne) estimated using different types of 
markers (Yeh 1988; Shalev et al. 2022), which could poten-
tially impact the species’ long-term adaptability. However, 
other studies have found that largely distributed and out-
crossing forest tree species, such as Pinus pinea or Pinus 
halepensis, despite their low levels of genetic diversity, may 
have an ecological or competitive advantage (Vendramin et 
al. 2008; Pinzauti et al. 2012).

While T. plicata is principally outcrossing, inbreeding 
by mating genetically related individuals or self-reproduc-
tion was reported in some situations (Russell et al. 2008; 
O’Connell et al. 2001; O’Connell et al. 2004) but inbreeding 
depression in growth and wood chemistry traits remained 

relatively low (Shalev et al. 2023; Wang and Russel 2006). 
Levels of genetic diversity vary along a latitudinal gradient 
within its natural distribution, showing higher levels in the 
south coastal region (O’Connell et al. 2008). This southern 
region was proposed as a refugium for T. plicata during the 
last glacial period and it later spread to the north and east 
to its current natural distribution (Yeh 1988; O’Connell et 
al. 2008). Predictions suggest potential further spread from 
coastal areas towards the interior due to changing climatic 
conditions (Hamann and Wang 2006).

The present study used Genotyping-by-Sequencing 
(GBS), a method for sequencing and genotyping that uses 
one or several restriction enzyme cutting sites (Andrews et 
al. 2016). GBS allows for large-scale direct discovery of 
single nucleotide polymorphisms (SNPs) that can be used 
in population genetic analysis without prior information. 
However, it requires deep data curation and complex bio-
informatic pipelines (Vaux et al. 2023; Guillardín-Calvo et 
al. 2019). For example, estimating genotyping errors (Mas-
tretta-Yanes et al. 2015) and missing data handling by impu-
tation (Mora-Márquez et al. 2023) are key steps to process 
GBS data to obtain reliable results.

The genetic diversity of T. plicata woodlands in the UK 
may be affected by both the use of a restricted number of 
source provenances during their establishment as well as the 
inherently low genetic diversity reported in populations in 
the species’ natural range. With more and more planted areas 
managed through natural regeneration, a lack of genetic 
diversity may be exacerbated over time depending on the 
level of gene flow between generations and across stands. 
We tested this hypothesis by analysing planted T. plicata 
adult trees and naturally regenerated juveniles from four dif-
ferent woodland sites in the UK. Our objectives were: (1) To 
perform SNP discovery in T. plicata by use of GBS with the 
selection of a subset of informative SNP markers for analy-
sis; (2) To assess if the planted trees of each study site share 
genetically similar planting material origin and (3) To assess 
the genetic diversity in adults and juveniles across sites.

Materials and methods

Study sites

We sampled four planted woodland sites in England, UK 
(Fig. 1) that included T. plicata in the canopy, labelled here 
as Bagley Wood1, Longleat1, Stourhead1, and Stourhead2 
(Table 1). The sites are being managed to encourage natu-
ral regeneration from the planted trees under a continuous 
cover forestry regime. Each site had at least 100 adult trees 
as recommended by Wojacki et al. (2019) to avoid biases 
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from sampling small populations, as well as having enough 
viable natural regeneration.

The plantations range from 63 to 74 years old, with 
Stourhead1 and Bagley Wood1 being the youngest and the 
oldest, respectively (Table 1). They are all privately owned 
(Table 1) and are situated in the south of England (Fig. 1). 
Bagley Wood1 is located the furthest (96 Km) from the 
other sites, while Longleat1 and Stourhead1 and 2 are at a 
16 Km distance from each other. Stourhead2 (18.57 ha) is 
significantly larger than the other sites, which ranged from 
3.73 to 5.07 ha (Table 1).

Genetic analysis

Sampling and DNA isolation

We sampled foliage from 10 adults and 10 juveniles across 
sites (N = 80 in total). Adults were the original planted trees 
and juveniles were defined as naturally regenerated within 
the stand. Juvenile trees included seedlings and saplings 
from different age cohorts (maximum diameter basal height: 
15 cm). The canopy trees were sampled by calculating ran-
dom points using QGIS (QGIS 2023), resulting in a uniform 
distribution of both adults and juveniles across the site. The 
foliage samples were stored in paper envelopes and placed 
in plastic zip bags containing silica gel beads to promote 
their desiccation.

The DNA was isolated using the spin-column DNeasy 
plant mini kit (Qiagen USA, Valencia, CA) following 
the modified manufacturer’s instructions (Guillardín and 
MacKay 2023). The DNA concentration was determined 
by using Qubit 4 Fluorometer (Invitrogen, Thermo Fisher 
Scientific, Cleveland, OH, USA). We used NanoDrop One 
Spectrophotometer (Thermo Fisher Scientific, Wilmington, 
DE) to estimate the purity based on absorbance ratios A260/
A280 and A260/A230. A minimum DNA concentration of 
20 ng/µl and absorbance ratios of > 1.8 were required for 
genotyping steps.

GBS library construction and sequencing

To select enzymes producing a suitable cut rate in the library 
preparation, we analysed the T. plicata genome sequence 
(Shalev et al. 2022) with the simulation software ddRADse-
qtools (Mora-Márquez et al. 2017). We compared the num-
ber and length of fragments recovered from each pair of 
available enzymes tested (Online resource 1) and selected 
the optimal combination (PstI/MspI).

The DNA samples were normalised to 20 ng/µl for library 
preparation (Genomic Analysis Platform of Laval Univer-
sity, Canada) and sequencing (Genome Quebec, Canada). 
The library was constructed with PstI/MspI enzyme combi-
nation (NEB, Ipswich, MA, USA) and the Illumina TruSeq 
HT Library Preparation Kit (Illumina, Inc. San Diego, CA, 

Table 1  Study site details. Long: longitude, lat: latitude
Site Year planted Site area (ha) Altitude (m) Location Ownership
Bagley Wood1 1950 3.73 93.1 Long: -1.260311

Lat: 51.715921
St John’s College (Oxford)

Longleat1 1958 5.07 151 Long: -2.2389
Lat: 51.1885

Thynn family (Marquess of Bath)

Stourhead1 1961 5.00 244 Long: -2.35114
Lat: 51.10856

Hoare’s family

Stourhead2 1951 18.57 244 Long: -2.35440
Lat: 51.10101

Hoare’s family

Fig. 1  Study sites location map
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2007) and indels followed by a read-depth filtering between 
6 and 300 and a minimum quality of 30 across the SNPs 
using VCFtools software (Danecek et al. 2011). Second, we 
pruned the SNPs under strong linkage disequilibrium by 
using PLINK (Purcell et al. 2007), calculating the pairwise 
correlation in a 50-SNP window and discarding SNPs with 
a correlation higher than 0.1, in increments of 10 SNPs at a 
time (Fig. 2).

Next, we used the vcfR package (Knaus and Grünwald 
2017) loaded into RStudio (R Core Team 2018; RStudio 
Team 2020) to obtain a genlight object to perform the fol-
lowing population genetic analysis in the DartR (Mijangos 
et al. 2022) package environment. DartR facilitates the 
import and analysis of SNP data and includes the use of 
3rd party population genetics software. We kept only the 
individuals with less than 40% of missing data. To ensure 
that the genetic variants are sufficiently common and 
informative, we used a cut-off of minor allele frequency 
(MAF) < 0.01 across the whole dataset. We also removed 
those SNPs that had a polymorphism information content 
(PIC) < 0.1 to retain highly informative SNPs. Finally, we 
determined the missing genotype data using the gtimputa-
tion pipeline which implements a machine learning proce-
dure based on self-organising maps (SOM) (Mora-Márquez 
et al. 2023). We set up a 3 × 3 SOM dimension matrix, the 
minimum squared correlation (r2) of 0.1 and a maximum 
of five SNPs and we performed 1000 iterations (author’s 
recommendation) (Mora-Márquez et al. 2023).

We used the T. plicata reference genome to determine 
the genomic distribution of SNPs. The T. plicata genome 
was assembled to a scaffold level; we used data on the size 
of scaffolds and numbers of SNPs per scaffold to calculate 
the SNP distribution at different stages of the filtering. We 

USA), retaining the fragments above 300 bp from a fragment 
selection step. Sequencing was performed on an Illumina 
NovaSeq 6000 PE150 platform (Illumina Inc. San Diego, 
CA, USA), and 150 bp paired-end raw files were obtained. 
The fastq files were checked for quality using the FastQC 
software (Andrews 2010); the initial demultiplexing step 
used SABRE (Barry et al. 1989) based on the barcodes sup-
plied by the Illumina sequencer provider, not allowing any 
mismatches or Ns, and the Illumina adapters were trimmed 
using Trimmomatic (Bolger et al. 2014). We trimmed the 3’ 
end of the sequences and removed the adapter sequences.

Variant calling, filtering and genomic distribution of the 
SNPs

We used the IpyRAD pipeline (Eaton and Overcast 2020) 
to cluster, assemble and call the bases from the trimmed 
fastq files (Online resource 2). IpyRAD is divided into six 
steps (Fig.  2), allowing the repetition of steps separately 
once the results have been reviewed. After the first IpyRAD 
run including all the samples, we performed exploratory 
depth, missing data and number of loci per sample tests. We 
excluded five samples that showed an average depth below 
6 reads or more than 50% of missing data. We reran IpyRAD 
from the 3rd step without the excluded samples. The reads 
were mapped to the reference genome (containing 67,899 
scaffolds with a total size of 9.1 Gb) (Shalev et al. 2022) 
as shown in step 3 in Fig. 2. All the runs were performed 
in the University of Oxford Advanced Research Comput-
ing (Oxford, UK) facility and used a Capability cluster node 
with 48 CPUs and 384GB RAM.

First, the filtering of the initial GBS dataset was done 
to remove multi-allelic SNPs using PLINK (Purcell et al. 

Fig. 2  Assembly and variant calling using IpyRAD and the following filtering steps of the recovered SNPs. MAF = minor allele frequency, 
PIC = polymorphism information content
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We estimated the nucleotide diversity (π) across sites and 
for each site using the VCFtools software (Danecek et al. 
2011). We estimated it in a 100  bp window and assessed 
its distribution per scaffold. We compared each group mean 
using the Kruskal-Wallis (Hollander et al. 2013) statistical 
test implemented in the stats package (R core Team 2018) 
followed by the Dunn-Bonferroni post-hoc test (Dunn 1964) 
using FSA R package (Ogle et al. 2023).

Results

Sequencing and variant calling

Simulations using ddRADseqTools (Mora-Márquez et 
al. 2017) and the reference genome (Shalev et al. 2022) 
suggested PstI/MspI as the optimal pair of restriction 
enzymes with 112,191 predicted DNA fragments. The 
enzymes ApeKI, BfaI and NsIi/MspI were estimated to pro-
duce > 300,000 fragments, and SbfI/MspI was estimated at 
< 10,000 fragments of 125–300 bp size, which appeared as 
too high and too low coverage of the T. plicata genome, 
respectively (Online resource 1). The FastQC analysis of 
the sequenced raw reads of all 80 individuals sampled gave 
high-quality scores with an average Phred quality score 
above 30.

After a first run of the assembler and base calling with the 
software IpyRAD (Eaton and Overcast 2020), three sam-
ples had read depth < 4 and two other samples had > 70% 
of missing data. The remaining 75 samples were retained 
for further data analysis, which included 1,273,904,871 raw 
reads (Online resource 3), and identified 194,154 biallelic 
SNPs variants called in 7,120 scaffolds (Fig. 2).

SNP data filtering and genomic distribution of the 
SNPs

The SNP-containing scaffolds varied in size and the major-
ity were between 999 and 10,000 bp (Fig. 3, panel A). After 
filtering by depth, linkage disequilibrium, call rate, MAF 
and PIC, the SNPs retained were in 598 unique scaffolds, 
with a size ranging from 100,000 to 10,000,000 bp (Fig. 3, 
panel B and C). Additionally, the ratio of the number of 
scaffolds to the number of SNPs ranged from 0.04 before 
filtering to 0.91 after the filtering process. Most of the 598 
unique scaffolds hold a single SNP (Fig. 3, panel D); how-
ever, 48 scaffolds had two SNPs separated by a mean dis-
tance of 805,500 bp (Table 2). Only three scaffolds had three 
SNPs and one scaffold had four SNPs, with an average of 
1,474,563.5 and 1,965,387.0 bp, respectively (Table 2).

The set of 655 SNPs contained a significant but vari-
able number of monomorphic SNPs in each population. 

calculated the distance among SNPs within scaffolds and 
only retained SNPs that were > 1000 bp away from other 
SNPs (Savolainen and Pyhäjärvi 2007).

Genetic admixture, population structure and assignment 
analysis

We assessed the admixture and population structure using 
sparse nonnegative matrix factorization (sNMF) using the 
LEA R package (Frichot and François 2015). sNMF is com-
putationally faster and statistically more robust than other 
likelihood-based methods such as STRUCTURE (Pritchard 
et al. 2000) and ADMIXTURE (Alexander et al. 2009), 
additionally, it is less affected by departures from popula-
tion genetic assumptions (Frichot et al. 2014). We estimated 
the number of ancestral populations by testing K = 1–10 
(rep = 10), and we selected K based on the cross-entropy 
criterion. We estimated and plotted each individual level 
of admixture for the selected number of ancestral popula-
tions found. We ran a Principal Coordinate Analysis (PCoA) 
(Zuur 2007) using DartR (Mijangos et al. 2022) to analyse 
and visualise the genetic variation and relationship among 
individuals.

The discriminant analysis of principal components 
(DAPC) (Jombart et al. 2010) allowed us to describe the 
diversity and structure of the sites and to assign the indi-
viduals to their genetic cluster without prior population 
information. We used the DAPC method implemented in 
the adegenet R package (Jombart et al. 2008) to find the 
number of genetic clusters (K) followed by an individual 
assignment analysis. We selected the optimal K following 
the Bayesian information criterion (BIC) statistical method 
(Jombart et al. 2010).

Genetic diversity

We estimated the genetic diversity within each site and 
compared adults and juveniles. We estimated observed het-
erozygosity (Ho), unbiased expected heterozygosity (uHe), 
nucleotide diversity (π) and the inbreeding coefficient (FIS). 
Estimates of uHe, Ho and FIS were made using the DartR 
package (Mijangos et al. 2022) for two scenarios, includ-
ing and excluding private monomorphic SNPs following the 
recommendations of Schmidt et al. (2021). We determined 
the number and distribution of monomorphic SNPs across 
and within sites, and we used UpSetR (Conway et al. 2017) 
to visualize it. Significant differences among expected het-
erozygosity and FIS between adults and juveniles within 
sites were tested using DartR and the diveRsity (Keenan 
et al. 2013) R packages, respectively. FIS was calculated 
executing 1000 bootstraps to estimate the 95% confidence 
intervals and using Weir and Cockerham (1984) method.

1 3

Page 5 of 13  5



Tree Genetics & Genomes (2025) 21:5

Population genetic analyses

Levels of admixture and number of genetic clusters

The minimum cross-entropy was found for three ances-
tral populations (0.631) (Fig.  5, panel A). Therefore, we 
reported the admixture coefficients for K = 3 (Fig. 5, panel 
B) and the respective q1 (red), q2 (green) and q3 (blue) val-
ues (Online resource 4). Longleat1 (adults and juveniles) 
was composed of a single distinct ancestral population and 
showed no admixture (q3 ≃ 1) in most of the individuals 

The distribution of monomorphic SNPs across sites was 
largely biased towards Longleat1 adults with 404 SNPs in 
total, representing > 60% all SNPs, of which 123 SNPs were 
exclusive (Fig. 4). The juveniles in Longleat1 had only one 
exclusive monomorphic SNP and 87 that overlapped with 
those found in the adults (Fig. 4). Both adults and juveniles 
in Bagley Wood1 had nine exclusive monomorphic SNPs, 
respectively, none of them shared within the site. Every 
other site had less than six unique monomorphic SNPs and 
shared at least two exclusive monomorphic SNPs between 
adults and juveniles.

no.

Table 2  Physical distance (bp) between SNPs estimated for each of the scaffold type. N = number of scaffolds, 1st Qu. = 1st quartile, 3rd Qu. = 
3rd quartile
Scaffold type N Min. 1st Qu. Median Mean 3rd Qu. Max.
2-SNPs 48 2,008 154,248.5 410,850.0 805,499.7 965,477.5 5,253,885
3-SNPs 3 484,188 839,187.8 876,692.5 1,474,563.5 1,766,007.5 3,720,676
4-SNPs 1 1,764,659 1,909,558.0 2,054,457.0 1,965,387.0 2,065,751.0 2,077,045

Fig. 4  Number of monomorphic 
SNPs distributed across sites 
(Bagley Wood1 (B1): red, Long-
leat1 (L1): green, Stourhead1 
(S1): Blue, Stourhead2 (S2): 
Purple) and by group (adults (A) 
and juveniles (J). Set size is the 
total number of monomorphic 
SNPs in each site per group. The 
intersection size bars include the 
exclusive and shared monomor-
phic SNPs among and within 
sites identified by connected dots 
across the site and groups at the 
bottom of the figure

 

Fig. 3  Number of scaffolds and 
their size (bp) before filtering 
(A), after filtering by quality, 
depth and linkage disequilibrium 
(B) and after the final filtering of 
MAF, PIC and call rate yielding 
a total of 655 SNPs in 598 scaf-
folds (C) and number of SNPs 
per scaffolds (D)
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Genetic diversity

The genetic diversity indicators (Table 3) were determined 
by using either the polymorphic SNPs alone or both the 
monomorphic and polymorphic SNPs together. Overall, we 
found low heterozygosity levels across and within popula-
tions. The observed heterozygosity (Ho) ranged from 0.125 
to 0.213 across sites when using all makers, with the highest 
observed in Stourhead1 juveniles and, the lowest in Long-
leat1 adults. With the polymorphic SNPs alone, Ho gener-
ally increased across sites, with the highest Ho in Longleat1 
adults (0.339) and the lowest in Stourhead1 juveniles 
(0.194). The largest change when excluding the monomor-
phic SNPs was observed in Longleat1 adults and juveniles 
(Ho from 0.125 to 0.339 and 0.146 to 0.325, respectively). 
We found significant differences in unbiased expected het-
erozygosity (uHe) between adults and juveniles in Long-
leat1 (0.161 and 0.195) and Stourhead2 (0.275 and 0.289) 
using both monomorphic and polymorphic SNPs. However, 
we found significant but smaller differences between adults 
and juveniles at both in Longleat1 (0.437 and 0.420), Stour-
head1 (0.333 and 0.353) when the monomorphic markers 
were excluded. The inbreeding coefficient (FIS) was less 
influenced by the markers used and ranged from 0.207 to 
0.393 for both monomorphic and polymorphic SNPs and 

except for three juvenile trees exhibiting high levels of 
admixture (q3 < 7 and q1 > 0.3). Most Bagley Wood1 and 
Stourhead1 individuals showed low levels of admixture 
(q1 > 0.7); however, admixture was found in some individu-
als from two ancestral populations revealing various levels 
of q1 and q2. Two adults from Bagley Wood1 showed high 
q2 levels (q3 > 0.9), indicating that their genetic composi-
tion is different from the other adults in that site. Stour-
head2 trees showed high q2 levels in most of the adults and 
juveniles, except for four adults and five juveniles which 
exhibited high q1 values, indicating the presence of two dif-
ferent ancestral populations and their admixture in the site. 
This same pattern is shown in the PCoA (Fig. 5. panel C) 
where Longleat1 individuals were situated in an indepen-
dent ancestry group, with 13.8% of variance explained by 
this coordinate. Stourhead2 appeared to have some individ-
uals clustering alone (5.1% explained) while the rest were 
together with Bagley Wood1 and Longleat1 trees.

The DAPC analysis revealed three distinct genetic clus-
ters across the four sites, estimated by the minimum BIC 
value (Fig. 5, panel D). The assignment of each individual 
to a genetic cluster showed a similar distribution to the 
sNMF results, except in Longleat1, where only one juvenile 
was in a different genetic cluster (Fig. 5, panel E and F).

Fig. 5  Cross entropy plot for K = 1:10 (rep = 10) (A), admixture coef-
ficients estimated for K = 3, q1 (red), q2 (green) and q3 (blue), (B), prin-
cipal coordinates analysis (PCoA) performed on the genotypes (C), 

Estimation of number of genetic clusters using BIC stat (K = 1:8) (D), 
individual assignment to each of the found genetic clusters, in red (E) 
and DAPC scatter plot
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Longleat1 adults to 0.00263 in Bagley Wood1 (adults and 
juveniles). The distribution of the nucleotide diversity (ℼ) 
per SNP within the scaffolds in each site is shown in Fig. 6 
panel A. We detected a similar pattern across sites regard-
ing the scaffolds containing SNPs with a high value of ℼ. 
One population (Longleat1) gave significant differences in 

0.216 to 0.398 for only polymorphic (Table 3). Longleat1 
(both adults and juveniles) had the lowest inbreeding coef-
ficient and Stourhead1 adults and Stourhead2 juveniles had 
the highest; however, no significant differences were found 
between adults and juveniles within sites.

An overall low nucleotide diversity was found across 
all the sites (ℼ = 0.00226) and it ranged from 0.00136 in 

Table 3  Genetic diversity parameters. Significant differences were tested between adults (A) and juveniles (J) within each site. Significant 
p-value < 0.05 is shown in the table as “*”. N = number of samples collected, S.D = standard deviation, Ho = observed heterozygosity, uHe = unbi-
ased expected heterozygosity, FIS = inbreeding coefficient, N SNPs = number of polymorphic SNPs used to perform the analysis

Bagley Wood1 Longleat1 Stourhead1 Stourhead2
A J A J A J A J

N 9 10 9 9 10 9 10 9
N SNPs 655 655 655 655 655 655 655 655
Polymorphic SNPs 576 579 251 411 565 571 561 540
Monomorphic SNPs 79 76 404 244 90 84 94 115
Ho 0.211 0.204 0.125 0.146 0.159 0.213 0.180 0.154
HoSD 0.176 0.172 0.206 0.194 0.150 0.181 0.176 0.163
uHe 0.289 0.292 0.161 0.195* 0.275 0.289* 0.277 0.281
uHeSD 0.175 0.176 0.220 0.200 0.178 0.176 0.181 0.183
FIS 0.234 0.254 0.207 0.220 0.364 0.223 0.304 0.393
FISSD 0.387 0.384 0.419 0.420 0.405 0.400 0.418 0.439
Only polymorphic SNPs 510 510 232 232 496 496 476 476
Ho 0.254 0.240 0.339 0.325 0.194 0.260 0.228 0.197
HoSD 0.172 0.168 0.214 0.216 0.150 0.176 0.179 0.164
uHe 0.346 0.344 0.437* 0.420 0.333 0.353* 0.348 0.356
uHeSD 0.144 0.148 0.117 0.131 0.148 0.141 0.146 0.138
FIS 0.236 0.257 0.216 0.219 0.367 0.225 0.309 0.398
FISSD 0.387 0.384 0.427 0.429 0.401 0.398 0.417 0.433

Fig. 6  Comparison of nucleotide diversity (ℼ) distribution across sites 
estimated in each SNP (A) and the average per site and age cohort 
(B). Significant differences were tested using Kruskal-Wallis test 

(alpha = 0.05) between adults and juveniles across sites. Different 
letters designate significantly different groups tested by the post-hoc 
Dunn’s test
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sitchensis (Gagalova et al. 2022), Pinus taeda (Zimin et al. 
2014) or Pseudotsuga menziesii (Neale et al. 2017). Angio-
sperm tree species have shorter genomes and several have 
been assembled to a chromosome level including Quercus 
robur (Plomion et al. 2016) and Fraxinus excelsior (Sollars 
et al. 2017). Scaffolds are aligned sequences (contigs) that 
form larger regions. Due to their size, the position of scaf-
folds within conifer genomes is usually not known, meaning 
that the relative genomic or chromosomal location of vari-
ants (e.g., SNPs) found across different scaffolds cannot be 
directly determined (Luo et al. 2021). However, a relatively 
uniform distribution of SNPs along the genome is essential 
for an optimal estimation of population genetics parameters 
(Brhane et al. 2022). One way to overcome this problem 
is to limit the number and proximity of SNPs retained per 
scaffold, which is the approach followed in the present 
report. Other studies followed a similar SNP filtering pro-
cess to perform population genetics analysis, for example in 
a sea fly where 93.8% of the retained SNPs were included 
in the largest scaffolds (> 100 Kb) in the reference genome 
(Muñoz et al. 2016).

Population genetic analysis

Three ancestral populations were found suggesting that the 
study sites were established using plant material from three 
different origins. Every site showed individuals with some 
level of admixture between two genetic clusters except for 
Longleat1 adults which had no admixture. However, three 
juveniles in Longleat1 had high levels of admixture indicat-
ing gene flow from an external source, although the presence 
of non-characterised genetically distinct adults in the stand 
cannot be ruled out. Bagley Wood1 and Stouhead1 shared 
most of their genetic makeup while Stourhead2 included 
some individuals with admixed backgrounds; however, the 
majority were assigned to two different ancestral popula-
tions. This may suggest that Bagley Wood1 and Stourhead1 
were established using an identical source while sites within 
the same woodland (Stourhead1 and 2) were established 
using different plant materials.

Overall, Ho levels across sites were relatively low (rang-
ing from 0.125 to 0.213) but followed the low level (Ho = 
0.219) found in the natural range of T. Plicata (Shalev et 
al. 2022). Due to a lack of population structure and genetic 
differentiation across its large and continuous natural dis-
tribution, it has been suggested that T. plicata experienced 
an historical bottleneck followed by a range expansion that 
reduced its genetic variation, (Shalev et al. 2022). How-
ever, despite its low genetic diversity, T. plicata may hold 
a high potential for adaptation and further expansion of its 
natural range as discussed by these authors. Similarly, Pinus 
pinea has low genetic diversity (H = 0.11, from nuclear 

nucleotide diversity between adults (0.00136) and juveniles 
(0.00167) (Fig. 6 panel B).

Discussion

In this study, we assessed population structure and genetic 
diversity in planted T. plicata trees and their offspring in four 
UK woodlands. We identified 655 informative SNP markers 
by using a GBS approach. We found three distinct genetic 
clusters across the four sites with low levels of admixture 
in the adult and juvenile trees. These clusters aligned with 
significant differences in genetic variation and in the num-
ber of private monomorphic SNPs across sites. Overall, the 
heterozygosity levels were low (uHe and Ho) across and 
within sites. Two sites (Longleat1 and Stourhead1) showed 
significantly higher uHe in the juvenile trees compared to 
adults. Additionally, we found very low nucleotide diversity 
ℼ across and within sites, with adults ranging from 0.00125 
to 0.002551, and juveniles slightly higher at 0.00155 to 
0.00252, which may indicate low levels of genetic diversity 
and therefore low adaptation potential.

Distribution of variants across the genome and 
monomorphic SNPs

We found 199,704 variants before filtering, which is rela-
tively low compared to the 1.3 M SNPs found in Chinese fir 
(Cunninghamia lanceolata) and 3 M SNPs found in Thuja 
sutchuenensis (Tao et al. 2024) also both members of the 
Cupressaceae (Zheng et al. 2019), and the 349,542 SNPs 
found in the foxtail pine (Pinus balfouriana) (Friedline et 
al. 2015). We retained 655 high-quality SNPs with a high 
proportion of private monomorphic SNPs mostly found in 
Longleat1 (Fig. 4). The MAF > 0.01 filter usually removes 
rare, private and monomorphic SNPs across the whole data-
set. In our case, the majority of the site-specific monomor-
phic SNPs are found in Longleat1, suggesting differences in 
the provenance of the seed sources used to establish the four 
plantations. A substantial difference in the Longleat1 private 
monomorphic alleles were found between adults (123) and 
juveniles (1). However, 87 monomorphic SNPs were shared 
by both groups, which may reveal higher genetic variation 
in the naturally regenerated offspring than in the planted 
adults. The low genetic variation found in the adults may 
suggest a high level of fixed alleles compared to the other 
sites.

The majority of the 598 SNP-containing scaffolds we 
identified in T. plicata were over 100 Kb in size and were in 
the top 9% longest scaffolds in the genome assembly (Sha-
lev et al. 2022). Conifer tree species have large genomes and 
most have been assembled to a scaffold level, such as Picea 
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Practical application and conclusions

We identified a set of markers to evaluate genetic variation 
and genetic diversity in T. plicata populations which could 
be useful in further investigations of populations and genetic 
resources. We found many monomorphic SNPs unique to 
the adults from Longleat1, indicative of a lower genetic 
variation within this site and a distinct genetic background. 
Three genetic clusters were found across the four woodland 
sites. One cluster was unique for Longleat1 while one was 
assigned to the majority of individuals in Bagley Wood1 
and Stourhead1, suggesting the stands are comprised of 
materials from similar origin, and the third genetic cluster 
included individuals from Stourhead2.

The consistently low heterozygosity and nucleotide diver-
sity levels in adults and juveniles in Longleat1, together with 
the assignment of all the individuals to a unique cluster sug-
gests that the Longleat1 germplasm may come from an area 
of lower genetic diversity. However, the admixture found 
in some of the juveniles may indicate that gene flow from 
external populations is widening the gene pool in the site. 
These observations indicate that the current genetic diver-
sity is maintained and even increases in some sites across 
generations. However, although the inherently low genetic 
diversity in T. plicata does not appear to be maladaptive in 
its natural range, its occurrence in relatively isolated wood-
lands opens the door to inbreeding and genetic drift, with 
potential impacts on genetic diversity and adaptability to to 
changing environmental conditions.

Our study combined analyses of population structure and 
genetic diversity in four T. plicata populations in the UK 
thus producing integrated insights for woodland manage-
ment. Future studies may aim to improve our understand-
ing of the species as a non-native, e.g. by mapping the 
origin of UK planted materials to areas in its natural range 
to uncover the population genetics of monomorphic alleles 
only observed in Longleat1 adults. Our results suggest that 
a potential injection of genetic diversity (e.g. through plant-
ing) may be needed in woodlands established from a narrow 
gene pool in order to maintain or increase genetic diversity 
(heterozygosity and nucleotide diversity).
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microsatellites) (Pinzauti et al. 2012) across its large natu-
ral distribution and is suggested to hold certain competitive 
advantage, potentially due to a high level of local adapta-
tion (Simões et al. 2024). However, exotic planted wood-
lands that are managed using natural regeneration may be 
affected by the initial low levels of genetic diversity of the 
seed source. This may be followed by a lack of gene flow 
due to isolation from other populations, a reduced number 
of breeding parents due to stand thinning or logging, or 
selective mating may decrease the potential for adaptation 
to climate change in future generations.

Other studies following a similar approach as used here 
showed higher heterozygosity levels in Pseudotsuga men-
ziesii stands (Ho = 0.291) (Galeano et al., 2021) and Pinus 
strobus second growth forests (Ho = 0.232) (Rajora and 
Zinck, 2021). Low levels of Ho in Longleat1 is explained 
by the large number of monomorphic SNPs, which could 
suggest the potential fixation of alleles or high levels of 
inbreeding in the source populations. The other sites showed 
low Ho despite the lower proportion of monomorphic SNPs, 
which may indicate low genetic diversity and may lead to 
potential lack of adaptability to current and future changes 
in the climate. Our FIS results (ranging from 0.207 to 0.393) 
showed similar inbreeding in these planted woodlands than 
in the natural range (FIS = 0.331) (Shalev et al. 2022). The 
observed heterozygosity (Ho) was similar between adults 
and juveniles produced by natural regeneration across all 
sites. This may indicate that the frequency of heterozygotes 
on each site has not been reduced suggesting an efficient 
transfer of alleles to the next generation of trees. These 
results follow the observations of Liesebach et al. (2024) 
in Picea abies and Fagus sylvatica stands in Europe, where 
Ho was consistent between adults and naturally regenerated 
juveniles.

The overall estimated nucleotide diversity (π) we found 
in T. plicata was 0.00226, which is in the same range as in 
the natural distribution of the species (0.0020) (Shalev et al. 
2022). These levels of diversity are relatively low compared 
to estimates in Picea abies (0.0049 to 0.00625) (Wang et 
al. 2020) or Cupressus chengiana (0.0077) (Li et al. 2020) 
but are higher than found in the congeneric Thuja sutchue-
nensis (0.00186) (Tao et al. 2024). Thuja sutchuensis is an 
endangered species and its low π may be due to the frag-
mentation and the small size of existing populations. The 
low genetic diversity found in UK plantations of T. plicata 
most likely reflects the levels of genetic drift and inbreeding 
in the North-American populations used for their establish-
ment (Tao et al. 2024).
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