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ABSTRACT
Habitat fragmentation and population isolation pose a threat to the genetic diversity and adaptability of many species. The com-
mon juniper, Juniperus communis L., a keystone species for juniper scrub habitat and one of only three conifers that are native to 
the United Kingdom, has been in decline for more than a century in the United Kingdom and across its European range. Remnant 
UK juniper stands are now often small and highly fragmented, which has raised concerns for their resilience, especially in the face 
of climate change and the introduction of novel pathogens, such as Phytophthora austrocedri. This work presents a baseline genetic 
survey of native UK juniper populations and compares patterns of diversity between remnant stands and among three main popu-
lation centres, or regions, in southern England, the Lake District, and Scotland, using both single nucleotide polymorphism (SNP) 
and simple sequence repeat (SSR) genetic markers. The aim was to evaluate the standing genetic diversity of native juniper stands, 
the impacts of habitat fragmentation, and to determine whether juniper populations are genetically isolated from one another. 
We found that juniper stands, while not completely isolated from one another, face substantial barriers to gene flow, especially 
between the three population centres. These centres also show different patterns of genetic diversity and population structure, 
indicating varying levels of internal gene flow. Our findings can provide a baseline from which to monitor the effectiveness of 
conservation activities, prioritize populations of concern, and guide genetic rescue efforts.

1   |   Introduction

Habitat fragmentation represents a threat to the genetic diversity 
of tree species as it can lead to a decline in gene flow between pop-
ulations and a resultant increase in genetic drift and inbreeding 
in remnant populations (Aguilar et al. 2008; Dobeš et al. 2017; 
Young et al. 1996). The potential reduction of genetic diversity in 
fragmented populations may, in turn, impair the adaptive poten-
tial of those populations (Cavers and Cottrell 2015; Ennos 2015). 
Generally, features that facilitate the production of new geno-
types, such as larger population size, inter- population gene flow, 

and abundant natural regeneration, all maintain or increase the 
adaptive potential of that population. Therefore, conservation 
with the explicit goal of maintaining or increasing the genetic 
diversity of species and populations by promoting gene flow and 
natural selection, often called dynamic conservation, has be-
come a recognized method with which to create more resilient 
forest populations (Cavers and Cottrell  2015; Fady et  al.  2016; 
Finger et al. 2022; Hubert and Cottrell 2014; Lefèvre et al. 2013). 
The effects of habitat fragmentation vary by species and are 
determined by mating systems, life- history traits, and the de-
mographics of the meta- population before the fragmentation 
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occurred (Aguilar et al. 2008; Lowe et al. 2015). Neutral marker 
data have been widely used to evaluate the genetic consequences 
of fragmentation on tree populations and to manage their con-
servation and restoration (Cavers and Cottrell  2015; Dobeš 
et al. 2017; Ennos et al. 1998; Ennos 2015; Finger et al. 2022). 
Although some temperate tree species, such as Scots pine (Pinus 
sylvestris), have generally been found to have very high levels of 
gene flow among populations (Rodriguez  2019; Salmela  2011; 
Salmela et al. 2013), some species, such as yew (Taxus baccata), 
seem to be more sensitive to fragmentation (Chybicki et al. 2024). 
Here, we use a novel set of single nucleotide polymorphisms 
(SNPs) and a newly developed panel of simple sequence repeats 
(SSRs) to quantify the genetic diversity and infer the effects of 
habitat fragmentation on the keystone species common juniper, 
Juniperus communis L.

The common juniper has the widest global distribution of any 
conifer species, with a circumpolar range that extends from 
northern tundra in Russia and Canada as far south as the 
Mediterranean in Europe and the Central Rockies in North 
America (Thomas et al. 2007) It is one of only three conifers that 
are native to the United Kingdom. The species is morphologi-
cally variable and can grow as upright mid- story trees, sprawl-
ing shrubs, or ground- hugging stems (Carrer et al. 2019; Klimko 
et  al.  2007; Knyazeva and Hantemirova  2020). It is dioecious, 
wind- pollinated, and its seeds are primarily dispersed by birds 
(Adams and Thornburg 2010; García 2001; Surso 2018; Thomas 
et al. 2007). Individual junipers can live as long as 100–200 years, 
and most extant stands have a notable bias for mature or old in-
dividuals (Sullivan 2003; Thomas et al. 2007). Juniper trees are 
a keystone species for many of the communities in which they 
occur, providing habitats for lichens and bryophytes and abun-
dant seasonal forage for animals. Furthermore, they can aid the 
recruitment of other tree species by acting as “nursery trees,” 
protecting young tree seedlings when they are particularly vul-
nerable to predation. Juniper also has a long history of human 
use, for example as a smokeless firewood (Thomas et al. 2007) 
and for both medical and culinary purposes (Al- Snafi 2018).

Although juniper's considerable phenotypic variability and dis-
persal strategies (Hall 1990; Knyazeva and Hantemirova 2020; 
Thomas et al. 2007) might suggest a highly adaptable and resil-
ient species, populations have been declining for at least the past 
century in both the United Kingdom and Europe. Consequently, 
it is listed as a priority species under the UK's Biodiversity 
Action Plan (McBride 2005), and many juniper communities are 
listed as Special Areas of Conservation under the EU Habitats 
Directive. In the United Kingdom, remnant juniper stands are 
generally small, and some, such as those in Southern England, 
are failing to regenerate naturally. Changes in land use, partic-
ularly grazing and the absence of regular natural disturbances 
(De Frenne et al. 2020; McBride 2005; Thomas et al. 2007), are 
considered the primary reasons for the lack of seedling recruit-
ment, but there are many other factors that may contribute, in-
cluding increasing temperatures (Gruwez, De Frenne, Vander 
Mijnsbrugge, et  al.  2016; Verheyen et  al.  2009) and changing 
soil nutrient compositions (Gruwez et  al.  2014; Gruwez, De 
Frenne, Schrijver, et al. 2016; Pers- Kamczyc et al. 2020, 2022; 
Verheyen et al. 2009). The lack of natural regeneration is result-
ing in populations that are both shrinking and aging, with more 
male- biased sex ratios, which is especially concerning given 

that reproductive success may decrease as plants age (García 
et al. 1999; Ward 1982, 2007).

Previous genetic surveys of junipers in Western Europe have typ-
ically been restricted to relatively small geographic areas when 
compared to juniper's global range, and often differ in the genetic 
markers used, making direct comparisons difficult. However, one 
clear geographic pattern is that juniper populations on the British 
Isles tend to be more genetically distinct from one another than 
those on Mainland Europe (Michalczyk et al. 2010; Oostermeijer 
and De Knegt 2004; Provan et al. 2008; Reim et al. 2016; Vanden- 
Broeck et al. 2011). Larger studies across Russia using a variety 
of methods and markers, including quantitative genetics and chlo-
roplast DNA, have generally found a primarily east–west pattern 
of genetic differentiation, with evidence for a tertiary and quater-
nary genetic groupings in the North Caucasus and the Himalayas/
southern Siberia (Hantemirova et  al.  2012, 2017; Hantemirova 
and Bessonova 2023; Knyazeva and Hantemirova 2020). Previous 
studies have also found generally high degrees of genetic diver-
sity within juniper populations, despite population fragmentation 
(Hantemirova et al. 2012, 2017; Hantemirova and Bessonova 2023; 
Michalczyk et al. 2010; Oostermeijer and De Knegt 2004; Provan 
et al. 2008; Reim et al. 2016; Vanden- Broeck et al. 2011). Our study 
is the first to include samples from both Scotland and England 
and includes all of the subspecies that occur on the British Isles: 
J. communis spp. communis, J. communis spp. nana, and J. com-
munis spp. hemisphaerica (hereafter abbreviated as J. communis, 
Nana, and Hemi, respectively). The three subspecies are primar-
ily distinguished on the basis of differences in leaf morphology 
(Stace 2019), although J. communis and Nana may also be distin-
guished by their cone anatomy (Sullivan 2001). The three subspe-
cies differ in their ranges, with Nana being restricted to the west 
coast of Scotland and Wales (G. Sullivan 2003; Thomas et al. 2007) 
and Hemi only present at a single site in Cornwall (Stace  2019; 
Thomas et al. 2007). Although the genetic differences among the 
subspecies are not clear, Sullivan (2001) found evidence that the 
prostrate growth habit of Nana was a genetic adaptation that was 
retained in a common garden trial, whereas prostrate J. commu-
nis cuttings demonstrated some phenotypic plasticity by adopting 
different growth habits when grown in a common garden trial. 
Sullivan  (2001) did not, however, find support for their genetic 
distinction based on RAPD markers. Similarly, the genetic status 
of Hemi is unclear, and it is often regarded as an intermediate be-
tween the other two subspecies (Thomas et al. 2007).

The goal of this work was to provide a genetic survey that al-
lows for the comparison of the larger Scottish populations with 
the smaller and more fragmented ones in the Lake District and 
southern England. Here, we use the term “populations” o refer to 
discrete stands of juniper trees, which in the United Kingdom are 
typically small and geographically fragmented, but acknowledge 
that some high- latitude conifers, such as Scots pine, are capable 
of long- distance gene dispersal and, therefore, form much larger 
meta- populations (Beaton et al. 2022; Benavides et al. 2021; Cavers 
and Cottrell 2015; De Kort et al. 2013; Lefèvre et al. 2013; Young 
et al. 1996). This work uses both SNP and SSR genetic markers, 
as they are complementary approaches with different strengths 
and weaknesses (García et al. 2018). Quantifying the patterns of 
genetic diversity using these neutral genetic markers can inform 
researchers and conservationists about the population- scale dy-
namics of gene flow, the effects of habitat fragmentation, and the 
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development of effective management strategies. Our aim was 
to provide guidance to conservation managers in Britain and to 
target the selection of some British juniper populations as Gene 
Conservation Units (GCUs) under the European Forest Genetic 
Resources Programme (EUFORGEN).

2   |   Methods

2.1   |   Sampling Locations, Material Collection, 
DNA Extraction, and Marker Development

Sixteen stands of J. communis and one each of Nana and Hemi 
were sampled from sites in England and Scotland and classified 
into the regions Scotland, Lake District, and Southern England, 
except for Hemi, which was an outgroup and excluded from 
these regional analyses (Table 1 and Figure 1). Needle samples 
were collected from mature juniper trees in 2019 and immedi-
ately stored at −20°C until processing.

Prior to DNA extraction, 100 mg of needles were finely chopped 
using a razor blade, placed in a 2 mL microfuge tube with two 
3 mm steel ball bearings, frozen in liquid nitrogen, and then 
ground using a Retsch MM 300 mixer mill at a frequency of 30/s 
for a total of 2 min. Razor blades and the glass cutting plate were 
cleaned with 70% ethanol between processing each sample. DNA 
was extracted for each sample using a Qiagen DNeasy Plant Pro kit 
(Qiagen, Germany) following the manufacturer's instructions. A 

SNP- based assay was developed by the Plant Genomic Resources 
Centre (https:// pgtb. fr/ , Bordeaux, France). DNA from a panel 
of eight individuals from five sites (representing broad UK geo-
graphic coverage) was used to develop the markers following RAD- 
Sequencing. Approximately 90,000 loci were initially detected by 
STACKS (Catchen et  al.  2013), which were then filtered for the 
following criteria: (1) loci where a genotype was called for all in-
dividuals (including technical replicates; 9539 loci remaining), (2) 
loci with functional technical replicates (9374 loci remaining), (3) 
loci with unique SNPs in the returned sequence (807 loci remain-
ing), (4) loci with at least 3 genotypes (198 loci remaining) and (5) 
loci where the unique SNP site is not in the first or last 20 bases of 
the sequence to allow for primer design (175 loci remaining). Of 
these 175 loci, 80 were selected for two multiplex Sequenom assays 
(Bradić et al. 2012), which ultimately provided data at 74 SNP loci 
for all samples (Table A1).

A new set of microsatellite markers was developed for this study 
(Table  A2). DNA samples were sent to Microsynth Ecogenics 
(Balgach, Switzerland) to identify and test nuclear SSR loci using a 
next- generation sequencing- based enrichment protocol. Of the 285 
identified microsatellite loci, 48 had primers designed and tested, 
which returned six polymorphic markers that were amplified con-
sistently. For each of the six loci, PCR was carried out as follows: Each 
forward primer had a 5′—AGGTTTTCCCAGTCACGACGTT—3′ 
M13 sequence attached at the 5′ end for subsequent detection 
purposes. DNA was amplified in a total volume of 20 μL compris-
ing the following reaction mixture: 1.5 μL DNA, 1X PCR buffer 

TABLE 1    |    List of populations that were included in genetic analyses, including the abbreviations that are used in proceeding figures, the region 
that each population was assigned to, coordinates and the number (N) of individuals in both SNP and SSR datasets.

Population Abbreviation Region Lat (°) Long (°) N for SNP N for SSR

Gleann Dubh, Arran AR Scotland 55.55 −5.202 12 11

Blowick Fell BF Lake District 54.558 −2.931 10 10

Balnaguard Glen BG Scotland 56.644 −3.73 23 30

Bulford Hill BH S. England 51.204 −1.7 12 11

Blea Tarn BT Lake District 54.426 −3.088 10 8

Clashindarroch CD Scotland 57.338 −2.967 20 35

Danebury Hill DH S. England 51.137 −1.535 22 27

Fasnakyle FK Scotland 57.336 −4.849 22 26

Glen Artney GA Scotland 56.34 −3.996 23 24

Invernaver IN Scotland 58.521 −4.256 6 6

Lammermuir LM Scotland 55.853 −2.71 23 30

Morrone Birkwood MB Scotland 56.998 −3.426 7 6

Porton Down PD S. England 51.138 −1.652 22 24

Thwaites Fell TF Lake District 54.302 −3.263 22 25

Tynron TY Scotland 55.214 −3.846 15 15

Whitewell WW Scotland 57.155 −3.796 9 9

ssp. nana Nana Scotland 56.003 −5.635 8

ssp. hemisphaerica Hemi Lizard Peninsula 49.961 −5.213 11 7

Note: The population “Hemi” is not included in regional analyses.
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(Bioron, Germany), 5 μM of each primer (0.2 mM of each dNTP 
(VWR International)), 0.25 μM M13 oligo with a fluorescent dye 
attached, and 0.25 U Taq DNA polymerase (Bioron). PCR condi-
tions for all markers except JC035 involved the following steps: 
Initial denaturation at 95°C for 5 min, followed by 10 cycles of de-
naturation at 94°C for 30 s; annealing at 55°C for 60 s; and exten-
sion at 72°C for 30 s. This was followed by 26 cycles of denaturation 
at 94°C for 30 s; annealing at 53°C for 60 s; and extension at 72°C 
for 30 s. A final extension step was carried out at 72°C for 10 min. 
PCR conditions for JC035 were as follows: Initial denaturation at 
95°C for 5 min, followed by 32 cycles of denaturation at 94°C for 
30 s; annealing at 50°C for 60 s; and extension at 72°C for 30 s. A 
final extension step was carried out at 72°C for 10 min. PCR prod-
ucts were run on a Licor 4300 DNA sequencer, and the allele sizes 
were scored against a size marker standard.

2.2   |   Data Cleaning

Marker data were cleaned and checked: Monomorphic loci, 
those with more than 10% missing data, and those out of 

Hardy–Weinberg Equilibrium (HWE) in more than half of 
all populations were removed using GenAlEx (Peakall and 
Smouse 2012). The SSR data were screened for null alleles using 
Microchecker (Van Oosterhout et  al.  2004). Finally, genotype 
data were screened for clonality between pairs of individuals 
within the same population, due to known conservation efforts 
that have used plants grown from cuttings in populations CD 
and Hemi (R Core Team 2021; Wickham et al. 2023). One indi-
vidual was removed when two individuals within a population 
shared an exact genotype across all loci, but when genotypes 
were shared between individuals in different populations, both 
individuals were retained for the analyses.

2.3   |   Data Analyses: Descriptive Statistics 
and Fixation Indexes

The following descriptive statistics were calculated for each popu-
lation using GenAlEx (Peakall and Smouse 2012): Average num-
ber of individuals (N), number of alleles (Na), observed (Ho), and 
expected heterozygosity (He), the inbreeding fixation index (Fis) 

FIGURE 1    |    Locations of sampled populations, demarked with colored circles corresponding to each of the three regions; population name ab-
breviations given in Table 1.

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71818 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [30/07/2025]. 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



5 of 25

and the standard error for the inbreeding fixation index (SE Fis). 
Both Wright's standard fixation index (Fst) and Wright's adjusted 
fixation index (F ′

st
) were calculated using GenAlEx (Peakall and 

Smouse 2012), both of which are reported here, following the rec-
ommendation of Peakall and Smouse  (2012). Theoretically, Fst 
values range from 0 to 1, with 0 representing a complete lack of pop-
ulation differentiation, or panmixia, and 1 representing complete 
isolation (Wright 1984). Generally, Fst values can be interpreted 
with the threshold values: < 0.05 indicating little differentiation, 
0.05–0.15 indicating moderate differentiation, 0.15–0.25 indicat-
ing a large degree of differentiation, and > 0.25 indicating extreme 
differentiation (Hartl 2020). To evaluate the genetic differentia-
tion within regions, both fixation indices were calculated for all 
pairs of populations within each region. Furthermore, to compare 
the genetic differentiation among regions, the arithmetic means 
of all pairwise comparisons of populations in different regions 
were calculated. Finally, M- Ratios (Garza and Williamson 2001) 
were calculated using the “dplyr” package (Wickham et al. 2023) 
for each SSR locus and population to evaluate whether there were 
genetic indications of recent population bottlenecks. M- Ratios are 
calculated as the number of unique SSR genotypes divided by the 
range of allele sizes per locus, with M- Ratios of less than 0.68 in-
dicating the likelihood of a recent reduction in population size 
(Garza and Williamson 2001).

2.4   |   Data Analyses: Population Structure 
and Genetic Differentiation

A hierarchical analysis of molecular variance (AMOVA) was per-
formed using GenAlEx (Peakall and Smouse 2012) with 9999 per-
mutations and within- individual variability suppressed. Tests for 
Isolation by Distance (IBD), in addition to Principal Coordinate 
Analyses (PCoA), were both performed using GenAlEx (Peakall 
and Smouse 2012). IBD was evaluated by running a Mantel test 
comparing log- transformed geographic distances with pairwise, 
individual- by- individual genetic distances for all populations, as 
well as for only Scottish populations due to their larger geographic 
distribution than the other population centers. We tested for ge-
netic structure using the STRUCTURE software v.2.3.4 (Pritchard 
et  al.  2000). The Markov chain Monte Carlo (MCMC) method 
used a burn- in length of 10,000 steps, followed by 10,000 steps for 
estimation. Each simulation was replicated with 20 iterations for 
each K value between 2 and 21, from which mean values were 
calculated. These data were uploaded to STRUCTURE Harvester 
(Earl and vonHoldt 2012) and StructureSelector (Li and Liu 2018) 
to estimate the most likely K value using the delta K method 
(Evanno et al. 2005) and to CLUMPAK (Kopelman et al. 2015) 
to summarize the Q matrices for all 20 iterations of each K into 
a single Q- matrix. The returned Q- matrices for each K value 
were processed into spatial objects using the raster package for R 
(Hijmans 2023) and plotted as pie charts in ArcMap. We report the 
results for K = 3, 4, and 5 for both SNP and SSR datasets.

2.5   |   Subspecies Exclusions

The population of Hemi was removed when calculating pair-
wise Fst values and performing the AMOVA, IBD, and PCoA 
analyses for the following two reasons. First, only 39.2% of 
SNP and 50% of SSR loci were polymorphic for Hemi. Second, 

Hemi was highly differentiated from the other populations, 
with pairwise Fst values between Hemi and other populations 
ranging from 0.359 to 0.481 for SNP data and from 0.238 to 
0.499 for SSR data. Inclusion of Hemi in AMOVA, IBD, and 
PCoA would, therefore, have obscured finer- scale differ-
ences between the other populations. Conversely, Nana was 
included in all calculations. Unlike Hemi, Nana had an ac-
ceptable percentage of polymorphic loci, and including Nana 
in pairwise Fst values, AMOVA, and PCoA resulted in only 
minor differences in these values and analyses.

3   |   Results

3.1   |   Data Cleaning

Fourteen SNP loci with more than 10% missing data and a further 
nine monomorphic loci were removed. An additional 10 SNP loci 
were removed for being significantly out of HWE (p < 0.05) in more 
than half of all populations, leaving a total of 41 loci for analysis. 
Two SSR loci were removed due to null alleles in more than half 
of all populations, leaving 4 SSR loci for analysis. Twelve individu-
als from the SNP dataset shared genotypes across all loci, sharing 
five genotypes among them. These were in populations CD, Nana, 
and Hemi, and none shared a genotype with any individuals from 
other populations—in each case, only one individual per genotype 
was retained for subsequent analyses (Table A3). Thirty- six indi-
viduals in the SSR dataset shared 16 genotypes among them. Of 
these 18 pairs of individuals, 10 pairs were individuals from the 
same population, and in each case, one individual was removed at 
random. The other 8 pairs were among individuals from different 
populations, and both were retained. These were in populations 
Hemi, Nana, CD, PD, and LM, and again, only one representative 
of each genotype was retained (Table A4). Finally, one individual 
from WW was removed from the SNP dataset due to being an ex-
treme outlier, as it differed in virtually every locus from all other 
individuals in that population, suggesting the possibility of an ex-
traction or sequencing error. This left 277 and 304 individuals in 
the SNP and SSR data, respectively (Table 1).

3.2   |   Descriptive Statistics

In the SNP dataset, the percentage of polymorphic loci within 
populations ranged from 68.3% (Nana) to 97.6% (CD), with an 
average of 88.4%. Fis values from the SNP dataset had an over-
all mean of 0.025 and a range from −0.221 (Hemi) to 0.108 (BF) 
(Table  2). All populations in the SSR dataset had 100% poly-
morphic loci except for Hemi, which had 50%. Fis values from 
the SSR dataset had a mean of −0.002 and a range from −0.159 
(Nana) to 0.171 (BG) (Table  3). Six populations (BG, CD, DH, 
FK, GA, and PD) had positive Fis values for both SNP and SSR 
datasets; eight populations (AR, BF, BH, LM, Nana, TF, TY, and 
WW) had one positive value and one negative value between 
the SNP and SSR datasets; the remaining four populations (BT, 
Hemi, IN, and MB) had negative values for both datasets. The 
average M- Ratios across loci ranged from 0.191 (TF) to 0.278 
(DH) (Table 3). However, the low number of loci in our study 
and the variable numbers of individuals per population may 
have been partially responsible for these low values (Garza and 
Williamson 2001).
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3.3   |   Population Differentiation Within Regions

Within S. England and Scotland, Fst estimates were small but 
significant, indicating minor but detectable genetic differences 
among populations. Within the Lake District, estimates were 
not significant. In both SNP and SSR datasets, estimates of Fst 
and F ′

st
 among populations were lower in the Lake District and 

S. England than in Scotland. The average F ′

st
 values for SNP and 

SSR datasets were 0.029 and 0.069 for S. England, 0.025 and 
0.035 for the Lake District, and 0.072 and 0.165 for Scotland, re-
spectively. Pairwise estimates of F ′

st
 for the SNP and SSR data-

sets within each region ranged from 0.028 (BH- PD and DH- PD) 
to 0.031 (DH- BH) for S. England; 0.011 (BT- TF) to 0.022 (BT- 
BF) for the Lake District; and 0 (MB- GA) to 0.134 (Nana- WW) 
for Scotland (Tables 4 and 5). All F ′

st
 values were slightly higher 

than Fst values due to being corrected by the maximum possible 
differentiation within populations; F ′

st
 values are more suited for 

comparing different marker types for this reason.

3.4   |   Differentiation Among Regions

Regions showed markedly different patterns of fixation index 
values, with comparisons between populations in Scotland and 
S. England having the highest F ′

st
 values in the SNP dataset 

(F ′

st
 = 0.137) and those between Scotland and the Lake District 

having the highest values in the SSR dataset (F ′

st
 = 0.231). The 

average of all pairwise F ′

st
 values comparing regions for SNP data 

ranged from 0.025 to 0.137 (F ′

st
, Lake District- Lake District and 

Scotland- S. England, respectively) (Table 6). For SSR data, these 
comparisons ranged from 0.023 to 0.231 (F ′

st
, Lake District- Lake 

District and Scotland- Lake District, respectively) (Table 7).

3.5   |   Population Structure: AMOVA

The hierarchical AMOVA's for both SNP and SSR data ascribed 
the majority of the observed genetic variance to that within a 
population (92% for both SNP and SSR datasets). The variance 
among populations was significant for both SNP (Fst = 0.079; 
p < 0.001) and SSR data (Fst = 0.076; p < 0.001) but accounted 
for only 4% of the observed variation in both datasets. Similarly, 
the variance among regions was also significant for both SNP 
(Frt = 0.043; p < 0.001) and SSR data (Frt = 0.037; p < 0.001) and 
accounted for 4% of the observed variation in both datasets.

3.6   |   Isolation by Distance

There were significant, positive correlations between log- 
transformed geographic and genetic distances over all popula-
tions in both SNP (R2 = 0.0042, p = 0.001) and SSR (R2 = 0.0079, 
p = 0.001) datasets. Within the Scottish region, both SNP 
(R2 = 0.007, p = 0.001) and SSR (R2 = 0.0029, p = 0.002) datasets 

TABLE 2    |    Mean descriptive statistics for SNP data across all 41 loci for each population.

Pop N Na Ho He uHe Fis Fis SE % Polymorphic

AR 11.9 1.902 0.298 0.327 0.341 0.076 0.054 90.24%

BF 9.9 1.927 0.244 0.292 0.307 0.108 0.054 92.68%

BG 22.2 1.951 0.289 0.305 0.312 0.051 0.042 95.12%

BH 11.8 1.902 0.274 0.293 0.306 0.090 0.053 90.24%

BT 9.9 1.854 0.279 0.277 0.292 −0.001 0.054 85.37%

CD 19.8 1.976 0.299 0.315 0.323 0.022 0.046 97.56%

DH 21.9 1.902 0.265 0.281 0.288 0.030 0.043 90.24%

FK 21.8 1.951 0.267 0.288 0.295 0.074 0.045 95.12%

GA 22.9 1.902 0.275 0.310 0.317 0.084 0.050 90.24%

Hemi 10.9 1.439 0.201 0.160 0.168 −0.221 0.043 43.90%

IN 5.9 1.829 0.340 0.295 0.323 −0.145 0.060 82.93%

LM 22.8 1.902 0.291 0.297 0.304 0.020 0.042 90.24%

MB 6.9 1.829 0.336 0.330 0.356 −0.018 0.067 82.93%

Nana 8.0 1.683 0.220 0.227 0.242 0.023 0.069 68.29%

PD 21.9 1.878 0.259 0.295 0.302 0.078 0.038 87.80%

TF 21.5 1.902 0.286 0.268 0.275 −0.046 0.040 90.24%

TY 14.7 1.927 0.252 0.267 0.276 0.033 0.050 92.68%

WW 8.9 1.805 0.263 0.277 0.293 0.044 0.066 80.49%

Mean 15.2 1.859 0.274 0.284 0.296 0.025 n/a 85.91%

SE 0.23 0.013 0.007 0.006 0.007 0.012 n/a 2.94%
Abbreviations: Fis, inbreeding fixation index; Fis SE, standard error of fixation index; He, expected heterozygosity; Ho, observed heterozygosity; N, average number of 
individuals with valid data per locus; Na, number of alleles; uHe, unbiased expected heterozygosity, % Polymorphic, percent of total loci which are polymorphic for 
each population.
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detected significant IBD. Despite having significant p- values, 
these correlations were very weak.

3.7   |   Population Structure: PCoA

The first three principal coordinates accounted for 30.0%, 17.6%, 
and 13.1% of the observed variation in the SNP and 35.5%, 18.5%, 
and 14.1% of the observed variation in the SSR datasets. In the 
SNP dataset (Figure 2), populations from different regions clus-
tered closely together, while in the SSR dataset (Figure 3), the 
regional grouping was less pronounced, with Lake District pop-
ulations grouping together, but Scottish and S. English popula-
tions overlapping.

3.8   |   Population Structure: STRUCTURE

In the STRUCTURE analyses, we found that the optimal K 
value for the SNP dataset was K = 4, and for the SSR dataset was 
K = 2, with K = 6 as the second most likely K value (Figure 4). 
In both datasets, the S. England populations grouped strongly 
together, and Hemi is ascribed almost entirely to a single ge-
netic group. Lake District populations were grouped together 
and mostly excluded populations from the other regions at K = 5 

(SNP) and K = 4 (SSR). Scottish populations showed some sign of 
sub- structuring into two groups, particularly in the SSR dataset, 
with those populations in the Highlands (IN, FK, CD, WW, MB, 
GA, AR) and those in the Borders (TY, LM) grouping together, 
although both genetic groups were present throughout. This pat-
tern was notable at SNP K = 5 and at SSR K = 3–5. Mean Ln(P) 
values for K = 3, K = 4, and K = 5 were −11,485.4, −11,225.7, 
and −11,178.5 for the SNP dataset and −6074.4, −6022.7, and 
−5973.7 for the SSR data.

4   |   Discussion

Our analyses of two types of neutral genetic markers in UK juni-
per found significant genetic structure among UK populations. 
First, we found a clear genetic distinctiveness of Hemi from all 
other populations of J. communis and Nana, which supports 
previous subspecies classifications of J. communis spp. hemis-
phaerica (Thomas et al. 2007). Nana, while distinct, was more 
closely related to J. communis. Second, we found significant 
among- population and among- region structuring, with regional 
groupings showing different patterns of genetic diversity and 
variable levels of among- population differentiation. M- Ratios 
calculated from the SSR dataset also suggest that all sampled 
populations have been experiencing bottlenecks, which is likely 

TABLE 3    |    Mean descriptive statistics for SSR data across all 4 loci for each population.

Pop N Na Ho He uHe Fis Fis SE M- Ratio

AR 11 5.000 0.614 0.574 0.602 −0.074 0.009 0.253

BF 10 5.000 0.700 0.646 0.680 −0.099 0.166 0.266

BG 30 6.750 0.558 0.655 0.666 0.171 0.090 0.260

BH 11 4.750 0.568 0.548 0.574 −0.068 0.099 0.213

BT 8 4.250 0.563 0.557 0.594 −0.025 0.092 0.232

CD 35 7.500 0.586 0.608 0.617 0.051 0.094 0.233

DH 27 6.000 0.574 0.663 0.675 0.158 0.069 0.278

FK 26 6.500 0.558 0.610 0.622 0.077 0.068 0.212

GA 24 7.250 0.635 0.678 0.692 0.060 0.046 0.248

Hemi 7 2.000 0.321 0.281 0.302 −0.117 0.184 0.314

IN 6 3.250 0.500 0.510 0.557 −0.003 0.119 0.269

LM 30 5.000 0.608 0.582 0.592 −0.065 0.046 0.249

MB 6 4.500 0.750 0.688 0.750 −0.105 0.218 0.223

Nana 6 3.750 0.625 0.507 0.553 −0.159 0.137 0.219

PD 24 5.750 0.594 0.658 0.672 0.098 0.049 0.215

TF 25 5.250 0.560 0.582 0.594 0.007 0.081 0.191

TY 15 4.000 0.583 0.588 0.609 −0.018 0.080 0.226

WW 9 4.750 0.611 0.603 0.639 −0.032 0.096 0.214

Mean 17.2 5.069 0.584 0.585 0.610 −0.002 n/a 0.238

SE 1.1 0.260 0.029 0.026 0.027 0.024 n/a 0.029

Note: All loci for all populations except HEM were 100% polymorphic.
Abbreviations: Fis, fixation index; Fis SE, standard error for fixation index; He, expected heterozygosity; Ho, observed heterozygosity; M- Ratio, average of M- Ratio 
values calculated for each locus; N, number of individuals; Na, number of alleles; uHe, unbiased expected heterozygosity.
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the outcome of more than a century of fragmentation and de-
cline (Sullivan 2003; Thomas et al. 2007).

All analyses suggested significant genetic structure was present 
among populations and among regions, with the exception of the 
populations in the Lake District, which were not significantly dif-
ferentiated within the region. This structure is evident in the PCoA 
results from the SNP dataset, which shows notable groupings by 
region (Figure 2). The SNP dataset indicated clearer distinctions 
than the SSR dataset, likely due to the fact that SSR markers have 
higher per- locus mutation rates, which occur as step- wise changes 
that result in greater heterozygosity and less clear genetic distinc-
tions among populations. STRUCTURE found an optimal num-
ber of genetic groups (K value) of four and two for the SNP and 
SSR datasets, respectively. At K = 4 in the SNP dataset, both Hemi 
and S. English populations were distinct, while the Lake District 
and Scottish populations were split between the remaining two 
groups, with populations in the Scottish Borders being more 
similar to those in the Lake District than either was to the more 
northern stands. Although structure was evident, the slight to 
moderate Fst and F ′

st
 estimates suggest that some gene flow still 

occurs among regions. It is possible that these estimates are reflec-
tive of a historically larger metapopulation that has since declined 

and become fragmented. If that is the case, we can expect genetic 
differentiation to increase with time. Studies of other European 
tree species have generally found low levels of genetic differentia-
tion, with Fst rarely exceeding 0.10; higher values were interpreted 
as very large interpopulation differentiation (Dobeš et  al.  2017; 
Hamrick et  al.  1992; Müller- Starck et  al.  1992). Our estimates, 
therefore, represent a notable degree of genetic differentiation.

The three UK regions had different patterns of within- region ge-
netic structure (Tables 4–7). Lake District populations showed no 
significant genetic structure, suggesting gene flow among popu-
lations sufficient to maintain outcrossing. Southern English pop-
ulations were very similar to one another (Tables 6 and 7), but 
two of the three sites were significantly differentiated, indicating 
that the degree of genetic isolation was more advanced. Scottish 
populations were generally more differentiated from one another 
than populations within either of the other regions were from 
each other (Tables 6 and 7). To some extent, this is to be expected, 
given the greater number of sampled populations and larger inter- 
population distances in Scotland compared to the other regions. 
Nonetheless, the higher diversity and differentiation of Scottish 
populations are indicative of a fragmented landscape with sub-
stantial barriers to gene flow between populations (Oostermeijer 
and De Knegt 2004; Provan et al. 2008; Reim et al. 2016). A weak 
but significant finding of IBD within Scotland also suggests spa-
tially constrained pollen and seed (and consequently gene) disper-
sal capability (Meirmans 2012). Previous work on juniper pollen 
and seed dispersal generally finds that local deposition (within 
tens of metres) is most common (Adams and Thornburg  2010; 
García 2001; Surso 2018); however, Hall (1990) reported the long- 
range dispersal of juniper pollen as far as 180 km. The weak IBD 
would be consistent with predominantly local dispersal, with oc-
casional long- distance events.

There are some caveats to our results that are worth mentioning. 
The small number of loci, particularly in the SSR dataset, and the 
uneven sample numbers across different populations may have 
caused underestimates of both allelic richness and diversity indi-
ces and their standard errors (Carling and Brumfield 2007; Garza 
and Williamson 2001; Kalinowski 2002; Rosenberger et al. 2021). 
Furthermore, since the SNP and SSR markers differ substantially 
in their mutation processes and allelic diversity, and since they 
were filtered differently (based on missing data and HWE for the 
former, and null alleles for the latter), Fis values should be treated 
with a degree of caution and only be compared among popula-
tions within marker datasets. Although the SSR dataset ultimately 
had only four loci, this was balanced to some extent by its higher 
allelic richness per locus, which can improve the precision of di-
versity estimates (Kalinowski 2002). Similarly, although 41 SNP 
loci are small compared to studies of model organisms, Santure 
et al.  (2010) demonstrated that 20 microsatellites had about the 
same resolution of information as 50 SNPs and that combining 
these datasets could improve the overall resolution. With these 
limitations in mind, and provided our results are interpreted with 
a degree of caution, we are confident that the broad- scale differ-
ences observed here are biologically sound.

Previous work by García et al. (2018) comparing SNP and SSR 
markers in J. phoenicea found that the former were more infor-
mative regarding demographic inferences, whereas the latter is 
more suited to parentage and assignment studies. They noted 

TABLE 6    |    Average of pairwise Fst (top) and adjusted F ′

st
 (bottom) 

values among all populations within and between the three regions for 
SNP data.

Fst Scotland Lake district S. England

Scotland 0.050

Lake District 0.064 0.017

S. England 0.095 0.081 0.029

F ′

st
Scotland Lake district S. England

Scotland 0.072

Lake District 0.093 0.025

S. England 0.137 0.117 0.041

Note: Values were calculated as the means of all pairwise comparisons either 
within a region or between different regions.

TABLE 7    |    Average of pairwise Fst (top) and adjusted F ′

st
 (bottom) 

values among all populations within and between the three regions for 
SSR data.

Fst Scotland Lake district S. England

Scotland 0.067

Lake District 0.136 0.045

S. England 0.079 0.044 0.027

F ′

st
Scotland Lake district S. England

Scotland 0.165

Lake District 0.231 0.023

S. England 0.163 0.210 0.069

Note: Values were calculated as the means of all pairwise comparisons either 
within a region or between different regions.
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that the larger per- locus information content of SSR markers 
yields higher diversity estimates, but either a larger number of 
genome- wide SNPs or a smaller number of SSRs (147 and 19, 

respectively, in their case) performed adequately at estimating 
genetic diversity. We also found higher diversity estimates using 
SSR markers than SNPs (mean Ho over all populations = 0.584 

FIGURE 2    |    Principal coordinate analysis (PCoA) of SNP dataset. Population abbreviations are given in Table 1 and regions are color- coded.

FIGURE 3    |    Principal coordinate analysis (PCoA) of the SSR dataset. Population abbreviations are given in Table 1 and regions are color- coded.
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FIGURE 4    |     Legend on next page.
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and 0.274, respectively). Besides these expected differences, our 
results were largely similar for both types of markers in terms of 
the patterns of differentiation. For example, both SNP and SSR 
datasets found no significant Fst values among Lake District 
populations but multiple significant values among Southern 
English and Scottish populations, a very low average Fis value 
across loci and populations, nearly identical AMOVA results, 
and similar genetic groupings using STRUCTURE.

Our results suggest that over a century of habitat fragmentation 
has had a detectable negative impact, impeding gene flow among 
UK juniper stands and resulting in genetic isolation among many 
of the sampled populations. Although the longevity of juniper 
trees allows the possibility that some of the sampled individu-
als may have been progeny of members of a historically larger, 
more interconnected metapopulation, the decline of population 
sizes and extinction of populations in the United Kingodm has 
continued. Our results suggest that we may be approaching the 
end of the “lag- time” between fragmentation occurring and the 
resulting genetic impacts, with several populations now show-
ing signs of genetic isolation. In this case, our results would be 
an underestimate of the effects of the current level of fragmen-
tation, and we should expect juniper genetic diversity to decline 
further without remedial action.

Our findings are consistent with previous studies of juniper 
population genetics in the British Isles in that they have all 
found evidence of significant genetic differentiation and lim-
ited gene flow between remnant stands (Merwe et  al.  2000; 
Provan et  al.  2008; Reynolds  2022). Although direct compari-
sons between diversity indices from population genetic studies 
that use different marker types and sampling regimes are not 
possible, there is a shared pattern in the population genetics of 
European J. communis. By contrast to those in the British Isles, 
studies on mainland Europe have generally found low levels 
of genetic differentiation with an absence of a geographic pat-
tern to the observed genetic diversity (Hantemirova et al. 2012, 
2017; Knyazeva and Hantemirova  2020; Oostermeijer and De 
Knegt 2004; Reim et al. 2016; Vanden- Broeck et al. 2011). Two 
notable exceptions to this pattern are the significant differentia-
tion of populations in Russia's far east and Caucasus from those 
in Western Europe (Hantemirova et  al.  2012, 2017; Knyazeva 
and Hantemirova 2020), and the high degree of differentiation, 
but lack of geographic signals, that Michalczyk et al. (2010) re-
ported between populations from across central Europe. These 
studies may be highlighting the geographic distances that juni-
per gene flow can span in favorable conditions: The latter stud-
ies, which found some genetic differentiation, observed it over 
larger areas, whereas those that didn't find patterns of differen-
tiation were generally conducted across smaller areas.

Juniper is a pioneer species that can thrive in tundra ecosystems 
(Hantemirova et  al.  2017; Michalczyk et  al.  2010; Unterholzner 

et al. 2020), and it is, therefore, often studied to discern the bio-
geography of hardy plant species after the Last Glacial Maximum 
(LGM) (Hantemirova et  al.  2017; Michalczyk et  al.  2010). The 
observed pattern of continental European juniper populations 
having very little genetic differentiation and a lack of geographic 
signals is hypothesized to be due to repeated fragmentation and 
expansion events from glacial refugia across Europe, allowing for 
gene flow between or even during glacial events that homogenized 
these populations (Hantemirova et al. 2012, 2017; Knyazeva and 
Hantemirova  2020; Michalczyk et  al.  2008, 2010). By contrast, 
the high differentiation that studies from the British Isles report is 
most often interpreted only as evidence that barriers to gene flow 
exist between populations (Merwe et al. 2000; Provan et al. 2008; 
Reynolds 2022), and only Merwe et al. (2000) have posited a hy-
pothesis on how the area was recolonized by junipers after the 
LGM. This hypothesis was based on their findings of three genetic 
groups in Great Britain: One in Cornwall and Southern Wales, a 
second in Southern England and Northern Wales, and a third in 
Eastern and Northern England. They posited different migration 
events from Spain, France, and from across Doggerland (now the 
North Sea), respectively. The findings of Reynolds (2022) did not 
support this hypothesis, however, finding high haplotype diversity 
and multiple genetic groups among the junipers of Southern Wales. 
Although shedding light on the question of juniper's migration to 
Great Britain after the LGM is beyond the scope of the present 
study, an ongoing project will evaluate this by including a much 
wider range of populations from the British Isles and Eurasia.

Understanding the current genetic diversity of a species is the 
first step toward implementing dynamic conservation. This 
study has described the current genetic status of juniper stands 
in Britain. Our findings suggest that J. communis populations in 
Britain consist of multiple distinct genetic groups. Furthermore, 
populations are showing the effects of long- term fragmentation, 
with significant differentiation and evidence of genetic isolation.

4.1   |   Conservation Recommendations

Juniper trees and juniper scrub habitat are “almost a habitat in 
[their] own right” (Wilkins and Duckworth 2011), hosting doz-
ens of species of lichens, bryophytes, plants and animals among 
their branches, many of which are specialists and depend on ju-
niper entirely (Binder and Ellis 2008; Ellis and Coppins 2009). 
Juniper scrub is also an important component of forest succes-
sional transitions, aiding tree recruitment and being associated 
with other bare- ground plants (Wilkins and Duckworth 2011). 
Although juniper populations are expanding in some parts of 
their global range (Garza and Williamson 2001), they have been 
in precipitous decline in the United Kingdom for at least the past 
century and possibly longer (Sullivan 2003; Thomas et al. 2007; 
Wilkins and Duckworth  2011). This decline has been caused 
primarily by land- use change, inappropriate grazing levels, and 

FIGURE 4    |    Results from STRUCTURE runs based on SNP (top) and SSR (bottom) datasets for K = 3, K = 4, and K = 5. Pie charts display locations 
of sampled populations and proportional membership of each population to each genetic group, with pie chart colors corresponding to the colors 
from the STRUCTURE plots shown in the bottom left of each panel. The size of each chart is proportional to the number of sampled individuals from 
that population. Bottom left: Bar graphs display proportional membership of each individual to each genetic group, where each bar is an individual, 
and white dotted lines demark the different populations that are shown along the x- axis, population abbreviations given in Table 1. Bottom right: 
STRUCTURE Delta K graphs, showing the change in log- likelihood (L(K)) values between runs with different values of K.
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the introduction of the novel pathogen Phytophthora austroce-
dri. The last, which causes very high mortality by forming ne-
crotic lesions in the cambium of the roots and lower branches, 
effectively girdling juniper trees, is possibly now the primary 
threat to the species, although there is some evidence of nat-
ural resistance (Green et al. 2015). However, for this adaptive 
potential to be realized requires gene dispersal and population 
regeneration are required, which our population genetic data 
indicate is restricted. The most effective measures to conserve 
juniper stands would be to ensure that they have healthy pop-
ulation sizes with active regeneration, so that populations 
can express whatever adaptive potential is present. Protecting 
natural stands from overgrazing and creating suitable micro- 
habitats for their seedlings to establish are likely to be the most 
appropriate ways to help this process (De Frenne et  al.  2020; 
Verheyen et al. 2005).

Planting new material within 2 km of existing juniper sites 
is strongly discouraged because of the associated biosecurity 
risks (Donald et al.  2021). Instead, the establishment of “sat-
ellite” populations—small, planted sites interspersed among 
remnant fragments, but further than 2 km away from any ex-
tant stand—may help to overcome these barriers to gene flow 
and to reconnect populations, thereby facilitating the adaptive 
potential and resilience of those populations. Such satellite 
sites should be composed of individuals raised on- site, under 
strict biosecurity protocols, from locally sourced seeds. Future 
research should focus on the dynamics of pollen and seed dis-
persal to enable best practice in satellite plantings to reconnect 
population fragments. Incorporating genetics and conserva-
tion data can provide insights into the health of juniper popula-
tions, and a focus on conserving not only the trees but also the 
genes within them can benefit the adaptability and resilience 
of populations.
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TABLE A2    |    Primer details for all 6 SSR loci used in this study.

Loci

GenBank 
accession 
number Repeat motif

Repeat 
length

Allele size 
range (BP)

Amplicon 
size

Forward primer 
sequence

Reverse primer 
sequence

8921 s PQ700281 (TACA) 7 158–270 248 TTCACGCGAA  
ACTCTCCAG

AATGGCTTAA  
CTGCCTCTCG

8480 s PQ700280 (TATG) 12 100–232 187 CCTGCAATCG  
ATGTCTTCCG

TGCCAAATAGT  
AACACAGATGGG

576 s PQ700277 (ATGT) 7 174–294 238 GTAGACTCACT  
CTCCTCGAATG

TCCAGCAATT  
GATCACAAGGG

9104 s PQ700282 (ATGT) 8 156–220 152 GTGTTGCTCC  
CATCTAGCAG

CCTTACACCA  
CTGGATGCTC

2346 s PQ700278 (TACA) 7 234–258 229 AGGTCCCACA  
CCACTTATCC

CACATGGTCTT  
CCTTGGAGTTG

JC035 PQ700279 (CA) 20 218–264 155 tgtgtttattctccccatct cccccagttattctaaacatt

Note: All forward primers had the M13 sequence added to the 5′ end of the primer. JC035 was first described by Michalczyk et al. (2006). Loci 576s and 9104s were 
removed from final analyses for being null alleles.

TABLE A3    |    IDs (populations), whether an individual was removed, and genotypes of all individuals who shared genotypes in the SNP dataset.

Individual 1 Individual 2 Removed individual Genotype

70 (CD) 86 (CD) 70 12/21/33/42/44/31/24/11/11/11/11/11/22/11/11/43/33/11/22/42/21/11/22/44/42/44/
33/22/44/33/33/41/33/31/33/31/42/22/11/31/11

71 (CD) 83 (CD) 71 22/21/31/22/44/11/24/11/11/11/44/11/21/11/31/43/33/13/22/44/11/11/22/44/44/44
/33/33/44/11/11/11/33/31/33/33/42/11/11/33/11

213 (Nana) 214 (Nana) 213 22/22/31/22/44/11/24/13/11/44/11/11/22/11/31/43/33/13/22/44/11/31/22/33/22/44
/33/32/44/33/11/41/31/31/33/33/44/11/11/33/11

214 (Nana) 216 (Nana) 214 22/22/31/22/44/11/24/13/11/44/11/11/22/11/31/43/33/13/22/44/11/31/22/33/22/44
/33/32/44/33/11/41/31/31/33/33/44/11/11/33/11

157 (Hemi) 158 (Hemi) 157 12/22/31/22/44/33/24/11/41/44/41/11/21/33/31/44/33/13/22/42/11/31/22/44/22/44/
33/33/22/33/11/44/33/33/33/33/44/11/11/33/31

158 (Hemi) 159 (Hemi) 158 12/22/31/22/44/33/24/11/41/44/41/11/21/33/31/44/33/13/22/42/11/31/22/44/22/44/
33/33/22/33/11/44/33/33/33/33/44/11/11/33/31

162 (Hemi) 167 (Hemi) 162 22/21/33/22/44/33/22/11/11/41/41/11/21/33/11/44/33/13/22/42/11/31/22/44/22/44/
33/33/22/33/11/44/33/33/33/33/44/11/11/33/31

Note: Pairs of numbers are biallelic loci separated by dashes; numbers signify base pair: 1 = A, 2 = T, 3 = G, 4 = C. Only in those cases where individuals who shared a 
genotype and were from the same population was one of the clonal individuals removed.
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TABLE A4    |    IDs (populations), whether an individual was removed, and genotypes of all individuals who shared genotypes in the SSR dataset.

Individual 1 Individual 2 Removed individual Locus 1 Locus 2 Locus 3 Locus 4

22 (BG) 224 (Nana) n/a 250/250 212/196 230/222 250/250

32 (BT) 280 (BF) n/a 258/258 200/196 224/224 254/250

38 (BT) 228 (TF) n/a 258/250 212/200 224/224 250/250

45 (BF) 15 (BG) n/a 250/250 200/196 224/224 250/250

54 (BH) 27 (BG) n/a 250/250 208/200 224/222 250/250

61 (CD) 79 (CD) 61 250/250 208/200 230/226 250/250

62 (CD) 84 (CD) 62 226/258 200/196 230/224 250/250

66 (CD) 83 (CD) 83 258/254 216/196 226/226 254/250

67 (CD) 85 (CD) 67 258/250 200/196 222/222 250/250

96 (CD) 210 (LM) n/a 258/250 200/196 226/224 250/250

150 (FK) 181 (GA) n/a 250/250 196/196 226/224 250/234

187 (Hemi) 193 (Hemi) 187 250/250 232/196 224/224 238/238

189 (Hemi) 192 (Hemi) 189 250/250 232/232 224/224 254/238

210 (LM) 211 (LM) 211 258/250 200/196 226/224 250/250

211 (LM) 313 (WW) n/a 258/250 200/196 226/224 250/250

222 (LM) 226 (LM) 222 258/250 200/200 224/224 250/250

243 (Nana) 245 (Nana) 243 250/250 216/196 230/224 250/250

258 (PD) 261 (PD) 258 258/258 196/196 226/222 250/250

Note: Numbers are the number of base pairs at each locus, with alleles separated by a dash. Only in those cases where individuals who shared a genotype and were 
from the same population was one of the clonal individuals removed.
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